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Abstract

Title: The Role of STAT1 in SARS Coronavirus Pathogenesis
Carly A. Page, Doctor of Philosophy, 2012
Dissertation Directed By: Matthew B. Frieman, PhD, Assistant Professor, Molecular
Microbiology and Immunology

Infection with Severe acute respiratory syndrome Coronavirus (SARS-CoV) often caused
severe end stage lung disease with characteristics of acute lung injury, especially in
elderly populations. The virus-host interactions that govern this severe response are not
well understood. We have previously shown that STAT1 signaling plays an important
role in control of SARS-CoV pathogenesis and this control is independent of the role of
STAT1 in interferon signaling. STAT1-/- mice have greater weight loss, worsened lung
pathology and an altered immune response consisting of elevated Alternatively activated
macrophages (AAMs) following infection with SARS-CoV. We hypothesized that
STAT1 is playing a role in the polarization of the immune response, specifically in
macrophages, resulting in a worsened outcome and long-term lung disease. To test this
hypothesis, we first created bone marrow chimeras to determine the lineage of cells that
contributes to the enhanced pathology when STAT1 is deleted. Upon histological
examination, mice lacking STAT1 in cells of the hematopoietic lineage display more
severe lung pathology following infection with a mouse adapted SARS-CoV (rMA15).
In order to examine the contribution of the macrophage population to SARS-CoV
pathogenesis, we developed a conditional knockout strain of mice utilizing the LysM

	
  
promoter to delete STAT1 in monocytes and macrophages. Following infection with
SARS-CoV, LysM/STAT1 mice have a delay in viral clearance and enhanced lung
pathology characterized by enhanced fibroblast proliferation as well as numerous
lymphoid aggregates at 9 days post-infection. This pathology is suggestive of a prefibrotic state, which has been observed in some human patients following SARS-CoV
infection. Induction of AAMs was blocked through concurrent deletion of STAT6 with
STAT1, which successfully ameliorated the enhanced disease phenotype. These double
deleted mice displayed very limited pathology following infection. STAT1-/- mice were
also studied at 21 days post-infection to evaluate long-term effects of SARS-CoV
infection. STAT1-/- mice maintained more severe lung pathology at this late time point,
displayed continued presence of AAM-associated proteins and increased levels of
activated collagen. We propose that STAT1 is important in controlling macrophage
activation and polarization during SARS-CoV infection in order to help limit immune
mediated pathologies and long-term progression to fibrotic disease.
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Chapter 1: Introduction and Specific Aims

SARS-Coronavirus and SARS
Severe acute respiratory syndrome (SARS) was first described in November 2002
as an outbreak of atypical pneumonia in the Guangdong province of China (148). SARS
then spread rapidly throughout East Asia and to the rest of the world. The etiological
agent of SARS, a novel coronavirus known as SARS- Coronavirus (SARS-CoV), was
identified in February 2003. Infection with SARS-CoV caused significant morbidity and
mortality, with a case-fatality rate of nearly 10% worldwide. Coronaviruses are welldescribed pathogens of animals and are also known to cause the common cold in humans.
The SARS-CoV outbreak caused very severe damage to the airways of infected
individuals and often, these individuals failed to recover fully from the infection. Studies
have shown that there are several key mediators of severe disease as well as many host
factors that contribute to the control of the infection.
Epidemiology
Between November 2002 and July 2003, over 8,000 cases of SARS in 29
different countries were reported to the World Health Organization. These cases resulted
in 774 deaths. Since the epidemic was controlled in 2003, there were sporadic reports of
SARS in 2004 linked to direct contact with Civet Cats (16, 212), primarily in southern
China, but the epidemic has not reemerged. There were also three independent small
outbreaks of SARS in Taiwan, Singapore and China that were laboratory-acquired, but
there was no significant spread of the disease (110).
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The initial case of SARS, identified retrospectively, was in November 2002 in
Foshan City, Guangdong province, China (148). The history of the epidemic from
November 2002 to February 2003 is not entirely clear, but by early February 2003, the
WHO received reports of 300 cases of an atypical pneumonia in the Guandong province
resulting in 5 deaths. The first incidence of significant spread occurred on February 21,
2003 when a physician from Guanzhou, in Guandong province, checked into the Hotel
Metropole in Hong Hong (228). He had been ill for several days before travelling to
Hong Kong and on February 22, 2003 was admitted to the intensive care unit of Kwong
Wah Hospital in Hong Kong. The Hotel Metropole went on to serve as a focus of
infection, as individuals who were presumably infected with SARS-CoV while staying
there travelled from Hong Kong to Hanoi, Vietnam, Toronto, Canada and Singapore.
Among the travellers who stayed at Hotel Metropole was a Chinese-American
businessman who travelled to Hanoi. Here, he developed respiratory symptoms and was
admitted to the French Hospital of Hanoi. His physician, a WHO infectious disease
specialist, Dr Carlo Urbani, identified this as a new disease. Unfortunately, several
healthcare workers in Hanoi developed SARS. Among these individuals was Dr Urbani,
who died of the disease a month later in Thailand.
The vast majority of cases of SARS occurred in Southeast Asia, including China,
Hong Kong, and Taiwan. In Hong Kong, up to 25% of cases were in healthcare workers.
A large proportion of SARS cases in Canada also involved healthcare professionals. In
addition to the human toll, the SARS epidemic caused large economic losses in East Asia
and Canada, estimated at greater than $20 billion (US) as the result of travel advisories
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and quarantines. The WHO declared that the SARS outbreak was contained in the last
area to report transmission, Taiwan, on 5 June 2003.

Emergence
A study of exotic animals sold in marketplaces in southern China demonstrated
that two animal species, the Himalayan palm civet (Paguma larvata) and raccoon dog
(Nyctereutes procyonoides) were capable of carrying the virus, as demonstrated by active
shedding of SARS-CoV (79, 209). While this study failed to demonstrate that any of
these animals were the actual reservoir of SARS-CoV, the identification of active
infection in animals sold for food suggested a plausible source for the direct transmission
of SARS-CoV.
In continuing to look for the natural reservoir for SARS-CoV, attention turned
toward other species in and around Hong Kong. Sampling demonstrated a Coronavirus
present in Chinese Horseshoe Bats in caves around Guandong Province (156). Bats are
known to be reservoirs of many zoonotic viruses and thus were studied as a possible
natural reservoir for SARS-CoV. Following sampling from over 500 bats, several novel
SARS-like Coronaviruses was discovered by two independent research groups. These
viruses were found to have up to 92% sequence homology to human SARS-CoV isolates
(98, 99). While this is not enough to show conclusively that these viruses were the parent
for the outbreak, it does suggest that bats are a highly probable natural reservoir.
Synthesis of the Bat SARS-CoV-like genomes using a reverse genetic system
demonstrated the functionality of the Bat viruses for infection in vitro and in vivo,
although no live SARS-like viruses have been isolated from bats for analysis (4)
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Transmission
The most common mode of transmission of SARS-CoV is by contact with
respiratory droplets or secretions. SARS-CoV is more stable than other coronaviruses,
which likely facilitates transmission (161). The incubation period is between 2 and 10
days, with most transmissions occurring at 4–7 days post-infection. Largely because
transmission does not appear to take place prior to the onset of clinical disease, efforts to
quarantine symptomatic patients proved to be successful in quelling the outbreak. SARSCoV is considered to be moderately transmissible, with fewer than five transmission
events, on average, from each infected person (148). This pattern is most consistent with
large droplet respiratory spread. However, there are two distinct instances in which
transmission is more common. First, there are well-documented cases of ‘super-spreader
events’, including the initial transmission that occurred at the Hotel Metropole. These
events resulted in the infection of dozens of other individuals and likely had a component
of spread via the generation of fine droplets, thereby allowing more distant spread from a
single individual. Intriguingly, most individuals who were infected by such a superspreader event did not transmit the virus to a large number of other people, indicating that
super spreading events were not caused by infection with a unique strain of virus. More
likely, virus loads were higher in the nasal secretions of ‘super-spreaders’, leading to a
higher rate of infectivity. Second, healthcare workers were also at increased risk of
infection, and comprised a substantial number of the first group of cases of SARS. This is
likely because they work in close contact with patients, they are exposed to high
inoculum and because medical devices, such as ventilators, assist in the aerosolization of
virus. Most patients who were hospitalized following infection with SARS-CoV were
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put on mechanical ventilation. At the time, it was not appreciated that this could enhance
viral spread.

Clinical Features of SARS
SARS has a variable presentation and course of disease. The typical SARS-CoVinfected patient presents with malaise, fatigue, rigors and fever greater than 38°C. Some
elderly patients have been reported to be afebrile on initial presentation, and most
individuals have radiographic findings consistent with atypical pneumonia. However,
unlike other causes of atypical pneumonia most patients do not have a sore throat and
present with a dry, not wet, cough. Shortness of breath and rapid breathing are more
likely in the latter stages of disease than at the outset. Cases of asymptomatic infection
with SARS-CoV have been documented but appear to be rare (148).
Approximately, one-third of patients who have SARS will have the signs and
symptoms of disease resolve spontaneously without further progression of disease. The
remaining two-thirds of patients progress to more severe respiratory distress. Patients
develop worsening shortness of breath and poor oxygen saturation eventually progressing
to development of acute respiratory distress syndrome (ARDS). Up to half of this group
(20–30% of all SARS cases) will require mechanical ventilation and admission to an
intensive care unit. Infection with SARS can lead to severe pulmonary pathology,
including diffuse destruction of the alveoli and subsequent fibrosis of the lungs.
Worsening and intractable respiratory insufficiency leading to respiratory failure is the
most common cause of death in those infected with SARS-CoV. Some patients who
survived had residual pulmonary damage, but most recovered without loss of function.
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Strikingly, clinical disease worsened and alveolar damage increased at the same
time that virus titers diminished, suggesting that direct viral destruction of infected cells
is not responsible for all of the pathology seen in SARS-CoV infected patients.
Microscopic analysis demonstrated increased macrophage entry into the parenchyma of
the lung in patients that developed severe disease even at early time points of infection.
This suggests that these patients have a component of immune dysregulation or aberrant
cytokine production that leads to tissue damage. Macrophage infiltration is also a major
pathological feature in mice or cats infected with murine or feline coronaviruses, and
immunopathological mechanisms are also believed to contribute to disease in these and
other coronavirus infections.
SARS-CoV infection is not confined predominately to any age group. However,
the single most important prognostic demographic factor for worse prognosis is age.
Several studies have demonstrated a significant risk increase with advancing age, with
the greatest risk of death above age 60 (greater than 50% in some studies). Pediatric
populations, by contrast, do well, with no reported deaths in children less than 12. In
addition to age, the presence of comorbidities, particularly coronary vascular disease and
diabetes, is associated with a significant increase in the risk of death or requirement for
mechanical ventilation.
Although diagnostic tests for SARS-CoV, based primarily on semiquantitative
reverse transcription polymerase chain reaction (RT-PCR) or real-time RT-PCR analysis
of respiratory samples, urine or sera, have improved since the 2003 outbreak, they are not
reliably sensitive in early stages of the disease because viral loads are low. Further,
diagnosis based on clinical findings is often difficult because the presenting signs and
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symptoms of SARS are not specific. Consequently, suspected cases are identified using
criteria established by the United States Centers for Disease Control (CDC). These
criteria include evidence of respiratory distress, recent exposure to SARS, and after 28
days of infection, laboratory evidence of seroconversion.
Treatment of SARS infection is limited primarily to supportive care. In light of
the respiratory insufficiency and diarrhea commonly seen with SARS, maintenance of
adequate oxygenation and fluid–electrolyte balance is critical. Beyond this, no specific
treatments have been shown to be efficacious. Ribavirin, a well-characterized antiviral
drug, was used to treat SARS infections during early phases of the disease. Therapy with
this drug did not result in improved outcomes, probably because SARS-CoV is resistant
to this drug when analyzed in vitro. Corticosteroid therapy was also used during 2003,
when it became apparent that the disease was, in part, immunopathological but it is not
known whether therapy was efficacious. Corticosteroid therapy may have contributed to
long-term psychiatric sequelae observed in some patients. Both interferon-α and –β have
been shown to inhibit SARS-CoV replication in vitro. Based on these in vitro studies,
interferon therapy has been used in experimentally infected animals. In one study of
SARS-CoV infected macaques, treatment with pegylated interferon-α resulted in
decreased viral replication and shedding, and diminished lung damage (61). This agent
was not tried in humans infected with SARS-CoV, but may be useful if SARS recurs.

Identification and Characterization of SARS-CoV
Several known candidate agents, most importantly avian influenza, were excluded
in initial analyses of patients with SARS. The first identification of a novel coronavirus
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as being the causative agent of SARS was made by several different groups in April,
2003 (148). The identification of this virus was greatly facilitated by its ability to grow
and cause cytopathic effects when grown on Vero cells. Electron micrographic imaging
of this virus revealed the characteristic morphology of a coronavirus. Analysis of the
RNA sequence of the virus revealed that it was a novel coronavirus, not previously seen
in humans, and substantially different than any of the other pathogenic human
coronaviruses, HCoV-OC43 or HCoV-229E (or the newly described HCoV-NL63). Over
the ensuing few months, the experiments needed to establish this coronavirus as the
aetiological agent of SARS were conducted using macaques, and Koch's postulates were
fulfilled (43).
Like all coronaviruses, SARS-CoV is an enveloped, monopartite positive sense
polyadenylated RNA virus (237). The SARS genome is approximately 29,727 kb long
and contains 14 putative open reading frames (ORF) (Figure 1-1). The 5’ end of the
RNA contains two large ORF (1a and 1b), with expression of the downstream ORF
dependent upon (-1) ribosomal frameshifting due to specific RNA sequences forming a
slippery translation site (155). ORF 1ab is predicted to encode 16 putative proteins
including all of the proteins involved in RNA replication. Recently, it has been shown
that several of the non-structural proteins modulate the host innate immune response
through inhibition of the induction of anti-viral proteins (47).
The 3’-most 9–10 kb of the genome encode the viral structural proteins (S,E, M
and N) as well as up to eight accessory (or group specific) proteins. Structural proteins
common to all coronaviruses include the nucleocapsid (N) protein, the surface (S)
glycoprotein, the transmembrane (M) protein and the small envelope (E) protein. The 3’
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Figure 1-1: Genome of SARS-CoV
The genome of SARS-CoV is between 29-30,000 bases in length and contains 14
different open reading frames. This allows for the coding of four structural genes (S, E,
M and N) and 10 non-structural genes (ORF1a, 1b, 3a, 3b, 6, 7a, 7b, 8a, 8b and 9b).
Nonstructural proteins are all encoded within these open reading frames, including nsp 5,
9 and 13 which are important for mouse adaptivity.
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accessory proteins are unrelated to any known viral or cellular proteins and do not share
homology with accessory proteins present in other coronaviruses. Several of these have
been shown to also modulate the host response in infected cells (NSP1, NSP3, NSP7,
NSP15) and are believed to affect pathogenesis (47).
Nine messenger RNAs are detected in SARS-CoV-infected tissue culture cells,
with five of these genes (1, 3, 7, 8, 9) containing multiple ORFs. Coronavirus mRNAs
comprise a nested set of 3’ co-terminal RNAs. Subgenomic mRNAs are 5’ capped and
only the 5’ most ORF present in each RNA is translated into protein. Each RNA also
contains a common 5’ 72 base leader sequence, derived from the 5’ end of genomic
RNA. Sequences at the 3’ end of the leader RNA are homologous to sequences upstream
of each subgenomic RNA termed ‘transcription-regulating sequences’ (TRS). The
mechanism of discontinuous RNA synthesis is not known with certainty, but most data
suggest that this process occurs during minus strand RNA synthesis (236, 237). These
minus strand subgenomic RNAs serve as the templates for production of mRNA. The
process of joining leader RNA to the body of subgenomic RNAs requires several host
proteins, including hnRNP A1, and also is dependent upon additional viral RNA
sequences that flank the TRS (Figure 1-2).
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Reprinted	
  with	
  permission	
  from	
  Nature	
  Publishing	
  Group	
  (License	
  #2973761432102)
Du et al Nature Reviews Microbiology 7, 226-236 (March 2009)

Figure 1-2: SARS-CoV Replication Cycle
Upon Spike (S) protein binding ACE2 on target cells, SARS-CoV enters through the
endosomal pathway. Endosomal proteases cleave S protein to trigger fusion activity.
The viral genome is then translated in the cytoplasm while subgenomic negative-strand
templates are synthesized to allow transcription of positive-strand RNA to be packaged in
progeny virions. Nucleocapsid (N) protein is translated in the cytoplasm and transported
through the ER. Virions are released from the host cell through an exocytosis process.
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Initial analyses suggested SARS-CoV was not a member of the existing three
groups of coronaviruses but, rather, the only member of a new group of coronaviruses.
However, additional lineage analyses convincingly showed that the sequence of this virus
was most similar to group 2 coronaviruses, a group that includes mouse hepatitis virus
and bovine coronavirus (203). SARS-CoV appears to have split off early in evolution
from these other coronaviruses and, despite sequence similarities, SARS-CoV has a
unique genome organization when compared to other group 2 coronaviruses.
Future studies of coronavirus replication and pathogenesis will benefit from
recent advances in coronavirus reverse genetics. An infectious cDNA clone for SARSCoV has been developed (223) and targeted recombination has been adapted to SARSCoV (36). The infectious clone method allows for mutations to be generated anywhere in
the genome while the targeted recombination method is most useful for manipulation of
the 3’ end of the genome. Together there are now dozens of mutant SARS-CoV viruses
used to analyse the role of virus proteins in replication and pathogenesis.
Initial entry into infected cells is mediated by the S glycoprotein. Within a few
months of the isolation of SARS-CoV, ACE2 (angiotensin-converting enzyme 2) was
identified as a SARS-CoV receptor (Figure 1-3) (105). Like the receptor for group I
coronaviruses (aminopeptidase N), ACE2 is a protease; however the protease activity of
the receptor is not required for virus entry. ACE2 is present in multiple organs, including
the lungs, heart, kidney and gastrointestinal tract. Consistent with this distribution,
SARS-CoV RNA is detected mostly in the lungs and to a lesser extent in the gut, kidney,
spleen and livers, of infected patients (148). However, the vast majority of
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Reprinted	
  with	
  permission	
  from	
  Nature	
  Publishing	
  Group	
  (License	
  #2973761432102)
Du et al Nature Reviews Microbiology 7, 226-236 (March 2009)

Figure 1-3: Receptor Binding by the Spike Protein
SARS-CoV has been shown to bind to ACE2 on ciliated lung epithelial cells. There are
several key residues that facilitate the interaction between the Spike protein of SARSCoV and ACE2 on target cells. A. A schematic of the spike protein showing each
domain. Spike is a two subunit protein. Numbers indicate where in genome these
regions reside. B. A crystal structure of the receptor binding domain (blue) bound to
ACE2 (green). C. The distribution of cysteine (yellow) and tyrosine (purple) residues in
the receptor binding domain. Asterisks represent the tyrosines that contact ACE2 upon
receptor binding.
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  pathological	
  changes	
  occur	
  in	
  the	
  lungs,	
  suggesting	
  that	
  the	
  pattern	
  of	
  infection	
  is	
  
not	
  determined	
  only	
  by	
  the	
  distribution	
  of	
  receptor.	
  A	
  second	
  factor,	
  involved	
  at	
  the	
  
cell	
  entry	
  or	
  fusion	
  stage,	
  has	
  been	
  postulated	
  to	
  be	
  necessary	
  for	
  infection	
  by	
  other	
  
coronaviruses,	
  but	
  such	
  a	
  factor	
  has	
  never	
  been	
  identified.	
  A	
  second	
  putative	
  
receptor	
  for	
  SARS-‐CoV,	
  CD209L	
  (L-‐SIGN)	
  has	
  also	
  been	
  identified,	
  and	
  like	
  ACE2	
  is	
  
able	
  to	
  convert	
  a	
  cell	
  that	
  is	
  resistant	
  to	
  SARS-‐CoV	
  to	
  one	
  that	
  is	
  susceptible,	
  albeit	
  at	
  
lower	
  levels	
  (77).	
  Both	
  ACE2	
  and	
  CD209L	
  are	
  detected	
  at	
  the	
  apical	
  side	
  of	
  airway	
  
cells.	
  Future	
  studies	
  will	
  be	
  needed	
  to	
  determine	
  the	
  relative	
  role	
  of	
  each	
  of	
  these	
  
proteins	
  in	
  mediating	
  SARS-‐CoV	
  infection	
  and	
  to	
  determine	
  whether	
  binding	
  to	
  both	
  
is	
  required	
  for	
  optimal	
  infection.	
  	
  

Animal Models
Studies of SARS-CoV pathogenesis require the development of an animal model.
Several animal models have been developed including Macaques, golden Syrian
hamsters, ferrets and mice. Mice can be easily infected with the WT strain of SARS-CoV
but the infection is very mild, resulting in viral replication but with no clinical disease
noted in immunocompetent animals and rapid virus clearance (195). A mouse-adapted
strain of SARS-CoV (MA15) has been generated that is able to cause lethal infection in
10 week old Balb/C mice (168, 169). This strain was developed by serial passage
beginning with the Urbani clinical isolate and continuing to pass this virus into 10 week
old Balb/C mice by homogenizing whole lung after infection, spinning down cell debris
and then using the supernatant to reinfect a naïve mouse. The passages were continued
until the passed virus was found to be lethal, which occurred after 15 passages. Two

	
  

14

	
  
additional strains were independently generated by passage of the Urbani strain, these
strains took 20 passages (strain called MA20) and 25 passages (strain called MA25) to
produce a lethal infection. However, rMA15 is the most commonly used virus in mouse
models of SARS-CoV infection. This strain produces pathology similar to that in
humans including bronchiolitis obliterans and a mixed infiltrate. Mice do develop an
antibody response to SARS-CoV, so this model may be useful in initial evaluations of
candidate vaccines.
The rMA15 virus was sequenced and it was found that there were six point
mutations that conferred this mouse adaptation from the original Urbani strain.
Mutations in this virus include four mutations in replicase proteins (nsp4, nsp9 and
nsp15), one mutation in the spike receptor binding protein and one mutation in the matrix
protein (Figure 1-4). A study was performed to identify how the pathology would change
if each point mutation was reverted to the original Urbani strain independently of one
another. It was found that the mutation in the spike protein as well as the mutation in
nsp9 is necessary and sufficient to retain pathogenicity in aging mouse models (49).
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Figure 1-4: Schematic of rMA15 mouse adapted SARS-CoV
A. 6-point mutations in 5 proteins conferred mouse adaptivity of rMA15 virus, indicated
by asterisks. 3 of these point mutations are fond in ORF1a, affecting the nsp5 and nsp9
proteins. 1 mutation is located in ORF1b affecting nsp13. 1 mutation is found in the
spike protein and 1 mutation in the matrix protein. B. Amino acid changes were caused
by point mutations in each protein.
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The Immune Response to SARS-CoV Infection
The immune system can be divided into two main branches, the innate and the
adaptive immune responses. During the course of a respiratory viral infection, like
SARS-CoV, it is important for both arms of the immune response to be well coordinated
in order to achieve viral clearance with minimal damage to the lung tissue. In many
cases of severe SARS caused by infection with SARS-CoV, it is thought that the immune
response was not properly coordinated and thus patients sustained increased levels of
lung damage with delayed or failure to clear the virus. These uncoordinated responses
appeared to be worsened in the elderly population as well as in pregnant women and the
immunocompromised. Utilizing animal models, researchers have been able to discover a
number of key mediators in the immune response.

The Role of the Innate Immune Response against SARS-CoV
Innate responses to respiratory viral infections are often thought to be critical in
order to mount a successful immune response quickly in an effort to limit viral replication
and begin the process of viral clearance before titers climb too high. After viral entry
into target cells, this response generally begins. Viral sensing can take place through a
number of different innate sensors of pathogen associated molecular patterns (PAMPs)
that are found ubiquitously in most cell types (75, 76). These sensors include
cytoplasmically located Nod-like receptors (NLRs) (180), membrane bound Toll-like
receptors (TLRs) (118, 170) and a family of helicase proteins including RIG-I (201).
TLRS are found spanning membranes either on the cell surface or on the surface of
endosomes in the cytoplasm of cells. Nod-like receptors are closely related to TLRs, but
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are cytoplasmically localized. Important sensors for viral infections include TLRs 7 and
9 which sense ssRNA and non-methylated DNA (206), respectively, both of which are
commonly generated during viral replication in the cytoplasm of cells (33). Upon
engagement of TLRs, these receptors dimerize after which they will transduce signals to
initiate transcription and translation of important anti-viral genes, including upregulating
MHC-I expression in an effort to better present peptide to promote adaptive response
activation as well as beginning the production of interferons (IFNs) (82, 219). The
importance of TLR signalling during SARS-CoV infection was nicely outlined in a
mouse model utilizing MyD88-knockout mice. MyD88 is a downstream signalling
molecule that is used by all TLRs, excluding TLR3, as well as the IL-1 family to
transduce their signal(9, 119). Mice that lack MyD88 are unable to clear SARS-CoV and
will succumb to infection within 6 days. These mice also exhibit enhanced viral titers
and a delay in recruitment of inflammatory monocytes to the site of infection (181).
Interferons are a broad class of proteins that have a variety of activities aimed at
protecting the host against various threats, including viruses, bacteria and even cancer
(71, 114, 179). In both mice and humans, IFN subsets fall into three types, Type I (α and
β IFNs), Type II (γ IFNs) and the most recently discovered Type III (λ IFNs). All IFN
types signal through their own designated receptor and utilize a signalling pathway
comprised of a family of proteins known as signal transducer and activator of
transcription (STAT) and their corresponding Janus kinases (JAKs). Upon engagement
of the IFN receptor and subsequent cross phosphorylation of the cytoplasmic region of
the receptor by the associated JAKs, Type 1 and Type 3 IFNs share a common signalling
pathway utilizing STAT1 homodimers (184), while Type 2 IFNs utilize a STAT1/STAT2
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heterodimer (106). The dimerization of these STATs exposes a nuclear localization
signal, after which they move into the nucleus to induce transcription of a variety of
genes.
Type 1 Interferons are one of the most potent defenses against viral infections
throughout the body. Most viruses that are successful in adapting to the human host have
developed numerous ways to inhibit IFN induction. In the case of SARS-CoV, Orf 3b,
Orf6 and B proteins are known to inhibit either interferon production or signalling
rendering the response incomplete and allowing the virus to gain an advantage in its
replication cycle (48). It was recently shown that pretreatment by intranasal
administration of poly I:C was able to provide protection against infection with SARSCoV in aged mice due to its ability to pre-prime the interferon response, again,
highlighting the important protective capacity of these proteins (231).
Concurrently with viral sensing in infected cell types, some antigen presenting
cells (APCs), like dendritic cells (DCs), are constantly sampling from the lung
environment in order to maintain surveillance for pathogens (189-193). There are a
number of different DC subsets, but in general all of these subsets that are present in the
lung are able to be activated through recognition of certain “danger signals” on infected
cell types as well as through TLR engagement by material that is pinocytosed which
contains viral particles (166). One particular subset of DCs, Plasmacytoid DCs (pDCs),
have a unique ability to initiate Type 1 IFN production very rapidly following the
detection of a viral infection (158). This is due to IRF7 being constitutively expressed in
these cells, which negates the need for this protein to be produced prior to production of
IFNs (66, 83).
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Other classical DCs play a key role in kicking off productive adaptive immune
responses upon their activation. Upon sensing virus in the lung environment, DCs
change their chemokine receptor expression upon their cell surface in order to traffic
more effectively and efficiently to draining lymph nodes to activated waiting cognate T
lymphocytes (26, 54). Additionally, they begin expressing costimulatory molecules,
which are critical for activating T cells (111). DCs enter the lymph node through the
efferent lymphatic duct and migrate to the T cell zone. Here, they locate their cognate T
cell and coordinate the process of beginning an adaptive immune response.

The Role of the Adaptive Immune Response against SARS-CoV
The adaptive immune response has also been shown to be particularly important
in both fighting the initial SARS-CoV infection, as well as protecting against reinfection.
The adaptive immune response is comprised of T and B cell responses. T and B cells are
derived from the hematopoietic lineage. Both CD8+ and CD4+ T cells develop in the
thymus where they rearrange their T cell receptors by VDJ recombination in an effort to
both avoid the production of autoreactive T cells while still retaining their ability to
successfully respond to specific foreign antigens. After successful T cell receptor
rearrangement, mature naïve T cells migrate to secondary lymphoid tissues, both lymph
nodes and spleen, throughout the body where they reside until activated. B cells are
generated in the bone marrow and also undergo rearrangement of their B cell receptor.
When B cells are activated, a small subset generate a moderate affinity antibody
immediately, while other B cells are targeted for affinity maturation in an effort to
generate a higher affinity antibody which will be more effective in fighting the infection.
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Additionally, B cells can undergo somatic hypermutation, which will change the type of
antibody that is produced from that particular cell. The determination of what antibody is
necessary for that particular environment is carried out in part by the APC as well as
other cytokines that may be in that microenvironment.
CD4 T cell responses are an important component of the adaptive immune
response to SARS-CoV. Like other cells, upon activation CD4 T cells are able to convert
into a variety of subsets depending upon the signals given (Figure 1-5). These signals
are primarily mediated through cytokines secreted by APCs and also the epithelia itself.
There are now more than 6 subsets of CD4+ T cells including TH1, TH2, TH9, TH17,
iTreg and T follicular helper cells (Tfh) (74). For our purposes, the balance between TH1
and TH2 CD4+ T cells appears to be most important in determining the outcome of
disease. TH1 T cells differentiate in response to IL-12 and -γ utilizing Tbet as a critical
transcription factor (199). TH1 cells are thought to be pro-inflammatory and have potent
antimicrobial activity. TH1 subsets are desirable in most cases of viral infection,
including most respiratory viral infections. TH2 T cells are induced predominantly by
IL-4 and IL-13 utilizing Gata3 as the main activated transcription factor (234). In
general, TH2 CD4+ T cells are important for anti-parasitic activities, however they have
been implicated as being detrimental to human hosts in cases of allergic airway
inflammation as well as other types of allergic responses (7, 159). In all cases, it is
extremely important that T cells are activated appropriately for the target response,
otherwise they are not only ineffective, but can also cause enhanced damage and disease,
like in the case of allergy and TH2 T cells. CD4+ T cells also serve an important
function in providing “help” to B cells in order to allow for increased success in affinity
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Figure 1-5: T Helper Cell Differentiation
Naïve CD4+ T cells are able to differentiate into multiple subsets during activation by
APCs. The cytokine milieu plays a major role in determining the CD4+ T cell fate. This
cytokine signalling activates differential activation of transcription factors, leading to
epigenetic control of T cell fates.
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maturation as well as secreting IL-2 to promote expansion of B cell populations after
activation (81).
CD8+ T cells play a different role from their CD4+ counterparts. CD8+ T cells
have the ability to directly lyse cells that are infected with virus. When a host cell
becomes infected, it is able to signal this state by changing certain surface receptors. One
important change is that infected cells will begin processing antigen and presenting it on
their surface on MHC Class 1 molecules. This antigen presentation by host cells allows
activated CD8+ T cells to identify their target cells by recognizing cognate antigen in the
context of MHC Class 1 (74). Upon recognition of infected cells, CD8+ T cells can kill
in a few different ways. First, they are able to release perforin and granzyme containing
granules at the TCR/MHC junction (116). The release of these cytotoxic granules causes
a breakdown in the membrane of the infected cell, thereby killing it. Additionally, CD8+
T cells are able to signal through certain death domain receptors on their surface
including Fas-ligand which will trigger apoptosis in cells expressing Fas on their surface
(74). It is desirable to kill infected cells in order to stop the replication of virus, as once
host machinery is unavailable, the virus is unable to continue its replicative process.
CD4+ T cells, CD8+ T cells and B cells are all able to form memory populations
that will allow for long lasting immunity against a particular antigen (72, 96, 127). CD4+
and CD8+ T cells are able to form 2 distinct populations, central and effector memory.
Central memory resides in secondary lymphoid tissues, typically in the spleen (204).
Effector memory populations will remain tissue resident as a first line defense against a
repeat infection. B cell memory is important for maintaining relevant levels of antibody
in the blood long-term. This allows for neutralization of a pathogen prior to the
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establishment of a legitimate infection. B cells, themselves, will reside in the bone
marrow for a prolonged period of time during which they secrete low levels of antibody
to maintain the blood titer (129).
In SARS-CoV infection, B cell responses are less important for clearance of the
virus, but are extremely important for maintaining immunity. It has been demonstrated
that antibody mediated protection is the most effective against reinfection with the virus
and that without lasting antibody mediated immunity, mice remain susceptible to
infection even in the presence of memory CD4+ and CD8+ T cells (220).
In general, the adaptive response appears to be very important for the clearance of
virus. In RAG2-/- mice, which lack both B and T cells, the viral infection is able to be
controlled, as evidenced by a reduction in viral titer following peak replication. Over
time, the viral levels plateau and while they do not rise, mice eventually succumb to the
infection. This suggests that innate responses are sufficient to control the initial
infection, but insufficient to achieve clearance (181).
Mouse studies have indicated that this DC activation of T cells is a critical part of
the immune response to SARS-CoV and it has been suggested that a defect in DC
trafficking could be at least partially responsible for the increased susceptibility of the
elderly population to SARS-CoV and perhaps other viruses like it. One study showed
that the CD103+ and CD11b+ subset of DCs, which have been described as being most
responsible for coordinating T cell responses, have both the largest defect in trafficking to
draining lymph nodes and also results in the most drastic change in disease outcome.
This indicates that a well coordinated immune response is critical for limiting disease
progression in cases of SARS-CoV (232).
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CD4 T cells also appear to be critical in aging populations. In mouse model
studies, the absence of only CD4 T cells rendered aging mice unable to clear virus, while
young and adult mice had no trouble when lacking CD4 T cells (229). It is possible that
this role of CD4 T cells can be attributed to some of the increased susceptibility in elderly
patients as overall numbers of CD4 T cells and tends to wane with age. Additionally, the
predominant effect of the defect in DC trafficking mentioned previously is a lack of
activation of T cell populations, providing more evidence that immune changes in elderly
populations can be implicated in their increased susceptibility (230, 232).

Acute Lung Injury and Wound Healing during SARS-CoV Infection
Acute lung injury (ALI) as well its more severe counterpart, acute respiratory
distress syndrome (ARDS), are produced following acute respiratory infections, like
SARS-CoV, in both humans and mice. A list of qualifying criteria was developed in
1994 at the American-European Consensus Conference to better identify cases falling
under this umbrella term for acute respiratory failure. Diagnostic criteria for ALI and
ARDS include bilateral mixed lung infiltrates by x-ray, a pulmonary capillary wedge
pressure of less than 18mmHg and acute hypoxemia with oxygen levels in ARDS
patients being lower than that seen in ALI patients (113). ALI and ARDS have been
observed following a number of different acute viral infections, including several strains
of highly pathogenic influenza including H1N1 and H5N1, as well as SARS-CoV and
respiratory syncytial virus (RSV) (30, 147, 218, 225). Viral infections are not the only
cause of ALI and ARDS; allergic airway inflammation, mechanical damage and bacterial
infections are just a few additional causes of these diseases (139, 143).
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STAT1 Signaling
STAT1 is part of the signal transducers and activators of transcription family of
transcription factors and is critical for innate immune function, adaptive immune function
and cell cycle regulation. STAT1 exists in two isoforms, STAT1a (91Kda) and STAT1b
(84kDa) (177). STAT1 contains an SH2 domain to facilitate protein-protein interactions
(64) as well as a DNA binding domain and one serine and one tyrosine phosphorylation
site (28, 184). The SH2 domain allows for the interaction between STAT1 and the Janus
kinase (JAK) that phosphorylates at the serine 727 or tyrosine 701 residue and also
allows for the necessary interaction of STAT1 with other STAT molecules to form
dimers that together control downstream transcriptional activation There are a variety of
different activators of STAT1 activity and STAT1 has activity in nearly every cell in the
body. Interesting, it has also been shown that unphosphorylated STAT1 can also play a
role in initiating responses, particularly in the IFN signaling pathway. In this case,
phosphorylated STAT1 induces more expression of STAT1, this unphosphorylated
STAT1 accumulates in these cells and can perpetuate signaling even in the absence of
further phosphylation(14).
STAT1 plays several important roles within the immune response. Importantly
for viral infections, STAT1 is a key signaling intermediate for Type I, II and III
interferon (IFN) receptors which relies upon the phosphorylation of the tyrosine 701
residue by JAK1, JAK2 and TYK2 for successful dimerization and subsequent interferon
stimulated response element (ISRE) activation (134) (138). Additionally, it plays an
important role in the polarization of TH1 CD4 T cells (135) as well as inducing proteins
associated with antigen processing and presentation like TAP1 and LMP2 (124). It has
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also been demonstrated that STAT1 signaling is important during macrophage
polarization. During macrophage polarization, IFNγ signals through its receptor and
utilizes STAT1 as a signaling intermediate to activate macrophages toward a classically
activated phenotype (57, 178). During this process STAT1 cross regulates STAT6
activation to inhibit the induction of alternatively activated macrophages (101).
Outside of the immune response, STAT1 is involved in regulating the cell cycle
and controlling cell death. STAT1 is known to regulate expression of at least two genes
that inhibit the cyclin dependent kinases (CDKs) and help to negatively regulate cell
growth (15). It is these roles that are of interest for the role of STAT1 in pulmonary
fibrosis development following ALI. In instances where Epidermal Growth Factor
signaling mediates cell cycle arrest rather than growth, it has been shown that STAT1 is
an important signaling component (6, 144). It has also been observed that STAT1-/- are
prone to development of spontaneous tumors and are more sensitive to many different in
vivo models of cancer, including esophogeal cancer and melanoma (210, 214). STAT1
deficient mice have also been shown to be have increased sensitivity to radiation and
bleomycin-induced fibrosis, again indicating STAT1’s role in control in control of cell
cycle processes (208).
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Macrophage Populations and Activation Phenotypes
Macrophages are a type of mononuclear phagocytic cell that play an important role in
host defense against pathogens. These are a population of cells that are derived from the
hematopoietic lineage in the bone marrow and are released into the periphery as
monocytes (207). While in circulation, these cells are signaled to migrate into tissues
where they mature and differentiate into macrophages (18-21). Macrophages are major
phagocytic cells that play an important role in innate immunity as well as antigen
presentation to stimulate the adaptive immune system in addition to their receptor
mediated scavenger activity. Macrophages are typically characterized by the presence of
F4/80, CD11b, CD68 and CD14 on the cell surface (56, 123, 186). It is important to note
that a combination of surface markers are generally needed to identify macrophage
populations, as these markers are expressed on several different cell types.
Monocytes can mature into a variety of different subtypes upon entry into the
tissue. There are subsets of macrophages that are tissue resident and serve tissue specific
functions. These are found throughout the body, often at barrier sites, but also at sites in
need of immune regulation, like the brain or in sites that have a large amount of cell
turnover, like the spleen and the liver. A good example is the alveolar macrophages,
which are found in close proximity to the pneumocytes that line the alveolar spaces in the
lung (80, 137). These cells are also known as “dust cells” as they serve a key role in
scavenging small particles that are inhaled into the lungs. The role of alveolar
macrophages in scavenging particles that are non-pathogenic, but still can be harmful in
anything more than small quantities is an important component of these cells, as with a
host barrier site, it is not desirable to elicit an inflammatory response every time any
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foreign particle is encountered. Another example of a tissue resident macrophage
population can be found in the liver where Kupffer cells reside (40). These cells serve a
very important role in the breakdown of “old” red blood cells. Again, this is a function
that is specific to the liver and thus the differentiation and residence of this specific
subset of macrophages in quite important for overall health.
During times of stress, including during some viral infections such as both
influenza virus and SARS-CoV, the generation of monocytes is increased in response to
growth factor and chemokine signals released in response to the stressor while reserves of
monocytes from the spleen are mobilized (198). The subset of these circulating
monocytes that express CCR2 and Ly6G are then directed to the site of stress by CCL2
chemokine gradients via CCR2-CCL2 signaling (5, 94). Upon extravasation through the
endothelial layer, these monocytes will become activated in response to the cytokine
milieu and mature into macrophages. Macrophages have a number of different activation
phenotypes, but in general there are thought to be two main states, classical activation
and alternative activation (Figure 1-6).
Classically activated macrophages are induced in tissues in response to a TH1
polarized environment. This includes signaling through the IFNγ receptor with the IFNγ
typically coming from CD4+ T cells, CD8+ T cells and/or natural killer (NK) cells and
TNF typically being produced by APCs in the area. Engagement of these receptors
results in polarization of the macrophages toward a pro-inflammatory phenotype. These
macrophages secrete high levels of pro-inflammatory cytokines, including TNFα, IL-6
and IL-12. Additionally, their ability to kill microbial targets through nitric oxide (NO)
and reactive oxygen species (ROS) activity is increased along with upregulation of
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MHCII on the surface to aid in antigen presentation to CD4+ T cells. Classically
activated macrophages have been shown to be important in cases of bacterial and viral
infection as they act to kill these potentially threatening pathogens.

Adapted with permission from:
Mosser and Edwards, Nature Reviews Immunology 8, 958-969 (December 2008)

Figure 1-6: Classical versus alternative macrophage activation
Macrophages are activated in response to cytokines secreted into the milieu in which they
are present. Classically activated macrophages response to IFNg and TNF resulting in an
antimicrobial phenotype characterized by the secretion of IL-1 and iNOS. Alternatively
activated macrophages are induced by IL-4 and IL-13 and secrete anti-parasitic and prowound healing proteins including YM1, FIZZ1 and Arg-1.
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In contrast, alternatively activated macrophages (AAMs) differentiate in the tissue
in response to the TH2 environment cytokines IL-4 and IL-13, which rely upon STAT6
as a transcription factor as well as PPARγ (188). It has been shown that ligands that bind
PPARγ on the surface of macrophages are induced by IL-4 and that upon activation there
is direct interaction between PPARγ and STAT6 leading to the induction of AAMs (67,
142, 167, 200). These AAMs have a different effector function from classically activated
macrophages and have been implicated in assisting clearance of parasite infections as
well as exacerbating disease in some fibrosis models. These cells also have a change in
surface receptor expression. AAMs do not upregulate MHC I on their surface, but
instead upregulate mannose receptor (CD206) (188), which serves to bind C-type lectins
and contribute to the activation of the complement system (45). AAMs have been shown
to secrete three main effector proteins, YM1, FIZZ1 and Arginase-1 (Arg-1) (55). The
function of these proteins is not entirely clear, however they have been found to be more
prevalent in cases of allergic asthma and parasitic infection. There is evidence that these
proteins, specifically Arg-1, act to combat inflammation and can act to prevent fibrotic
development (151), however dysregulated AAMs may actually exacerbate fibrotic
induction.

Pulmonary Fibrosis
Fibrosis is characterized by the excessive development of connective tissue a
tissue or organ in response to some sort of damage. Much of this connective tissue is
collagen that is deposited by fibroblasts in the tissue as well as from bone marrow
derived fibrocytes that can enter the tissue from the circulation (51). Excess connective
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tissue in the lung is extremely detrimental to overall lung function and it is this loss of
function that is harmful (25). The hypothesis that this dysregulation in healing is linked
to the induction of idiopathic pulmonary fibrosis (IPF) has been under development for
many years, however therapies to combat this dysregulation have not been successful
(216). In some circumstances, when the cause of the fibrotic induction is known, it is
possible to halt the progression of the disease, but in most cases, this is not an option.
There is evidence to suggest that acute lung infections caused by viral pathogens
can lead to an increased incidence of pulmonary fibrosis many years after resolution of
the disease (84, 125, 160). This has been observed in both patients who recovered from
SARS-CoV infections and also in patients who experienced extremely severe cases of
Influenza H1N1 infection. In these cases, the induction of fibrosis is induced from acute
injury to the lung tissue followed by dysregulation of repair long after the virus has been
cleared from the system rather than by a persistent infection or level of inflammation.
It is generally accepted that both the innate and adaptive immune responses
contribute to the induction and progression of fibrosis. Closely following the induction
of damage to the tissue, thrombin is activated and platelets are recruited to the site of
damage. These activated platelets begin secreting potent chemoattractants, including
TGFβ, and PDGF (38, 39). Additionally, activated thrombin can induce the expression
of CCL2 that also acts to recruit inflammatory cells to the site of damage (24).
Monocytes, which differentiate into macrophages upon entry into the tissue, and
neutrophils are both recruited in response to the CCL2 gradient (222).
While monocytes and neutrophils are important for the initial response to damage
in order to promote healing, the proteins that they secrete can also promote damage to the
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surrounding tissue thereby causing more damage (107). Several secreted cytokines have
been implicated as being important mediators of fibrotic disease, including IL-1β, TNFα,
IL-6 and TGFβ1 (128, 154, 227). IL-1β and TNFα have both been linked to an increased
susceptibility to fibrosis induction in the lungs of mice that overexpress these proteins
(31, 52). IL-1β plays a role in activation of the inflammasome in macrophage
populations, which could be a means of promoting prolonged inflammation at sites of
damage (136).
The adaptive immune response is also thought to contribute to the progression of
fibrotic disease. CD4+ T cells that are polarized to the TH17 phenotype are particularly
detrimental to the outcome of fibrotic disease. It is thought that secretion of IL-17A from
TH17 cells and its role as a potent chemoattractant for neutrophils is the major
contributor to their role in enhanced disease (53, 97, 213). Along with acting to recruit
neutrophils, IL-17A has also been shown to induce expression of MMP-1 which serves to
further activate fibroblasts (23).
CD4+ TH17 cells are not the only activation state of CD4+ T cells that have been
linked to exacerbated fibrotic disease. TH2 polarized CD4+ T cells have also been linked
to increased incidence of fibrotic disease (235). The presence of IL-13 has been linked to
cases of IPF in humans and this is a current target under investigation for therapies to
limit disease progression (73). The pathological features of IL-13 is linked to a low level
or lack of presence of the decoy receptor IL-13Rα2 which serves to “soak up” IL-13 from
signaling through the active receptor, IL-13Rα1 (233), however there remains
controversy over the true role for IL-13Rα2 as a conflicting report has shown that IL13Rα2 is able to signal and actually promotes the development of fibrosis (41).
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Activation of myofibroblasts is the key pathogenic step in development of
fibrosis. It is important to understand how this process typically occurs in order to
consider the potential ways SARS-CoV could be inducing this disease. Myofibroblasts
are cells that differentiate from fibroblast precursors that reside in tissue in response to
specific signals. These cells are induced during wound healing and serve to contract to
form a base for repair of the injured tissue and secrete extracellular matrix components to
speed the healing process. In most cases, these cells undergo apoptosis when healing is
complete leading to successful repair and resolution of damage, however in the case of
fibrotic disease, this process fails to take place. It has been suggested that this population
of activated myofibroblasts exhibit resistance to apoptotic signals, contributing to their
persistence and the incidence of fibrosis. The activation and conversion of resident
fibroblasts to myofibroblasts appears to be a complex process in response to a variety of
signals in the milieu. Importantly, TGFβ, IL-1β, IL-6 and IL-13 appear to be contributors
to this process in concert with matrix factors and growth factor signals as well. In the
case of SARS-CoV, it is important to consider what cytokines are induced during the
viral infection in order to ascertain whether these could be contributing to the
development of a fibrotic-like disease state.

STAT1, IFN Responses and SARS-CoV Infection:
It was observed that mice on the 129 background that were deficient in STAT1
(STAT1-/-) were unable to clear SARS-CoV following infection. These mice exhibited
enhanced lung pathology, increased weight loss and failure to clear virus within 9 days
after infection. These STAT1-/- 129 mice typically succumb to infection within the 9
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day infection course (65). Following this observation, it was hypothesized that this was
due to STAT1’s role as a key signaling intermediate in IFN signaling pathways. As was
described previously, IFNs play a very important role in the response to viral infections.
With the ablation of STAT1, there would be little capacity for IFN responsiveness as all
three types of IFNs utilize STAT1 as a common signaling intermediate.
Upon further investigation, this hypothesis was shown to be incorrect. A
thorough study utilizing various knockouts of IFN receptors coupled with antibodies to
neutralize IFN receptors was performed to more closely analyze the roles of IFN
signaling in this infection system. Therefore, in every case of IFN signaling depletion,
there was no change in disease outcome following alteration of the IFN signaling
pathways when compared with their wildtype counterparts, however the STAT1-/- mice
continued to have a worsened outcome. Collectively, these results suggest that STAT1 is
playing a major role outside of IFN signaling that is contributing to the increased level of
pathology (50).
In order to approach the question of what STAT1’s role could be during SARSCoV infection, a microarray was performed using RNA isolated from whole lung in order
to more closely study which genes are altered in the STAT1-/- mice during infection.
The microarray showed a large change in genes that are typically associated with TH2
skewed immune responses, including IL-4, IL-13 and TGFβ. Along with these TH2
associated genes, the microarray showed an upregulation of genes commonly associated
with AAMs including YM1, FIZZ1 and Arg-1 (50). It is important to note that many of
these cytokines as well as AAMs themselves have been implicated as playing a role in
the induction and development of fibrotic disease.
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The uncertainty regarding STAT1’s role in the pathogenesis of SARS-CoV leaves
a gap in our understanding of this virus and its means of causing severe disease, as well
as the host components that are important for avoiding development of severe disease.

Specific Aims and Approaches
When looking at previous work done on SARS-CoV and the outcomes of
infection, there are several gaps that become apparent. In the case of STAT1-/- mice,
there is obviously a key role for this protein, however whether this is a direct or indirect
function of STAT1 signaling is unclear. Additionally, what cell type(s) are responsible
for the increased SARS-CoV induced lung disease severity in STAT1-/- mice has also
been left largely unstudied and this was the predominant goal of aim 1 for this body of
work. We also sought to do an analysis of the long-term effects of SARS-CoV in a
STAT1-/- mouse model by analyzing disease progression for 21 days.
In order to answer these questions, two main approaches were used with separate
specific aims. First, a C57BL/6 STAT1-/- mouse model of SARS-CoV was established.
It is known that C57BL/6 and 129 background mice have different outcomes in a number
of different infection models, including trypanosome infection as well as RSV (69, 115).
In the case of RSV, lessened eosinophil responses were observed in C57BL/6 mice when
compared with mice on the 129 background (69). For this reason, it was important to be
consistent with a model in order to be able to more closely compare results between
studies. Other benefits of using C57BL/6 mice are the availability of numerous knockout
strains, congenically marked partners and also an enhanced resistance to SARS-CoV
infection even though severe disease is still present. Collectively, this allows for more
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thorough study of the disease by utilizing several different knockouts of the same
background as models as well as study of mice surviving severe disease to better analyze
long term effects on the lung. A thorough evaluation of the disease course was
performed in this model system including an evaluation of the macrophage activation
status.
Once it was determined that there was a clear difference in disease phenotypes
between wild type and STAT1-/- mice, the question of which cell types were directly
affected by the STAT1 deficiency was investigated. As it was established that there was
a change in AAM associated genes by microarray performed in 129 background mice
(50), the macrophage populations were first evaluated in C57BL/6 STAT1-/- and wild
type mice by using immunohistochemistry to stain for the presence or absence of proteins
associated with AAMs, specifically YM1 and FIZZ1.
In order to address whether or not cells from the hematopoietic lineage were
involved in this STAT1 difference, bone marrow chimeras were used. By transplanting
STAT1-/- bone marrow into wild type recipients and wild type bone marrow into
STAT1-/- recipients, we were able to evaluate whether one or both lineages were
predominantly contributing to the increased severe disease phenotype displayed in
STAT1 total KO mice. Additionally, a cell-specific knockout system was developed
using a cre-lox breeding system yielding mice lacking STAT1 in either cells expressing
LysM, monocytes and macrophages, or FoxJ, ciliated lung epithelial cells. This allowed
us to evaluate specific populations of cells for their contributions to disease.
Both the bone marrow chimera experiments and the cre-lox experiments pointed
toward a role for STAT1 in the polarization of macrophage populations. The enhanced
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disease was correlative to an increase in the presence of both YM1 and FIZZ1 in the
lungs of these mice suggesting that AAMs are a major contributor. In an attempt to block
the induction of AAMs, the requirement for STAT6 in the polarization of AAMs was
exploited and a STAT1/6 double knockout was created by crossing STAT1-/- and
STAT6-/- C57BL/6 mice. Upon infection of these mice with rMA15, it was observed
that by deleting STAT6 alongside of STAT1, mice developed only mild disease and this
correlated with a loss of both YM1 and FIZZ1 in the lung. Collectively, this data
indicates that polarization of macrophages toward an alternative activation phenotype
correlates with severe disease.
In order to look at the long-term effects of infection with SARS-CoV, a 21-day
mouse model of infection was used after which tissue was evaluated by a variety of
techniques to determine if changes resembling fibrotic disease had occurred. Lungs were
paraffin embedded and sectioned for histological analysis and protein was harvested from
lung lysates for analysis by western blot. As the presence of collagen is an important
marker for the development of fibrosis after healing responses should be complete,
mouse lungs were stained by both Sirius Red and Masson’s Trichrome techniques, both
of which will stain collagen a different color from that of normal lung tissue. Activated
collagen, a hallmark of fibrotic lesions, was also assayed for by western blot.
In summary, this work aimed to better elucidate which cell types contribute to the
enhanced pathology seen in mice with STAT1 deficiency and to analyze the long term
effects of this enhanced pathology during the acute response to SARS-CoV infection.
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Chapter 2: Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. All
mice in this study were treated following IACUC guidelines and approved by The
University of Maryland School of Medicine IACUC. For infection, mice were pre-treated
with Ketamine and Xylazine as an anesthetic. Mice were euthanized if their weight
dropped below approved levels or if clinical symptoms warranted euthanasia per our
IACUC protocol. Animal housing and care and experimental protocols were in
accordance with all Animal Care and Use Committee guidelines.

Viruses and Cells
rMA15 SARS-CoV was constructed as previously described (168). All virus stocks were
stored at -80C until ready to use. VeroE6 cells were purchased from ATCC (catalog#
CRL-1586) (Manassas, VA) and were used for growing rMA15 virus as well as plaque
assays to determine viral load in lung tissue. Cells were grown in MEM (Invitrogen,
Carlsbad, CA) with 10% FBS (Atlanta Biologicals, Lawerenceville, GA) and 1%
penicillin/streptomycin (Gemini Bioproducts, West Sacramento, CA).
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Mouse Breeding
C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA).
STAT1-/- mice were a gift from Dr David Levy (NYU) and were bred and housed in the
animal facilities at the University of Maryland, Baltimore.

For Cre/LoxP crosses, C57BL/6 LysM/Cre mice (Catalog # 004781) were purchased
from Jackson Labs (Bar Harbor, ME), C57BL/6 FoxJ/Cre mice were a gift from Dr,
Michael Holtzman (Washington University in St. Louis) and C57BL/6 STAT1/LoxP
mice were a gift from Lothar Hennighausen (NIDDK/NIH) (88). C57BL/6 STAT1/LoxP
female mice were crossed with male LysM/Cre and FoxJ/Cre. Initial F1 pup tails were
genotyped for the presence of Cre with primers 5’GCATTACCGGTCGATGCAACGAGTGATGAG-3’ and 5’GAGTGAACGAACCTGGTCGAAATCAGTGCG-3’
and the STAT1/LoxP allele with primers 5’-GCATGACATGATCAGCATTGC – 3’ and
5’ – ACTGACGTCAACCAAGCCTG – 3’. F1 positive female pups were crossed back
to STAT1/LoxP males and F2 pups generated. These pups were screened for the
presence of Cre and 2 copies of the STAT1/LoxP allele. Dual positive pups were bred
and lines screened by immunohistochemistry and PCR for the presence of STAT1 in the
affected tissue. Methods on this screened are described below.

For STAT1-/- X STAT6-/- double knockout production, STAT6-/- mice were purchased
from Jackson Labs (Bar Harbor, ME). STAT6-/- were crossed with STAT1-/- and F1
pups generated. F1 pups were crossed and F2 double positive pups were produced.
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These pups were screened for deletion of both genes by PCR and selected pups bred for
use in the infection experiments.

Histological Analysis
Lung sections were fixed in 4% paraformaldehyde in PBS for a minimum of 48 hours
after which they were sent to the Histology Core at the University of Maryland,
Baltimore for paraffin embedding and sectioning. 5µm sections were prepared and used
for Hematoxylin and Eosin (H&E) staining by the Histology Core Services (University of
Maryland). Stained sections were blinded and analyzed by Dr. Lindsay Goicochea at the
University of Maryland Medical Center Department of Pathology. Pictures of
histological sections were modified across all sections using Adobe Photoshop CS5 for
only minimal modification of pictures.

Histology scoring
Slides were prepared as 5µm sections and stained with hematoxylin and eosin. A
pathologist (L.G.) was blinded to mouse genetic background as well as infection status.
Fields were examined by light microscopy and analyzed by Dr. Lindsey Goicochea
(UMB). The degree of interstitial, peribronchiolar, and perivascular inflammation was
scored 0-3. Other histologic features, such as the presence of reactive bronchiolar
epithelial and pleural changes and the extent of peribronchovascular neutrophilia, were
also noted in each mouse and noted in the text. A combined score was then generated for
each mouse. Mice in each treatment group were then averaged and statistical analysis
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was performed. A T-test was used to determine significance between groups and
graphed in Prizm Graphpad.

In vivo Mouse Infections
All infections were performed in an animal biosafety level 3 facility at the University of
Maryland, Baltimore using appropriate practices including HEPA filtered BCON caging
system, HEPA filtered PAPR respirators and Tyvek suiting. All animals were aged to 10
weeks of age prior to use in experiments. Animals were anesthetized using a mixture of
xylazine (.38mg/mouse) and ketamine (1.3mg/mouse) in 50µL total volume by
intraperitoneal injection. Mice were inoculated intranasally with 50µL of either PBS or
1x105PFU of rMA15 SARS-CoV after which all animals were monitored daily for weight
loss. Mice were euthanized at day 2, 5 or 9 post-infection and lung tissue was harvested
for further analysis. All animals were housed and used in accordance with the University
of Maryland, Baltimore Institutional Animal Care and Use Committee guidelines.

Bone Marrow Chimeras
Bone marrow chimeric mice were created by aging C57BL/6 and STAT1-/- mice to 4
weeks of age and harvesting bone marrow from the hind leg bones of the donor mice.
Bones were flushed with a 26-gauge needle and cells were collected on ice. Single cell
suspensions were washed and red blood cells were lysed using treatment with ACK lysis
buffer for 10 minutes. Cells were counted, spun down and resuspended at 1 x 107/mL in
PBS with 1% FBS and stored on ice until used. Recipient mice were irradiated using xray irradiation at a dose of 1080 rads per mouse. Immediately following irradiation. 5 x
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106 cells were injected by intravenous tail vein route. Mice were placed on 1% Baytril in
their drinking water which was changed once per week to prevent infection. After 6
weeks, mice were screen by flow cytometry on the congenic CD45 marker using CD4 T
cell populations to indicate the success rate of reconstitution. Mice that were
reconstituted at least 95% were selected for further use. These mice were allowed to rest
for 1 week before transport into the ABSL3 facility for SARS-CoV rMA15 infection.

F4/80, YM1, FIZZ1 Immunohistochemistry
Paraffin sections (5µm)µ of fixed lung tissue were cut by the histology core at University
of Maryland, Baltimore. Slides were deparaffinized in xylenes and rehydrated in an
ethanol series. Endogenous peroxidase activity was quenched by incubating slides in
0.3% hydrogen peroxide in methanol for 30 minutes at room temperature (RT). Antigen
retrieval was performed by incubating slides for 20 min in IHC select citrate buffer pH6.0
(Millipore, Billerica, MA). Tissue sections were then preincubated in 10% goat serµ in
PBS for one hour at RT. Rabbit polyclonal FIZZ1 antibody (Abcam, Cambridge, MA)
was used at a concentration of 1:100 diluted in 10% goat serum in PBS. Rabbit
polyclonal YM1 antibody (StemCell Technologies, Vancouver, BC, Canada) was used at
a concentration of 1:200 diluted in 10% goat serum in PBS. Rat polyclonal F4/80
antibody (Abcam, Cambridge, MA) was used diluted at a concentration of 1:100 in 10%
rabbit serum in PBS. Sections were incubated in primary antibody for 30 min at RT.
Slides were washed before incubation with biotinylated secondary antibody from the
ABC Elite Rabbit or Rat kit (Vector Labs, Burlingame, CA) for 30 minutes at RT. Slides
were again washed prior to addition of ABC reagent (Vector Labs, Burlingame CA) for
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30 min at RT. After 3 changes of PBS, slides were developed using DAB (3,3diaminobenzidine) for 2 minutes per slide. Development was stopped using a 5 minute
incubation in dH2O. A 10 minute incubation in 0.5% methyl green in 0.1M sodium
acetate pH4.2 solution was used for counterstaining. Counterstain was cleared using 2
changes of PBS followed by 2 changes of N-butanol for 2 minutes each. Slides were
dehydrated using 2, 5 minute incubations in xylenes before being mounted.

STAT1 Immunohistochemistry
Slides with 5µm sections of mouse lung were obtained from the histology core at the
University of Maryland, Baltimore. Slides were deparaffinized using two changes of
xylenes for 5 minutes each change. An ethanol series was then used to rehydrate the
sections. Slides were then incubated in MOM mouse IgG blocking reagent from MOM
kit purchased from Vector Laboratories (Burlingame, CA) for 1 hour at RT. Slides were
washed in PBS and then incubated with MOM protein diluent for 5 minutes at RT. AntiSTAT1 primary antibody (BD Transduction Laboratories, San Jose, CA) was diluted at
1:100 in MOM protein diluent. Slides were incubated in primary antibody for 30 minutes
at room temperature. Slides were washing in PBS before being incubated in MOM
biotinylated anti-mouse IgG antibody provided in MOM kit for 10 minutes at RT. Slides
were washed in 2 changes of PBS. Biotin signal was amplified using a TSA PLUS
Biotin kit (Perkin Elmer, Waltham, MA). Slides were incubated in working strength
biotin amplification solution made at 1:25 for 5 minutes at RT and then washed in 2
changes of PBS. An ABC-Alkaline Phosphatase (AP) kit was then used. (Vector
Laboratories, Burlingame CA). Slides were incubated in ABC-AP for 30 minutes at RT
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and then developed using an alkaline phosphatase kit (Vector Laboratories, Burlingame,
CA) by incubating slides for 60 minutes in AP. Slides were then counterstained using
methyl green solution before being decolorized, dehydrated in xylenes and mounted.

Isolation of DNA from Intraperitoneal Macrophages and Peripheral Blood
Peritoneal macrophages were obtained by injecting mice with 3mL of sterile 3%
thioglycolate broth (Remel, Lenexa KS) intraperitoneally. 3 days after injection, cells
were harvested by lavage of the intraperitoneal cavity. Cells were washed in DMEM and
pelleted for further analysis by RT-PCR. Peripheral blood was collected by terminal
cardiac puncture. DNA was isolated using a DNA/RNA Allprep kit from Qiagen Labs
(Valencia, CA). DNA was then used for PCR and analyzed on a 1% Agarose gel.
Template was amplified by RT-PCR using primers forward 5’GCATGACATGATCAGCATTGC – 3’ and reverse 5’ –
ACTGACGTCAACCAAGCCTG – 3’.

Sirius Red Staining
Paraffin embedded 5µm sections of mouse lung were deparaffinized in 2 changes of
xylenes for 5 minutes each and then rehydrated using an ethanol series comprised of 2
changes of 100% EtOH, 2 changes of 90% EtOH, 1 change of 80% EtOH and 2 changes
of water. Slides were then stained in Weigert’s haematoxylin (Sigma Aldrich, St Louis,
MO) for 8 minutes and then rinsed in running tap water for 10 minutes. Slides were then
incubated in working Picrio-Sirius Red solution (.5g Sirius Red in 500mL Saturated
picric acid (Sigma Aldrich, St Louis, MO)) for one hour. Slides were washed in 2
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changes of acidified water for 5 minutes each and dehydrated using 3 changes of 100%
EtOH before mounting.

Masson’s Trichrome Staining
Masson’s trichrome staining was performed on 5µm sections of paraffin embedded lung
tissue by the histology core (E.S.) at the University of Maryland, Baltimore.

Collagen Western Blots
Protein lysates were obtained from whole mouse lung homogenates collected at various
time points after infection with rMA15 SARS-CoV. Samples were separated by SDSPAGE under reducing conditions for 1 hour and then transferred to a nitrocellulose
membrane for 1 hour. The membrane was then blocked using a 5% milk solution for 2
hours while rocking at room temperature. Anti-collagen antibody (Sigma Aldrich, St
Louis, MO) was added to the 5% milk solution at 1:500 and was rocked at 4C overnight.
The membrane was washed three times with TBST before addition of secondary antibody
at 1:10,000 in 5% milk, incubated for 1 hour at room temperature. The membrane was,
again, washed three times with TBST before detection. Amersham ECL prime western
blotting detection reagent (GE Life Sciences, Pittsburgh, PA) was used to prepare the
membrane for development using X-ray film. Film was exposed for 1 minute. The
membrane was then stripped at 65C for 30 minutes and then thoroughly washed with
TBST before being re-blocked in 5% milk for 1 hour at room temperature. To detect
proper loading, anti-tubulin antibody (Sigma Aldrich, St Louis, MO) was then added at
1:500 and incubated overnight at 4C. The membrane was washed three times with TBST
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after which secondary antibody was added at 1:10,000 for 1 hour at room temperature.
The membrane was, again, washed three times with TBST before being developed using
the ECL prime western blotting detection kit and being exposed using X-Ray film.
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Chapter 3: Induction of alternatively activated macrophages enhances
pathogenesis during SARS Coronavirus infection

Introduction
Infection with a variety of respiratory viruses, including Influenza H1N1 (89, 117,
149) and SARS-CoV (32, 44, 63, 147), are known to cause acute lung injury (ALI) and
acute respiratory distress syndrome (ARDS) leading to high rates of severe morbidity and
mortality (3, 90). In the case of the 2002 SARS-CoV pandemic, there were nearly 8,000
cases and 800 deaths worldwide with many of these deaths occurring due to development
of ARDS in elderly patients (92, 93, 102). It is hypothesized that ALI and ARDS
develop from both intrinsic viral infection and dysregulation of the host immune response
to infection, although the exact mechanism is not fully understood.
In acute infections with SARS-CoV, lung damage rapidly progresses to diffuse
alveolar damage (DAD) resulting clinically in ARDS, which is considered to be the most
severe form of ALI (44, 63, 92, 147). ARDS is known to develop from a variety of
etiologies that cause severe lung damage and presents a major challenge in critical care
medicine with nearly 1 million deaths attributed to ARDS each year (3). The
predominant pathological feature of SARS-CoV infection is diffuse alveolar damage,
including hyaline membrane formation, together that clinically manifests as ARDS (32,
147). Even after resolution of SARS, DAD can still be observed by CT scan and a high
proportion of these patients progress to develop pulmonary fibrosis (63).
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The host response to viral infection is critical for proper resolution of disease.
When that response is altered by the pathogen, the incorrect response can lead to
significant tissue damage and further disease. The innate immune response has been
shown to protect mice from SARS-CoV replication both in vitro and in vivo (46, 50, 68,
91, 140, 141, 187, 211, 230). Specifically, infection of STAT1-/- mice on the 129/Sv
background with a human isolate of SARS-CoV demonstrated that STAT1 was necessary
to control viral replication and spread (50, 238).
We have identified STAT1 (signal transducers and activators of transcription 1)
as a key mediator of the proper host response to SARS-CoV infection (50, 238). STAT1
is a member of the signal transducers and activators of transcription family of
transcription factors and plays an important role in both innate and adaptive immune
function as well as cell cycle regulation (103, 109). STAT1’s function in cell cycle
control makes it of interest in potentially contributing to pulmonary fibrosis development
following acute lung injury. In instances where Epidermal Growth Factor (EGF)
signaling mediates cell cycle arrest rather than growth, it has been shown that STAT1 is
an important signaling component that negatively regulates the EGF pathway (6, 144). It
has also been demonstrated that STAT1-/- mice are prone to the development of
spontaneous tumors and are more sensitive to various in vivo models of cancer, including
esophageal cancer and melanoma (210, 214). STAT1 deficient mice have also been
shown to be sensitive to radiation and bleomycin induced fibrosis, again illustrating
STAT1’s role in control in the regulation of cell cycle progression and proliferation
(208).

	
  

49

	
  
The involvement of STAT1 in viral infections is associated with its activity in the
interferon-signaling pathway and the innate immune response (35, 122, 176). In the case
of SARS-CoV infection, we have shown that in 129/Sv mice, STAT1 is important in
pathways other than the interferon-signaling pathway (50). In this model we find that
SARS-CoV infection of mice lacking the Interferon alpha/beta receptor (IFNAR1),
Interferon gamma receptor (IFNGR), Interferon lambda receptor (IL28Ra) and double
mutants of IFNAR/IFNGR display no enhanced pathogenesis while STAT1-/- mice are
highly susceptible and display severe lung disease and pathology (50). STAT1-/- mice in
this genetic background have an inability to clear virus by 9 days post-infection and
proceed to develop a severe lung disease phenotype that closely replicates the pathology
seen in human patients during the SARS-CoV outbreak (100, 147). This includes
extensive mixed inflammatory infiltrates; predominantly neutrophils, lymphocytes and
macrophages, as well as pathological features of DAD. The data suggests that a
different STAT1-dependent pathway is critical for host protection rather than STAT1’s
role in IFN signaling. We have shown that STAT1-/- mice do show an altered immune
response to SARS-CoV infection, including an enhanced TH2 profile with a significant
increase in genes related to the alternatively activated subset of macrophages (50, 238).
Alternatively activated macrophages (AAMs) have been implicated in models of
lung disease including asthma (42, 120, 196) and pulmonary fibrosis (55, 150, 217). In
contrast to classical macrophages that become activated and differentiate in response to
IFN-gamma, AAMs differentiate in response to IL-4 and IL-13 (188). Induction of the
AAM phenotype is dependent upon IL-4Rα signaling as well as the presence and
activation of STAT6 both in vitro and in vivo. (27, 29, 133, 194). Their function also
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differs from classically activated macrophages, as they are associated with wound repair
and healing rather than the direct killing of pathogens (55). In mice, AAMs secrete the
effector proteins YM1, FIZZ1 and Arginase-1 (Arg-1) (55). The functions of these
effector proteins are not yet fully understood, but their presence has been associated with
liver fibrosis (112, 150, 165) as well as allergic airway inflammation (10, 131). In this
chapter, we utilize a mouse model of SARS-CoV infection to elucidate the role of
STAT1 in ALI as it relates to the induction of AAM subsets in the lung. We demonstrate
that the lack of STAT1 in the macrophage and monocyte lineage can shift the immune
response and produce significant lung injury, as seen in total STAT1-/- mice. We also
show that inhibition of AAM development in STAT1-/- mice, by knocking out STAT6-/in concert, protects them from severe lung disease and pre-fibrotic lesions during SARSCoV infection. This data demonstrates the role of STAT1 in SARS-CoV pathogenesis as
well as the role that macrophage subtypes play in repair of acute lung injury and
development of pulmonary fibrosis-like diseases.
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Results
rMA15 infection is cleared from both C57BL/6 and STAT1-/- mice
To evaluate the role of STAT1 in SARS-CoV infection in mice, 10-week-old WT
C57BL/6 and C57BL/6 STAT1-/- mice were infected with 1 x 105 PFU of rMA15.
rMA15 is a mouse adapted SARS-CoV, containing 6 amino acid mutations from the WT
Urbani strain of SARS-CoV, which produces lethal disease in BALB/c mice but does not
kill C57BL/6 mice (168). Mice were weighed daily over a 9-day course of infection
(Figure 3-1) during which lung tissue was harvested at days 2, 5 and 9 for further
characterization. WT C57BL/6 mice lost roughly 15% of their body weight during the
first 4 days post-infection (dpi) and then achieved complete recovery of their starting
weight by 9 dpi. In contrast, STAT1-/- mice continued to lose weight throughout the
course of infection, losing greater than 20% of their starting weight by 9 dpi.
Viral titers were analyzed using a plaque assay to compare WT to STAT1-/mouse infections (Figure 3-2). WT mice displayed peak viral titers at 2 dpi with titers of
4 .75x 107 PFU/g, after which they decreased by 5 dpi to 1.4 x 104 PFU/g. Viral titers
were below detectable levels by 9 dpi. STAT1-/- mice display a similar trend with peak
titers of 8.75 x 107 PFU/g at 2 dpi. STAT1-/- mice show a 2-log increase in titer at 5 dpi
compared to WT mice, but still clear virus by 9 dpi to below detectable levels (Figure 32). Interestingly, despite the differences in weight loss we find that WT and STAT1-/- on
the C57BL/6 background are able to clear rMA15 virus from their lungs during infection
although STAT1-/- mice have higher virus titer at 5 dpi.
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Figure 3-1: Enhanced weight loss in C57BL/6 STAT1-/- mice
Mice were infected with rMA15 SARS-CoV (n = 7) and monitored daily for weight loss.
C57BL/6 wild type mice lose between 10-15% of starting body weight over the first 3-4
dpi before recovering to 100% starting body weight by 9 dpi. STAT1-/- mice lose
equivalent weight over the first 3-4 dpi, but fail to begin recovering body weight and
continue to lose weight through 9 dpi.
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Figure 3-2: Viral clearance by C57BL/6 and STAT1-/- mice
Viral loads were measured using a standard plaque assay at various time points after
C:;"
K:;"a similar peak at 2 dpi in wild
infection with rMA15
SARS-CoV. Viral titers reached
type and STAT1-/- mice. Both wild type and STAT1-/- mice cleared all virus to below
detectable levels by 9 dpi, however STAT1-/- mice show some delay in clearance at 5
dpi.

	
  

53

	
  
Induction of pre-fibrotic lesions in STAT1-/- mice after virus clearance
Histological analysis was performed on lungs harvested at days 2, 5 and 9 dpi in
C57BL/6 WT and STAT1-/- mice (Figure 3-3A). As previously reported, WT mice
infected with rMA15 show bronchiolar sloughing at 2 dpi with significant cell debris in
the bronchioles. A peri-bronchiolar and peri-arteriolar mixed inflammatory infiltrate is
observed consisting of eosinophils and neutrophils. By 5 dpi, airways were generally
clear of cell debris and ciliated epithelial cells were present in the bronchioles.
Inflammation was still present in the WT lungs presenting with primarily eosinophils and
macrophages in focal regions primarily surrounding small airways. By 9 dpi we
observed few small, focal aggregates predominantly comprised of lymphocytes cuffing
around vessels and larger airways, however in general, inflammatory infiltrates were
minimal and lungs had returned to their pre-infection state.
In C57BL/6 STAT1-/- mice we found a more severe lung pathology that persisted
throughout the course of infection. At 2 dpi, STAT1-/- mice showed similar lung
pathology to that seen in WT mice. Lungs showed evidence of bronchiolar sloughing
with mixed inflammatory infiltrates throughout the lung, but most notably displayed
cuffing around large airways and blood vessels. At 5 dpi STAT1-/- mice did not have the
same recovery as WT mice and we found a continued increase in levels of mixed
inflammatory infiltrates comprised of neutrophils and mononuclear cells, macrophages
and lymphocytes. These infiltrates continued to cluster around large airways and vessels
and began to fill the alveolar space. By 9 dpi there was continued progression in severity
of lung pathology and there was more pronounced neutrophilia and increased
macrophage numbers found in the lung interstitium. Lung epithelial cells exhibited
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squamous metaplasia, which is a characteristic reactive response to damage and
commonly seen in incidences of ALI, especially in organizing DAD. Interestingly, there
was also proliferation of interstitial fibroblasts in both the subpleural and central regions
of the lung. This resembled a prefibrotic-like state sometimes seen following extensive
lung damage. H&E stained slides were blinded and scored by pathologist Dr. Lindsay
Goicochea (UMB). Slides were scored for perivascular, peribronchiolar and interstitial
inflammation. Scores were tallied as described in the methods and graphed in Figure 33B. We found that while pulmonary inflammation was still found in WT mice at 9 dpi,
we observed that at 9 dpi STAT1-/- mice had statistically significant inflammation
throughout the lung tissue. Collectively, this lung pathology suggests an inappropriate
immune response continuing even after virus has been cleared to below detectable levels.
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Figure 1. C57BL/6 STAT1-/- mice are highly susceptible to rMA15. A. Weight loss of WT and STAT1-/- mice infected
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dpi, 5 dpi and 9 dpi. STAT1-/- mice exhibit significantly worsened lung pathology
through 9 dpi marked by increased numbers of inflammatory infiltrates and worsened
damage to airways. Entire lung sections from 3 separate mice were evaluated.
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Alternatively activated macrophages are induced during rMA15 infection of
STAT1-/- mice
We observed an expansion of total macrophages during infection in our
histological sections of STAT1-/- mice after rMA15 infection. Since we have previously
reported the induction of alternatively-activated macrophage (AAM) phenotypes in
STAT1-/- mice (238), immunohistochemistry was performed to look for the presence of
proteins commonly associated with AAMs. YM1 and FIZZ1 are both expressed from
AAMs in the lung during diseases such as allergic airway inflammation models and RSV
infection and used as the standard marker of AAM induction in mice (162, 163). To
identify whether AAMs were present in WT and STAT1-/- mice, lung sections were
stained with antibodies for YM1 and FIZZ1 to analyze their expression during rMA15
infection (Figure 3-4 and 3-5). Wildtype and STAT1-/- mice were found to express
FIZZ1 specifically along the lung epithelia in PBS inoculated controls, however at 9 days
after infection, FIZZ1 protein was highly enriched in both the lung parenchyma and in
macrophages of STAT1-/- mice (Figure 3-4). This is in contrast to what was observed in
WT mice. In WT mice we found FIZZ1 expression associated solely with lung
epithelium even at 9 dpi (Figure 3-4, second row). Minimal induction of FIZZ1 was
identified at day 2 and 5 post infection of WT or STAT1-/- mice (Supplementary Figure
2). YM1 expression in PBS inoculated control mice was associated with alveolar
macrophages with little to no expression in the ciliated lung epithelium of the large
airways in both wildtype and STAT1-/- mice (Figure 3-4). However, at 9 dpi, STAT1-/mice showed evidence of YM1 still associated with alveolar macrophages, but in contrast
with previous cases, they displayed diffuse staining in the lung parenchyma in addition to
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increased staining in the ciliated lung epithelial cells. Minimal induction of YM1 was
identified at day 2 and 5 post infection of WT or STAT1-/- mice (Figure 3-5). This
increase in both YM1 and FIZZ1 levels in the lung suggests an increase in AAMs in the
SARS-CoV infected STAT1-/- mice.
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Figure 3-5: YM1 and FIZZ1 proteins are not induced at 2 or 5 dpi
Lung sections from wild type and STAT1-/- mice were stained using
immunohistochemistry for the presence of YM1 and FIZZ1 proteins at 2 and 5 dpi to
determine when these proteins were induced.
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STAT1 is necessary in the hematopoietic lineage to protect from rMA15
pathogenesis.
Our data suggests that STAT1-/- mice have a dysregulated response to SARS-CoV
infection leading to a more severe disease phenotype and delayed clearance of virus.
Immunohistochemical results suggest that part of this response is related to a change in
macrophage phenotype and polarity. We next sought to determine if cells from the
hematopoietic lineage were responsible for these changes in outcome following infection.
In order to test this, we developed bone marrow chimeric mice by lethally irradiating
mice and transferring congenically marked bone marrow; STAT1-/- bone marrow was
injected into wildtype mice and wildtype bone marrow was injected into STAT1-/- mice.
After screening using the CD45 marker on CD4+ cells to confirm successful
reconstitution (Figure 3-6), mice were infected with 1x10^5 PFU of rMA15 and weighed
daily for 9 days. Mouse lungs were harvested at days 2, 5 and 9 post-infection for
analysis. Quantification of virus titers was performed on lung tissue to evaluate the
ability of each mouse to clear virus. We observed that all groups had peak viral titers at 2
dpi with titers beginning to diminish by 5 dpi. By 9 dpi, virus was below detectable
levels (Figure 3-7). The STAT1-/- mice receiving wildtype bone marrow displayed a
minor delay in clearance at 5 dpi while wildtype mice receiving STAT1-/- were
indistinguishable from wildtype mice.
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Lung sections from bone marrow chimera mice were analyzed for severity of lung
pathology after infection (Figure 3-8). At 9 dpi, the lung pathology was significantly
different between the two chimera groups. In STAT1-/- mice that received wildtype bone
marrow, there was damage to the large airways, particularly to the ciliated epithelial cells
that line the airways. Cell debris was also still observed in the bronchiolar airspace.
These mice also had mixed inflammatory infiltrates that are found cuffing these damaged
airways and vessels throughout the lung. Interestingly, these inflammatory infiltrates
followed a focal pattern as opposed to the diffuse inflammation seen in the total STAT1/- animals.
In contrast, WT mice that received STAT1-/- bone marrow exhibited less overall
damage to the ciliated epithelial cells of the large airways but displayed enhanced
inflammatory infiltrates and both perivascular and peribronchiolar cuffing. There
remained foci of reactive squamous metaplasia, but largely the airways were healthy and
intact. We observed a diffuse pattern of inflammation throughout the interstitium
comprised of neutrophils and macrophages in the marked by almost complete collapse of
the alveolar space. We also found perivascular neutrophilia as well as
lymphoplasmocytic infiltrates throughout the lung parenchyma. The inflammation seen
in the lungs of these wildtype mice receiving STAT1-/- hematopoietic cells closely
resembled that of total STAT1-/- mice. This suggests that one or more cell types from
STAT1-/- mice are important contributors to the prolonged lung damage after rMA15
infection.
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Deleting STAT1 from macrophages and monocytes produces disease similar to
complete STAT1-/- mice
After confirming that cells of hematopoietic lineage were predominantly
responsible for the increase in pathology in total STAT1-/- mice, we sought to identify
potential cell types that could be specifically responsible for this pathology. Together,
the hematopoietic link and the increase in AAM markers led us to hypothesize that
STAT1 contributes to shaping macrophage responses during SARS-CoV infection and
that a change in macrophage polarization was leading to severe lung disease. To test this,
we developed 2 mouse strains in which STAT1 is conditionally knocked out. In one
strain, we crossed mice containing a STAT1/LoxP integrant with a LysM promoter
driven Cre recombinase to delete STAT1 in monocytes (mice referred to as
LysM/STAT1). In the second strain, we crossed mice containing the same STAT1/LoxP
integrant with a FoxJ1 promoter driven Cre recombinase to delete STAT1 in ciliated
epithelial cells (226). While we hypothesized that STAT1 was modulating the
macrophage response, we created the FoxJ1/STAT1 mouse strain to control for the effect
of STAT1 in ciliated epithelial cells, which are the primary target of SARS-CoV in the
lung (226). The FoxJ1/Cre mouse has been analyzed and displays specific expression in
the ciliated cells of the respiratory epithelium as well as choroid plexus, ependymal,
oviduct and testis (226). SARS-CoV specifically infects the respiratory epithelium so
the expression in other tissues does not complicate the analysis. To confirm the deletion
of STAT1 in monocytes and macrophages in the LysM/STAT1 mice, we used
thioglycolate to induce intraperitoneal macrophages in WT, STAT1-/- and LysM/STAT1
mice to compare deletions (Figure 3-9A). We confirmed deletion of the STAT1 using
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gene specific primers and found that in macrophages a higher molecular weight band is
found in WT mice compared to LysM/STAT1 mice, demonstrating the deletion, and no
band is found in the STAT1-/- mice, as is expected with the primers. In blood, where the
LysM promoter is not active, we do not see a deletion in the LysM/STAT1 mice,
demonstrating that the LysM/Cre is effective at deleting STAT1 in monocytes and
macrophages. To verify the FoxJ1/STAT1 deletion in ciliated epithelial cells we used
immunohistochemical staining (IHC) for STAT1 to compare WT, STAT1-/- and
FoxJ1/STAT1 mouse airways (Figure 3-9B). We found high levels of expression of
STAT1 in WT mice and no expression in any lung cells in STAT1-/- mice. In
FoxJ1/STAT1 mice, we found STAT1 expression in the Clara cells of the airways and
throughout the alveoli however STAT1 expression was lacking in ciliated airway
epithelial cells, confirming correct deletion of STAT1 in FoxJ1/Cre expressing cells.
The 10-week-old WT, STAT1-/-, LysM/STAT1 and FoxJ/STAT1 mice were
inoculated with 1 x 105 PFU of rMA15 and were weighed daily for 9 days (Figure 3-10).
WT mice displayed a 10% starting weight loss by day 3 post infection with mice
regaining 100% of their starting weight by 9 dpi. STAT1-/- mice lost 10% of their
starting weight during the first 3 days and then, as before, lost greater than 20% of their
starting weight through 9 dpi. Additionally, FoxJ/STAT1 mice had very similar weight
loss to WT mice. We observed 10% weight loss by 3 dpi and then complete recovery by
9 days. Interestingly, LysM/STAT mice displayed early weight loss that closely followed
that of the total STAT1-/- and exceeded STAT1-/- weight loss by 4 dpi, however they
also proceeded to recover their body weight by 9 days post-infection albeit more slowly
than WT mice.

	
  

67

	
  

Macrophages

LysM/STAT

STAT1-/-

WT

LysM/STAT

WT

A.

STAT1-/-

Figure 4
B.

WT

STAT1-/-

Blood

STAT1

WT
&&!

STAT1-/-

FoxJ/STAT1

&!!

)*+,-./01
2343&5651
7.8962343&1
:;<=62343&1

(!
%!
'!
$!

!

"

#

$

%

&!

D.
>*8-;+;?.12@;A0

Blood

p=0.03

&,/-,*(%0("/(.*1%2,.13(

C.
B.

LysM/STAT

STAT1-/-

WT

Actin

(
%
'
$
C
#
B
"
&
!

7.8962343&1

PBS
:;<=62343&1

#

$

%

&!

#$%&'$(%)*+,-(.'*

rMA15

STAT1-/-

	
  

>*8-;+;?.12@;A0

WT WT STAT1 STAT1 FoxJ
Figure 3-9: Conditional deletion
of STAT1 specifically from monocyte/macrophage
!"#$%&'$(%)*+,-(.'*
PBS
D9 PBS D9 PBS
p=0.037 cells (FoxJ/STAT1)
populations (LysM/STAT1) or ciliated lung epithelial
Conditional knockouts were confirmed using PCR and immunohistochemical techniques.
D. from
( peripheral blood and intraperitoneal macrophages to verify
(A) DNA was isolated
% from monocyte/macrophage populations. (B)
STAT1
E. deletion selectively
WT
STAT1-/LysM/STAT1
FoxJ/STAT1
Immunohistochemistry was
wild type, STAT1-/and
' performed on uninfected
)*+,-./01mice to show
FoxJ/STAT1
$ the deletion of STAT1 from ciliated lung epithelial cell
2343&5651
populations.
C

#
B
"
&
!
WT
PBS

LysM/STAT1

WT STAT1 STAT1 FoxJ FoxJ LysM LysM
D9 PBS D9 PBS D9 PBS D9

FoxJ/STAT1

Figure 4. Pathogenesis of rMA15 in LysM/STAT1 and FoxJ1/STAT1 mice. A. PCR confirmation for Ly
mice showing STAT1 deletion only in monocytes and macrophages and not in blood of transgenic
for experiments. Arrow is WT STAT1 band and arrowhead is deleted STAT1 band. B. Immunohisto
labeling of STAT1 in WT, STAT1-/- and FoxJ1/STAT1 mice to confirm deletion of STAT1 in ciliated epi
68
Lung sections were stained with anti-STAT1 antibody. Bright red color is positive staining with anti
FoxJ1/STAT1 that alveolar cells and clara cells are positive but ciliated epithelial cells are negative f
Weight loss curve of mice infected with rMA15. (n=5 for each time point) D. Histological scoring o

STAT1

	
  
Actin

p

D.
&&!
&!!

)*+,-./01
2343&5651
7.8962343&1
:;<=62343&1

(!
%!
'!
$!

!

"

#

$

%

&!

!"#$%&'$(%)*+,-(.'*

E.

>*8-;+;?.12@;A0

&,/-,*(%0("/(.*1%2,.13(

C.

(
%
'
$
C
#
B
"
&
!
WT
PBS

Figure 3-10: Weight loss of LysM/STAT1 and FoxJ/STAT1 mice
LysM/STAT1 and FoxJ/STAT1 mice were monitored daily for weight loss. There was
no significant change in weight loss in either LysM/STAT1 or FoxJ/STAT1 mice
compared with wild type mice after infection with rMA15 SARS-CoV

WT

STAT1-/-

LysM/STAT1

WT STAT1 STAT1
D9 PBS D9

FoxJ/ST

PBS

rMA15

Figure 4. Pathogenesis of rMA15 in LysM/STAT1 and FoxJ1/STAT1 mice. A. PCR confirmation
mice showing STAT1 deletion only in monocytes and macrophages and not in blood of transg
for experiments. Arrow is WT STAT1 band and arrowhead is deleted STAT1 band. B. Immuno
labeling of STAT1 in WT, STAT1-/- and FoxJ1/STAT1 mice to confirm deletion of STAT1 in ciliate
Lung sections were stained with anti-STAT1 antibody. Bright red color is positive staining with
FoxJ1/STAT1 that alveolar cells and clara cells are positive but ciliated epithelial cells are nega
Weight loss curve of mice infected with rMA15. (n=5 for each time point) D. Histological scor
lung sections in E. E. H&E staining of WT, STAT1-/- and LysM/STAT1 mouse lungs after either i
or PBS control.
	
  

69

	
  
H&E stained lung sections were analyzed to determine the degree of lung damage and
inflammation in the conditional knockout mice following infection with rMA15. As
before, at 9 dpi we found minimal residual inflammation in WT mice, while STAT1-/mice displayed overactive and uncontrolled inflammation cuffing the vasculature,
bronchi and throughout the interstitium (Figure 3-11). We observed that LysM/STAT1
mice had persistent inflammation throughout the lung and specifically, we found cuffing
of the large airways as well as the vessels. The LysM/STAT1 lungs contained
inflammatory infiltrates comprised of neutrophils as well as macrophages with lymphoid
aggregates throughout the interstitial space. Along with these aggregates, there was also
evidence of foci of fibroblast proliferation, which is consistent with a pre-fibrotic-like
state seen in total STAT1-/- mice infected with rMA15 (50). In comparison,
FoxJ1/STAT1 mice do not display this increased inflammatory response upon infection
with rMA15. We found minimal residual inflammation throughout the lung of infected
mice at 9 dpi. These mice looked comparable to WT mice at the same time point with
repaired ciliated epithelial cells and no observed cuffing of vasculature or bronchi. We
conclude that the LysM/STAT1 lung pathology is very similar to the full STAT1-/- lung
pathology seen during infection and hypothesize that dysregulation of the monocyte and
macrophage cell population, by deletion of STAT1 specifically in these cells, leads to
enhanced lung injury and disease after rMA15 infection.
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Alternatively activated Macrophages are induced in LysM/STAT1 mice after
infection with rMA15 similar to total STAT1-/- mice
After infection of rMA15 in total STAT1-/- mice we find an induction of AAMs
in the lungs. Given the finding above, that LysM/STAT1 mice have similar lung
pathology to STAT1-/- mice, but that FoxJ1/STAT1 mice have pathology similar to WT
mice, we sought to identify whether the induction of AAMs correlated with lung disease.
In order to examine the activation profile of macrophages following infection,
immunohistochemistry was performed on lung sections from mice harvested at 9 dpi.
Mouse lungs were fixed in 4% PFA and embedded in paraffin for sectioning and staining
with antibodies for YM1 and FIZZ1, markers for AAM presence (Figure 3-12). After
staining for YM1 and FIZZ1, we observed that WT mice showed very little detectable
YM1 or FIZZ1 in both uninfected and infected mice. However, in STAT1-/- mice, we
found high levels of YM1 expression by 9 dpi associated with macrophages throughout
the lungs. FIZZ1 is found highly induced in the airway epithelial cells of STAT1-/- mice
after infection as well as collecting in pools of proteinaceous fluid found in foci
throughout the interstitium. In LysM/STAT1 mice, YM1 levels were found to be low in
PBS inoculation control mice but at 9 dpi levels are increased and protein can be detected
throughout the lung tissue, similar to what is seen in STAT1-/- mice. FIZZ1 levels are
also low in uninfected LysM/STAT1 mice, however, similar with YM1, these levels are
elevated at 9 dpi. We observed FIZZ1 staining diffusely throughout the lung parenchyma
at this time point and FIZZ1 was again found collecting in fluid filled foci in the
interstitium. Conversely, FoxJ1/STAT1 mice displayed very little induced YM1 or
FIZZ1 at 9 dpi with rMA15. There was minor induction of YM1 found after infection,
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however it is found at background levels as seen in WT mice. Collectively, this data
suggests that STAT1 plays a role in macrophage polarization during infection with
SARS-CoV and that when macrophages lack STAT1, they are increasingly of an
alternatively activated phenotype and induced during rMA15 infection.

Inhibition of AAMs in STAT1-/- mice eliminates severe lung disease
Our data suggests that AAMs are associated with enhanced lung disease after
SARS-CoV infection. We hypothesized that these macrophages could be contributing
the exacerbated lung damage since they have been previously shown to be involved in
altered lung repair pathways in fibrosis (146, 197) and asthma (10, 11, 29, 95, 120, 132,
196). Development of AAMs, both in vivo and in vitro, is completely dependent on the
STAT6 transcription factor (27, 29, 108, 126). Therefore, in mice lacking STAT6 there
are no AAMs found after treatment with several AAM inducers (27, 108, 126). We
developed STAT1-/- x STAT6-/- double knockout mice (called STAT1/6-/-) that will
contain the STAT1 deletion but now lack the ability to produce AAMs and thus YM1 and
FIZZ1.
As before, we infected these mice and STAT6-/- mice, to control for a phenotype
with the loss of STAT6, with rMA15. WT, STAT1-/-, STAT6-/- and STAT1/6-/- mice
were infected with 1x10^5 pfu of rMA15 and weighed daily for 9 days. Weight loss for
WT and STAT1-/- mice was consistent with what was observed in previous experiments
(Figure 3-13). WT mice lose 10% of their body weight during the first 3 days post
infection and then regain to 100% of their body weight by 9 dpi. Also, STAT1-/- lost
greater than 20% of their body weight by 9 dpi. STAT6-/- mice displayed weight loss
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similar to WT mice, with early weight loss by day 3 but then regaining weight through 9
dpi. Interestingly, STAT1/6-/- mice also displayed 10% weight loss by day 3 but unlike
STAT1-/- mice, the double knockout mice regained their starting weight and had returned
to their starting weight by 9 dpi.
Mouse lungs were harvested and analyzed for histological lesions by H&E
staining. WT and STAT1-/- mice displayed similar lung pathology, as found previously,
with minimal residual inflammation in WT mice at 9 dpi, but STAT1-/- mice displaying
severe inflammatory infiltrates around blood vessels, airways and throughout the
interstitium. Consistent with the weight loss data, STAT1/6-/- mice displayed minimal
inflammation and lung damage after rMA15 infection similar to WT mice (Figure 3-14).
Together this data suggests that elimination of AAMs in a STAT1-/- background is able
to abrogate induced lung disease and inflammation after rMA15 infection.
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To confirm that AAM development was inhibited during infection, we again
analyzed YM1 and FIZZ1 induction by IHC as markers of AAM levels in lung tissue
(Figure 3-13). Lung sections from WT, STAT1-/-, STAT6-/- and STAT1/6-/- mice
inoculated with PBS or rMA15 were analyzed. WT and STAT6-/- mice displayed
minimal YM1 and FIZZ1 expression in rMA15-infected mice while STAT1-/- mice
displayed high levels of both YM1 and FIZZ1 as observed previously. Concomitant with
weight loss and H&E staining, we find low levels of FIZZ1 and YM1 staining in
STAT1/6-/- mice either with PBS or rMA15 infection. Interestingly, all positive staining
for FIZZ1 in both STAT6-/- and STAT1/6-/- mice is localized to the epithelial cells,
suggesting that FIZZ1 expression in lung epithelia is independent of STAT6 signaling.
The level of staining is similar to that observed in WT mice after infection. This
demonstrates that the STAT1/6-/- mice have decreased numbers of AAMs and that this
reduction correlates with decreased lung pathology. Together this data demonstrates that
in a STAT1-/- mouse model where AAMs are eliminated there is reduced lung pathology
and disease after rMA15 infection. We interpret this to mean that AAMs contribute to
the severe lung disease seen in STAT1-/- mice and that even in the presence of total
STAT1 deletion, the removal of AAMs inhibits disease progression, pre-fibrotic lesions
and the enhanced inflammatory infiltrate. We hypothesize that the inhibition of the AAM
induction pathway could be a therapeutic target for SARS-CoV infection as well as other
highly acute respiratory viruses, which may induce similar pathways during infection.
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Figure 3-15: STAT1/6-/- mice fail to induce AAM associated proteins
Lung tissue harvested from STAT6-/- and STAT1/6-/- was stained using
immunohistochemistry for the presence of FIZZ1 and YM1, both AAM associated
proteins. In both STAT6-/- and STAT1/6-/- mice, AAM associated failed to be induced
at 9 dpi.
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Figure 6. Immunohistochemical
staining of lung sections80of WT, STAT1-/-, STAT6-/- and STAT1/6-/- for AA
macrophage markers, YM1 and FIZZ1. Brown staining is positive staining with antibody. All sections are
from either PBS inoculated or rMA15 inoculated at 9dpi.

	
  
Discussion
The interaction between host and pathogen controls the outcome of an infection.
From the virus side, many viral proteins from a wide range of viruses directly affect host
cell function during infection. From the host side, the response to infection can
exacerbate disease and lead to increased damage, causing more destruction than just the
viral infection alone. Using this series of experiments presented in this chapter, we have
shown that the host response to SARS-CoV infection is able to exacerbate disease and
that the host protein STAT1 is important for controlling that response.
The repair of lung tissue after infection or mechanical trauma normally occurs in
a rapid but controlled series of events: inflammation, growth factor secretion, basement
membrane repair, and finally resolution of the injured tissue (171). Under normal
circumstances, this process proceeds without any problems, however when the infectious
burden overwhelms the host or there is continuous damage, the wound healing response
can become dysregulated resulting in scarring and fibrosis (121, 175). When scarring
develops into ARDS and pulmonary fibrosis, lung function is reduced which can
ultimately lead to death. Cases of both ARDS and pulmonary fibrosis are traditionally
treated with corticosteroids, which act to dampen the immune response, however this
course of treatment has not been shown to be particularly effective (8, 153). In cases
where the etiology is an infectious agent, such a treatment can actually be harmful to the
patient, as it can delay the clearance of the pathogen (22, 59, 224).
After injury occurs, there is a cascade of events that progresses from initiation of
the wound healing response to recruiting inflammatory cells and fibroblasts to resolution
of the wound. Alteration in any of these cascades can drive the host to induce
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development of fibrosis in the tissue that is in need of repair. Several factors have been
shown to be involved in pushing a pro-fibrotic spectrum in animal models, however these
targets have yet to be therapeutically validated in human studies (73, 152, 215). A novel
pathway in this process is the Signal Transducer and Activator of Transcription 1
(STAT1)/ Epidermal growth factor receptor (EGFR) signaling axis. Mutations in STAT1
have been found in many cancers throughout the body especially the lung (78, 210).
STAT1 has been shown to activate cell cycle arrest and apoptosis and has demonstrated
the properties consistent with a tumor suppressor. Additionally, STAT1-/- mouse
embryonic fibroblasts (MEFs) are highly susceptible to uncontrolled cell growth
compared to WT MEFs (208) and STAT1-/- mice display increased sensitivity to
radiation (37, 86) and bleomycin-induced fibrosis (208). This appears to be through the
increased responsiveness to EGF and PDGF signaling along with increased STAT3
activation in the absence of STAT1 (208).
In viral models of chronic airway infection using Sendai Virus as the inducer,
STAT1 expression in airway epithelial cells has been shown to be key to protecting
against severe lung disease (183). In this model, STAT1-/- mice are highly susceptible to
Sendai Virus and bone marrow chimeras of WT and STAT1-/- mice found that in
STAT1-/- mice reconstituted with WT bone marrow, the enhanced susceptibility
remained, but not with the converse reconstitution. This result is the opposite from our
findings with SARS-CoV infection in the above bone marrow chimera experiment and
suggests that the intimate and virus-specific interactions between the virus and host can
modify the inflammatory and disease state. Using the same model of Sendai-induced
chronic airway infection; Kim et al found that, even after viral clearance, an induction of
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Natural Killer T cells (NKT) activates macrophages in the lung (87). These macrophages
and NKT cells secrete IL-13, which polarizes macrophages into an alternatively activated
macrophage subtype. This activation produces a positive feedback loop to amplify IL-13
production and alternative activation of macrophages (87). Importantly, the authors
found that it is the persistent activation of the AAM pathway that is critical to the
continued lung damage and inflammation.
Several groups have examined the role of AAMs during the course of respiratory
viral infections, including RSV and influenza. In contrast to what we observed in SARSCoV infection, the presence of AAMs in RSV infected mice appears to be of benefit to
the host. It was shown that the early TH2 related response to RSV is important for
polarizing AAMs, which contribute to limiting the inflammatory response. This differs
from the SARS-CoV model in that AAMs are not induced until late in infection, as
shown by the IHC staining for FIZZ1 and YM1 (182). In the case of influenza infection,
it has been shown that when AAMs are increased during the course of viral infection,
mice are more susceptible to secondary infection with a bacterial pathogen, a common
complication seen in influenza cases (13). While the incidence of secondary bacterial
infection during SARS-CoV is not well studied, it would be interesting to compare this
outcome in this viral system.
In our previous studies, we have shown the result of infection of rMA15 in the
129/Sv STAT1-/- mice, which displays an importantly different phenotype from the
C57BL/6 STAT1-/- mice (50). We found that 129/Sv wildtype mice infected with a
mouse adapted virus SARS-CoV (rMA15) lose around 15% of their starting weight, but
recover that weight over a 9 day course of infection. In 129/Sv STAT1-/- mice infected
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with the same virus, we observed a similar initial weight loss however the mice do not
recover and lose >20% of their starting weight by 9 dpi and/or succumb to the infection.
The STAT1-/- mice develop acute lung injury with the development of pre-pulmonary
fibrosis like lesions consisting of alternatively activated macrophages, eosinophils,
neutrophils and fibroblasts. In this study, we wanted to identify the key mediators of the
lung lesions and what cell types necessitated STAT1 for protection.
In this chapter, we utilized mice on the C57BL/6 genetic background as well as
STAT1-/- mouse, also on this background (34). We switched to C57BL/6 background
mice for several reasons. First, we found that, unlike 129/Sv STAT1-/- mice, C57BL/6
STAT1-/- mice do not die during the infection, allowing us a longer time for analysis of
pathogenesis. Secondly, there are no congenic markers like CD45.1 and CD45.2 in the
129/Sv background to allow for the bone marrow chimera experiments to be performed.
Third, the FoxJ1/Cre and LysM/Cre mice are on the C57BL/6 background only to allow
us to perform the Cre/LoxP experiments. And most importantly, the C57BL/6 STAT1-/mice are able to clear rMA15 during the course of infection while still producing the
same lung pathology as 129/Sv STAT1-/- mice. This allows us a more realistic model to
analyze without the issue of continued viral replication potentially altering the results.
Using the C57BL/6 mice model we find that mice infected with rMA15 present
with ~10% weight loss through 4 days of infection and the mice recovered to their
starting weight by 9 dpi. Importantly, in WT C57BL/6 mice the rMA15 virus is cleared
by 9 dpi and it is also cleared in the STAT1-/- mice, unlike what is seen in 129/Sv
STAT1-/- mice (50). Even with virus clearance, the STAT1-/- mice still developed prepulmonary fibrosis like lesions in the lungs by 9 dpi. This suggests that, as we
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hypothesized, the STAT1 protein has a role in the development of the lung pathology
outside of its role in the innate immune response to infection.
Based on previous data, we predicted that STAT1 was playing a role in either the
lung ciliated epithelial cells, which are the only cells in the lung that are infected by
SARS-CoV (185), or in macrophages, since we find an altered macrophage response in
total STAT1-/- mice infected with rMA15 (238). Using this C57BL/6 model, we
produced mice that lacked STAT1 in only specific cell types; either FoxJ1/STAT1 mice
(226) or LysM/STAT1 mice (17). FoxJ1/STAT1 mice have STAT1 deleted in the
ciliated airway epithelial cells and LysM/STAT1 have STAT1 deleted in monocytes and
macrophages. FoxJ1/STAT1 mice infected with rMA15 displayed similar lung
pathology, weight loss and virus growth kinetics compared to WT C57BL/6 mice.
LysM/STAT1 mice displayed severe lung pathology and displayed a cytokine response
similar to total STAT1-/- mice. Interestingly, the weight loss was not significantly
different from WT mice suggesting that weight loss and lung pathology may be separate
responses during infection. While the lung pathology between STAT1-/- and
LysM/STAT1 mice is very similar and the AAM induction is similar, the weight loss is
not, with LysM/STAT1 infected mice regaining their weight through the experiments.
We hypothesize that this difference may be due to the role of STAT1 in the cytokine
induction from host cells and that this induction affects unidentified host response factors
affecting morbidity and sub-clinical symptoms of mice. We are currently using
transcriptomics and mathematical modeling to identify pathways contributing to weight
loss and pathogenesis in these mice. Additionally, it should be noted that LysM is not
completely specific to monocytes and macrophages. Neutrophils and dendritic cells also
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experience some degree of deletion of STAT1 and it is important to take this into
consideration when analyzing these results. Attempts have been made to deplete
neutrophils from mice infected with SARS-CoV using antibody depletion strategies.
Both our group and other groups have observed no change in the outcome of disease in
the absence of neutrophils. Because only a small proportion of dendritic cells are
affected in the LysM cre system, it is unlikely that this would have a significant effect,
however it cannot be ruled out at this time.
The LysM/STAT1 mice developed lung pathology very similar to the total
STAT1-/- mice. When assayed for the induction of alternatively activated macrophages,
which we suspect are critical for the development of these lesions, we found significant
upregulation of this macrophage population when compared to WT mice and to very
similar levels as total STAT1-/- mice. Recently, it has been shown that macrophages
isolated from patients with idiopathic pulmonary fibrosis (IPF) are composed of
increased number of alternatively activated macrophages, displayed by the human AAM
markers of increased CD163 and YKL40 and decreased iNOS expression (174). In order
to evaluate the role of the AAMs more closely, we crossed STAT6-/- mice, which are
known to have a blocked AAM phenotype in models of both allergic airway
inflammation and parasitic infection (2, 29), with our STAT1-/- mice. These STAT1/6-/mice developed disease in a manner that replicated the disease seen in wildtype mice and
also lacked induction of AAM associated proteins, YM1 and FIZZ1. This further
supports our hypothesis that AAM induction in STAT1-/- mice is responsible for the
enhanced disease phenotype.
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All together our findings demonstrate that control of the AAM response is critical
during the response to acute lung injury, potentially from a variety of etiologies, and that
STAT1 is an important mediator of the development of AAMs during infection. We are
actively investigating the role of this pathway in other models of chronic inflammation in
the lung to identify the role of AAMs, STAT1 and the inflammatory response in the
induction and maintenance of lung disease. AAMs are typically thought to play a wound
healing role, so it is interesting that in the case of SARS-CoV infection where extensive
lung damage is present, these cells are detrimental. It is possible that this is a case where
the threshold of how many and how long the cells are activated is what determines
whether AAMs are linked to enhanced pathology. The presence of AAMs after the initial
healing of the lung damage would not be desirable, so it would be interesting to study the
activation of these cells over time. We hypothesize that if we can modulate the host
response during infection to skew the classical versus alternatively activated macrophage
induction pathways, we may be able to alter the disease outcome in cases of ALI and
limit the development of fibrotic-like disease.
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Chapter 4: Long-term effects of SARS-CoV infection in STAT1-/- mice

Introduction
In cases of severe respiratory viral infections, patients develop lung disease that
rapidly progresses to stages of diffuse alveolar damage (DAD), acute lung injury (ALI)
and ultimately acute respiratory distress syndrome (ARDS). In all of these cases, there is
extensive damage to the airways that needs to be repaired upon recovery from the viral
infection (32, 44, 62, 63, 104, 125, 205). The repair response to this damage is a tightly
coordinated system and, in some cases, is not regulated properly. In cases of
dysregulated repair, patients sometimes fail to recover normal lung function and exhibit
an increased incidence of pulmonary fibrosis years later.
The repair process can be broken into three distinct phases, 1) Injury, 2)
Inflammation and 3) Repair. Injury to the lung can take place as a result of a lung
infection, as in the case of SARS-CoV, but can also be a result of an allergic airway
response, asthma, or mechanical damage. During lung injury, wound healing pathways
are induced in response to mediators released from the damaged lung epithelia and
endothelium. Following release of mediators like MMP-2 and MMP-9, both matrix
metalloproteinases that increase the rate of extravasation into the site of damage, the
inflammatory stage begins (23, 202). It appears that while some inflammation is
desirable to achieve successful repair of lung tissue, the timing of this response is very
important and currently not well understood. It has been suggested that early
inflammation can be detrimental to repair, but later inflammation composed
predominantly of scavenger cells is preferred. Additionally, the cytokine environment in
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the lung at the inflammatory stage becomes very important. The increased presence of
Th2-associated cytokines, like IL-4 and IL-13 as well as TGF-b, has been linked to an
increase in fibrotic disease (73, 85).
The final phase of the response is termed the repair phase and is defined by the
resolution of the response and ideally the successful reversal of damage to the tissue.
Each stage of this process has critical checkpoints that are important for a balanced
response. Maintenance of this balance allows for the successful resolution of disease
however, under certain disease circumstances the host response can become
overwhelming and uncontrolled leading to production of fibrosis (164). Fibrosis is
characterized by the excessive development of connective tissue in a tissue or organ in
response to some sort of damage. Much of this connective tissue is collagen that is
deposited by fibroblasts in the tissue as well as from bone marrow derived fibrocytes that
can enter the tissue from the circulation. Excess connective tissue in the lung is
extremely detrimental to overall lung function and it is this loss of function that is
harmful (25). The hypothesis that this dysregulation in healing is linked to the induction
of idiopathic pulmonary fibrosis (IPF) has been under development for many years,
however therapies to combat this dysregulation have not been successful (216).
In cases of SARS-CoV, there is evidence in certain mouse models, namely the
C57BL/6 STAT1-/- models, that mice develop severe end stage lung disease over the first
9 dpi. These mice lose between 20-30% of their starting body weight by 9 dpi, but are
still able to clear the virus between days 5 and 9 after infection. These mice exhibit a
significant increase in the amount of pathology found in the lung at 9 dpi when compared
against wild type C57BL/6 mice. H&E stained lung sections also showed evidence of
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increase fibroblast proliferation, which is a common indication of prefibrotic-like disease.
Additionally, it was observed that there was an increase in the levels of proteins that are
typically associated with the presence of alternatively activated macrophages (AAMs),
including FIZZ1 an YM1, predominantly at 9 dpi. Upon blocking the induction of
AAMs through concurrent deletion of STAT6 along side STAT1 resulted in amelioration
of disease coupled with a lack of AAM induction, suggesting that AAMs contribute to
more severe disease in STAT1-/- mice.
Fibrosis is a disease that develops over a prolonged period of time after recovery
from a severe infection or during an extensive period of chronic inflammation. With that
in mind, 9 days after a severe infection is not sufficient to evaluate the development of
fibrotic disease. In this study, we utilize a 21-day infection model in the C57BL/6
STAT1-/- mouse model of SARS-CoV infection to evaluate the effects of severe
respiratory viral infection after a longer period of time post-viral clearance. Mice were
evaluated for overall morbidity and lung pathology at this late time point was analyzed by
histology. Based on previous histo-pathological analysis, we determined whether AAMs
were still activated at this later time point by IHC staining for the AAM markers FIZZ1
and YM1. We found that AAMs are still induced and present at high levels in STAT1-/mice but not WT C57/B6 mice 21 dpi. As a correlate of fibrosis induction, protein
analysis of activated collagen levels and various histological techniques were used to
visualize the extent of fibrotic lesions. We found that activated collagen was also present
at this late time point post infection indicating early signs of pulmonary fibrosis in
STAT1-/- but not WT mice.
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Results

STAT1-/- mice regain starting body weight over 21 days after infection, but fail to
resolve lung disease
Both C57BL/6 and STAT1-/- mice were infected with 5x106 PFU of SARS-CoV
rMA15 by intranasal innoculation. These mice were monitored and weighed daily to
gauge their overall morbidity. At 21 days after infection, the mice were sacrificed and
tissue was collected for evaluation. We have previously shown that at 9 dpi, WT mice
have resolved all lung damage and were largely recovered from the infection, including
clearance of the virus and returning to their starting body weight. rMA15 infected
STAT1-/- mice are able to clear the virus by day 9 post-infection, however they still
exhibited severe lung damage and had yet to begin to regain any of their starting body
weight (Figure 4-1). Between days 9-15 after infection, STAT1-/- mice did begin to
regain their starting body weight. It appears that at later stages, STAT1-/- exhibit
immunopathologies that are unrelated to the presence of localized or disseminated virus.
These include hind limb paralysis, lesions on the liver and the brain as well as the
reappearance of weight loss. Viral titers were performed on liver and brain tissue to
confirm the absence of virus in these peripheral tissues (Data not shown). The exact
cause of these immunopathologies remains to be determined, however this does further
indicate that the immune response in STAT1-/- mice is not well controlled following
immune activation.
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Figure 4-1: STAT1-/- mice fail to completely recover starting body weight within 21
dpi after SARS-CoV infection
Wild-type C57BL/6 mice regain complete starting body weight within 9 days after
infection with rMA15, however STAT1-/- mice fail to do so within 21 days. STAT1-/mice begin to recover between days 10-16 after infection, but experience another phase
of weight loss later on.
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Histological analysis of lung tissue was performed at both 9 dpi and 21 dpi and
compared against PBS control mice in order to assess the degree of repair that was
achieved in the lung following severe disease and damage caused by rMA15 infection.
In previous studies, extensive damage to the airways was observed in STAT1-/- mice at 9
dpi; a time point at which there was no detectable virus remaining in the host and also
where wild type mice were already able to almost completely recover from any lung
damage and had returned to near PBS control conditions. In analyzing wild type mouse
lungs at 21 dpi, no further lung damage was observed and histological analysis of WT
lungs displayed nearly identical pathology to those of PBS control mice suggesting that
all disease had been resolved in these animals. In contrast, STAT1-/- mice at 21 dpi still
exhibited some level of lung pathology even at this late time point. The lungs of these
mice still showed cuffing around the major airways comprised predominantly of
lymphocytes, neutrophils and macrophages (Figure 4-2). Additionally, there are large
lymphocytic foci that tend to associate between major airways and major blood vessels.
There is diffuse inflammation throughout the interstitial space of these lungs and an
increase in fibroblasts can be observed in some specific regions of the lung. As increased
numbers of fibroblasts has been associated with fibrotic disease, these are of particular
interest for this portion of the study.
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Figure 4-2: Lung pathology of STAT1-/- mice fails to recover by day 21 postinfection
Lung tissue harvested from PBS control mice and at 9 and 21 dpi was paraffin embedded
and H&E stained to evaluate lung pathology. At 9 dpi, wild type C57BL/6 mice have
already resolved nearly all lung pathology caused by SARS-CoV infection with mild
inflammation remaining. These mice at 21dpi have completely recovered from the
infection. STAT1-/- mice are still experiencing severe lung pathology at 9 dpi with
mixed infiltrates creating foci of inflammation typically associating closely with vessels
and airways. By 21dpi, inflammation has resolved somewhat, but there still remain foci
of inflammation with areas of fibroblastic proliferation becoming apparent in the
periphery.
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Persistence of Alternatively Activated Macrophages after Viral Clearance
STAT1-/- mice infected with SARS-CoV have been shown to have an increased
level of proteins that are commonly associated with alternatively activated macrophages
at 9 dpi. The presence of this population of macrophages is directly correlated with
severe lung disease. As STAT1-/- mice continued to exhibit damage to ciliated epithelial
cells even after the virus has been cleared for over 14 days, we determined if alternatively
activated phenotype remained at this late time point post infection.
Immunohistochemistry was performed on paraffin embedded sections for the presence of
YM1 and FIZZ1 proteins in WT and STAT1-/- infected mice (Figures 4-3 & 4-4).
Interestingly, at 21 days after infection, wild type mice showed no expression of the
AAM markers, but in STAT1-/- mice YM1 and FIZZ1 could be detected at considerably
higher levels. The expression of YM1 protein changes from 9 dpi to 21 dpi in the
STAT1-/- mice. At 9 dpi, there is clear expression of YM1 in both lung epithelial cells as
well as the interstitium of the lung. At 21 dpi, however, there is no longer positive
staining associated with macrophages in the interstitium at this time point, but the
epithelial cells are still YM1 positive. This data suggests that even without virus present
in the lung, the induction of FIZZ1 from AAMs and YM1 from lung epithelial cells in
STAT1-/- mice persists without continued exogenous triggers.
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Figure 4-3: AAM associated protein, FIZZ1, persists after viral clearance in
STAT1-/- mice
Proteins associated with AAMs were assayed by immunohistochemistry performed on
paraffin embedded lung tissue from C57BL/6 wild type and STAT1-/- mice. PBS control
sections and sections from mice at 9 dpi and 21 dpi with SARS-CoV were stained.
STAT1-/- mice showed substantial upregulation of both FIZZ1 at 9 dpi. These proteins
were also found to be upregulated in STAT1-/- mice at 21 dpi, whereas wild type mice at
this time point showed no change in AAM associated proteins over PBS control mice.

	
  

96

	
  

Figure 4-4: AAM associated protein, YM1, persists after viral clearance in STAT1-/mice
Proteins associated with AAMs were assayed for using immunohistochemistry performed
on paraffin embedded lung tissue from C57BL/6 wild type and STAT1-/- mice. PBS
control sections and sections from mice at 9 dpi and 21 dpi with SARS-CoV were
stained. STAT1-/- mice showed substantial upregulation of both YM1 at 9 dpi. These
proteins were also found to be upregulated in STAT1-/- mice at 21 dpi, whereas wild type
mice at this time point showed no change in AAM associated proteins over PBS control
mice.

	
  

97

	
  
Activation of Collagen
In response to tissue damage fibroblasts produce collagen as an extracellular
matrix for the repaired tissue. When this process becomes unregulated it can cause tissue
damage and stiffening of the lung parenchyma, inhibiting respiration and ultimately
leading to death. Collagen is initially synthesized as a procollagen polymer that can later
be cleaved and activated into an active collagen fibril. These collagen fibrils are what are
deposited in areas of fibrotic development. In the case of mice infected with SARS-CoV,
there is histological evidence of increased levels of fibroblasts in areas of the lung with
fibrotic development. We sought to determine if these changes were also associated with
a change in the overall levels of activated collagen in the lung during infection. To do
this, protein lysates taken from whole lung were used in western blots and an anticollagen antibody was used that recognized both procollagen as well as the activated
cleaved forms of collagen (Figure 4-5). In the case of wild type mice, there is a
qualitative upregulation in activated collagen at 9 dpi, however, by 21dpi, there is no
detectable activated collagen present. In STAT1-/- mice, there is only procollagen
present in PBS controls, however at 9 dpi an increase in activated collagen can be
detected and this remains present in the 21 dpi samples. This data suggests that there
may be changes to the overall collagen levels in the lung, however, it does not provide
insight into which areas of the lung are undergoing these changes and to what degree this
is affecting the lung function.
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Figure 4-5: Activated collagen level changes in the lung at 21 days post-infection
The presence of both procollagen and activated collagen was detected using western blot.
Protein lysates from whole lung were taken from PBS control, 9 dpi and 21 dpi mice
from both wild type and STAT1-/- groups.
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Sirius Red and Masson’s Trichrome Results
Sirius Red staining and Masson’s Trichrome staining are histological techniques
that allow for the visualization of areas of increased collagen in tissue. In the case of
Sirius Red, collagen stains a bright red color with a pale yellow background while a
counterstain of hematoxylin colors the nuclei of all cells black. In the case of Masson’s
Trichrome, collagen stains a dark blue while muscle and keratin stains bright red. Mouse
tissue was stained using both of these methods from PBS control mice, 9 dpi and 21 dpi
in both wild type and STAT1-/- mice (Figure 4-6) to assess whether the changes we
detected via western blot in collagen deposition could also be observed through
histological techniques.
Wild type mice that have been inoculated with PBS display collagen positive
staining by both Sirius Red and Masson’s Trichrome distinctly around major airways and
blood vessels. Larger blood vessels are surrounded by a much thicker collagen layer than
smaller blood vessels and the same is true for airways of varying sizes. At both 9 and 21
dpi, the collagen deposition appears to be very similar to that seen in PBS control mice
which is consistent with the level of healing that is observed even following the early
damage caused by SARS-CoV infection. In STAT1-/- mice, PBS control mice look very
similar to that of wild type PBS control mice with increased staining for the presence of
collagen predominantly surrounding major airways and blood vessels. At 9 dpi, there
does not appear to be any significant change in collagen localization or the amount of
positively staining collagen. Analysis of lung sections from 21 dpi show a moderate
increase in positive tissue by both Masson’s Trichrome and Sirius Red methods. There is
still positive staining for collagen predominantly surrounding the major airways and
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Figure 4-6: Collagen deposition in the lung detected by histological methods
Paraffin embedded lung tissue sections from wild type and STAT1-/- PBS control,9 dpi
and 21 dpi were stained using (A) Masson’s trichrome and (B) Sirius red techniques to
visualize collagen localization. Masson’s trichrome will stains collagen fibrils dark blue.
Sirius red stains collagen fibrils bright red.
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major blood vessels, however this collagen appears to be thicker than that in wild type
mice at any time point and also thicker than that seen in the STAT1-/- at 9 dpi. While the
degree of change in collagen may not be as significant as what is commonly seen in
bleomycin induced pulmonary fibrosis, it could still be indicative of changes that are still
developing. Cases of pulmonary fibrosis that are thought to be linked to severe
respiratory viral infections take many years to develop, so it is not surprising that 21 dpi
may still be too early to see substantial collagen changes.
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Discussion
Wound healing is a highly complex and tightly regulated process that involves the
coordination of many different cell types and secreted factors in order to achieve efficient
and successful repair of the damaged tissue. When damage occurs to a tissue, there are
distinct phases that result in the successful resolution of injury without causing further
damage due to misdirected responses. Injury can be from multiple etiologies including
infection, mechanical injury or even chemical damage. In all of these cases, a limited
amount of early inflammation is desirable. Neutrophils and monocytes are recruited to
the site of damage through cytokines secreted from tissue at the site of infection. CCL2,
MMP9 and MMP7 are all components that contribute to this cellular infiltration. The
cytokine milieu at the damage site determines the polarization of certain cell types and it
has been suggested that the polarization of macrophages may play an important role in
whether fibrotic tissue will develop. Alternative activation of macrophages is desirable
in some circumstances to promote healing at the site of injury, however if these cells are
not controlled, prolonged secretion of their effector proteins can lead to fibrosis rather
than protect from it. Again, it is important to maintain balance.
Severe damage and chronic inflammation in tissue caused by viral infections has
been linked to the induction of fibrotic disease in a number of different infection models,
including Influenza and lung fibrosis and Hepatitis and liver fibrosis. In cases where
fibrosis develops, there is dysregulation of the complex process that mediates repair to
tissue damaged during the infection. Following tissue damage, there is a need for
activation of various arms of the immune response to coordinate recovery.
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In the case of SARS-CoV, it is known that the virus itself causes extensive
damage to the airways, particularly in patients that develop ALI and/or ARDS during the
course of infection. The receptor for SARS-CoV, called Angiotensin Converting
Enzyme 2 (ACE2), is only expressed on ciliated respiratory epithelial cells and upon
infection causes denudation and sloughing of these cells into the airways. In mouse
models, there is evidence of pre-fibrotic like disease as early as 9 dpi seen in C57BL/6
mice that are STAT1 deficient characterized by damage to the lung that is both more
severe and prolonged as the inflammation persists for several days past viral clearance.
At this timepoint in STAT1-/- mice, we find areas of increased fibroblast proliferation
upon examination of H&E stained lung sections. This disease state is seen in concert
with an increase in AAM associated proteins in these mice. In this study, the long-term
effects of severe lung disease were evaluated by using a mouse model of SARS-CoV
comparing C57BL/6 wild type and STAT1-/- mice at 21 dpi to determine if this
prefibrotic condition continued to develop over time. At 21 dpi, these mice exhibited
prolonged lung inflammation even when virus had been cleared for more than 2 weeks,
along with prolonged activity of AAMs resident in the lung tissue.
Increased levels of collagen could be detected by western blot and these results
were confirmed by histological analysis showing an increase in collagen only at 21 dpi.
Both Masson’s Trichrome and Sirius Red staining are histological techniques that are
able to discern the presence of collagen. The histological analysis suggests that mice are
still at the early stages of fibrosis development and even at 21 dpi; the full progression to
pulmonary fibrosis may still take more time. This reflects the disease progress in humans
where development of pulmonary fibrosis occurs months to years after initial tissue
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damage. It would also be of value to quantify the histological results using a software
such as Image J Software available from the NIH.
In reported cases of fibrosis developing after ARDS caused by a viral infection, it
has been reported to take much longer than 21 days after initial infection to develop
(125). Studies on human patients who were hospitalized with severe cases of SARS
including the induction of DAD and ARDS indicated that time points later than 6-8
weeks were necessary to fully gauge the severity of the fibrotic remodeling. While CT
scans were able to detect changes in lung function at these time points, the development
of fibrosis was difficult to confidently assess due to persistent levels of inflammation
termed opacities. Evaluation of the lung after resolution of these opacities was
determined to be desirable in these cases (145, 221). Knowing that fibrotic development
in humans is a lengthy process, it is possible and likely that 21 days after initial infection
is too early to fully examine the fibrotic development in mice.
While some mouse models of pulmonary fibrosis, most notably bleomycin
treatment, can be evaluated for fibrosis at similar time points to our study, these models
have different inductive mechanisms. Known cases of fibrosis caused by an infectious
agent such as in cases of chronic hepatitis C can take years to develop (157). Here, we
have established that in STAT1-/- mice, levels of inflammation above that seen in wild
type mice persist for over 2 weeks after viral clearance. The acute phase of the infection
is marked by extensive damage to the lung tissue followed by a period of prolonged
inflammation with evidence of fibroblast involvement. This suggests that STAT1-/- mice
have a propensity for fibrotic development over time and the progression to fibrosis seen
in humans is reflected in the SARS-CoV mouse model
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Chapter 5: Further Discussion and Future Directions

SARS-CoV was a particularly fast moving and highly pathogenic virus that
caused widespread illness and, now, is having long-term effects on those people infected
and recovered from disease. In these cases, it is not just survival from the viral infection
that is important to consider, but also the quality of life and return to normal life after
recovering from the initial illness. The results of this set of studies indicates that there
are certain genetic components that contribute to inappropriate immune responses that do
not affect the ability of the host to clear the virus, but still cause detrimental effects at the
site of infection. Together, the data compiled suggests that macrophage activation can be
an important contributor to exacerbated lung disease in cases of respiratory viral
infections particularly when activated macrophages are uncontrolled past the point of
viral clearance.
STAT1-/- mice exhibit enhanced weight loss, delayed viral clearance, and greatly
enhanced lung pathology. In these mice, macrophages are disproportionately activated to
an alternatively activated phenotype; a cell type that is mostly absent in wild type
infected mice at the same time point. Upon further investigation, the deletion of STAT1
selectively in monocytes and macrophages (LysM/STAT1 mice) results in a similar
phenotype with increased levels of proteins associated with AAMs and increased lung
pathology, suggesting that this cell type is a major contributor to the increased disease
severity in total STAT1-/- mice. Interestingly, when STAT1-/- mice were crossed with
STAT6-/- mice resulting in a STAT1-/-xSTAT6-/- double knockout, both severe lung
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disease and AAMs were absent following SARS-CoV, further strengthening their role in
SARS-CoV pathology.
A major question that is raised by this body of work is what the specific role of
STAT1 is during SARS-CoV infection and what is the source of STAT1 activation. It
has been previously demonstrated that the IFN signaling pathways are not the source of
the enhanced disease pathology in STAT1-/- mice (50). A potential role for STAT1 is
within the STAT1/EGFR signaling axis. There have been numerous studies showing the
activation of STAT1 upon EGFR ligand binding. Upon activation, STAT1 upregulates
anti-proliferative and pro-apoptotic genes including IRF-1, Bax and Caspase-3 (1, 78).
The role of STAT1 in controlling cell proliferation could explain the overall increased
number of cells seen in the lungs of SARS-CoV infected STAT1-/- mice. Additionally,
this could potentially explain the increased numbers of macrophages as well as M2
associated proteins. In macrophages, STAT1 contributes to polarization in determining
classical versus alternative activation as well as contributing anti-proliferative activity
upon EGFR activation. The combined effect of knocking out STAT1 in these cells
appears to have extensive effects on the outcome of infection with SARS-CoV as
evidenced in the LysM/STAT experiments.
While STAT1-/- mice develop some hallmarks of prefibrotic disease at 9 dpi,
including increased presence of fibroblasts and evidence of lung remodeling, mixed
results were obtained when looking at mice at 21 dpi. STAT1-/- mice at 21 dpi have
increased lung pathology and still have increased levels of AAM associated proteins,
YM1 and FIZZ1. When following markers of collagen activation and deposition to
further evaluate fibrotic development, collagen could be detected in its activated form at
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higher levels in STAT1-/- at 21 dpi by western blot, however histological techniques
failed to verify this result. This data suggests that there may be development of fibrotic
disease in this mouse model at later time points, however at this time, we cannot
conclusively say that at 21 dpi this is the case.
There are increasing numbers of studies reporting development of pulmonary
fibrosis induction following ARDS caused by H1N1 Influenza infection. One study
followed 20 patients after testing positive for H1N1 infection over the course of a year
and found that 25% of this sample group developed ARDS and 2 of those patients
developed pulmonary fibrosis after resolution of disease (125). Studies such as this,
which highlight the propensity for development of further disease after recovery from the
viral infection, provide evidence for the need for continued monitoring and awareness for
patients experiencing ARDS (104).
Alternatively activated macrophages are typically thought to be pro-wound
healing. AAMs are traditionally induced following tissue damage and many of their
secreted proteins promote healing. In the case of SARS-CoV, it would be reasonable to
assume that some induction of AAMs is desirable due to the severity of the disease and
the high level of damage that is caused to the lung during the course of infection. Even
wild type mice exhibit extensive damage to the airways during infection, however after
viral clearance, this resolves without further complication. In the case of STAT1-/- mice,
AAMs appear by 9 dpi and persist at least through 21 dpi, although they do appear to
change phenotypically by this later time point. At 21 dpi the virus has been cleared for a
substantial period of time (greater than 14 days), however lung damage persists. While
AAMs are desirable when tissue requires healing, in most cases, it is not desirable for any
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activated cell type to persist after their effector function has been accomplished. It is
likely that this prolonged and seemingly uncontrolled presence that causes AAMs to
shift from being of benefit to being of detriment to the host in this system.
Alternative macrophage activation has also been increasingly studied in multiple
respiratory viral infections. It has become apparent that there is variability regarding
whether or not AAMs are pathogenic during infection depending upon which virus is
present. In the case of RSV, it has been shown that the induction of AAMs is necessary
to limit the inflammation experienced during infection (182). It should be noted that
RSV and SARS-CoV infect different cell types. RSV is able to infect alveolar
macrophages while SARS-CoV is isolated just to ciliated lung epithelial cells and this
could be one reason that the appropriate macrophage phenotype is different. AAMs have
also been studied during infection with influenza, another highly pathogenic respiratory
virus. With this virus, AAMs contribute to an increased susceptibility to secondary
bacterial infections, which is a major complication during influenza infection in humans,
particularly in children (13). Collectively, the comparison between these three highly
pathogenic respiratory viruses, RSV, SARS-CoV and influenza, highlights the
importance in remembering that not all respiratory viral infections are created equal and
should not be treated as such. While SARS-CoV patients may have benefitted from
treatments limiting the development of AAMs, this same treatment could be disastrous in
cases of RSV.
The inflammasome is known to be a key mediator in both acute and chronic lung
disease. It was recently shown that STAT1 acts to suppress inflammasome activation
when functioning in the Type I IFN signaling pathway (58, 60). In our system, with a
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lack of STAT1, it is possible that the mice are experiencing increased inflammasome
activation which could be causing enhanced lung inflammation. As it has been shown
that MyD88 is an important player in coordinating the immune response to SARS-CoV
(181) it is possible that specifically in the case of SARS-CoV, some activation of the
inflammasome is desirable to achieve proper viral clearance and limit uncontrolled viral
replication, but that excessive activation of the inflammasome is of detriment to the host
due to the increase inflammation and downstream damage. In the case of influenza,
inflammasome activation is essential for proper coordination of adaptive immune
responses in order to achieve viral control and clearance (70). It would be interesting to
look at inflammasome activation both in our STAT1-/- and LysM/STAT1 mice to see if
this is the case.
This study leaves some open questions that still need to be addressed to more
fully understand the role of STAT1 on control of SARS-CoV induced lung disease
progression. While AAMs appear to be tightly correlated to the incidence of enhanced
disease in this model system, it has yet to be determined if a population of these cells is
sufficient to cause more severe disease. Macrophages that have been ex vivo polarized
toward an AAM phenotype could be adoptively transferred into otherwise naïve hosts
prior to infection with SARS-CoV. We would expect these mice to have more severe
disease following infection if AAMs, themselves, were sufficient to produce severe
disease. Additionally, modeling SARS-CoV in an IL-4 and/or IL-13 deficient mouse
could prove interesting to study the global effects of the loss of the TH2 system on the
outcome of infection. Traditionally, TH2 cytokines are not thought to be particularly
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important or effective against viral infection, so any changes in pathology could prove
interesting.
The question of where the cytokines that are contributing to this increase in
AAMs is coming from has also gone unanswered. There are multiple cell types that
could be secreting IL-4 and/or IL-13 in this system. Recently, a new population of
innate-like lymphocytes (ILCs) has been described (172, 173). These cells are known to
be resident in lung tissue and have been shown to play an important role in the response
to influenza virus infections (12). Deletion of ILCs prior to influenza infection resulted
in reduced lung function and impaired lung remodeling after infection with influenza,
suggesting that these cells are important for orchestrating an early response to influenza
(130). While ILCs can be broken into several subsets, one subset does express both IL-4
and IL-13 and may be important in our system as well. In many systems, IL-4 and IL-13
are derived from the T cell populations. This appears to be the most likely source of
these cytokines in our system due to the delayed nature of the induction of AAMs. The
lack of induction at 2 dpi and 5 dpi suggests an adaptive source of IL-4 and/or IL-13. ,
Because there are many other sources of cytokine production, we are unable to assume
that T cells are the predominant or only source of these cytokines. Additionally, the
presence of these cells out to 21 dpi suggests a prolonged source of IL-4 and IL-13, so the
source at later time points could be different. In the case of RSV, it was found that
macrophages were producing IL-4 and IL-13 themselves and these cytokines were acting
in an autocrine fashion (182). This could potentially explain how these cells are able to
persist for so long in this system. To address whether these cells or another particular
subset are responsible for IL-4 and IL-13 production, it would be possible to study the

	
  

111

	
  
secretory profile of the host response using intracellular cytokine staining. This would be
important in considering ways to limit or alter the induction of these macrophage
populations in a more targeted fashion.
It would also be an interesting question to investigate whether or not there were
increased numbers of AAMs in humans who failed to recover from SARS-CoV infection.
Several groups in Southeast Asia have access to human tissue from patients infected with
SARS-CoV that could be stained through immunohistochemical techniques for the
presence of human AAM markers, including YKL40, CD206 and CD68. In addition, this
could be compared with known cases of influenza to determine if this cell type is
common across multiple infections resulting in severe lung disease. If these cell types
are, in fact, also present in human populations, it would present a new and exciting target
for therapies in patients who are experiencing severe disease caused by respiratory
infection.
Considering, in this model system, we see the continued presence and activation
of AAMs, it raises the question about the source of these macrophages. As we can detect
increased levels of CCL2 following infection with SARS-CoV, we hypothesize that these
macrophages are being activated in the lungs after being recruited as monocytes from the
circulation, but it is possible that resident macrophages are being polarized in this
direction. Along the same vein, after the initial activation, one could ask the question as
to whether they are newly activated macrophages that are continuing to be recruited to
the site of infection and become activated due to a prolonged cytokine environment or if
there is in situ turnover of these macrophages to repopulate the aging macrophage with
retention of the original activation.
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Proposed Models
In this body of work, there are several different scenarios that all affect the
outcome following SARS-CoV infection. In Figure 5-1, models have been proposed to
explain the changes in disease outcome following infection. In Figure 5-1A, the course
of SARS-CoV in wild type mice is depicted. In an intact host, SARS-CoV will infect the
ciliated lung epithelial cells and upon their infection, several proinflammatory mediators
are released, including CCL2, CXCL10, IL-1 and IL-8. This recruits a variety of cells
into the lung including neutrophils, macrophages and dendritic cells. Dendritic cells then
act to activate T cells in draining lymph nodes. In wild type mice, T cells will be
preferentially activated in a TH1 fashion, which is desirable for efficient viral clearance.
A small number of T cells will likely be TH2 polarized and this population of T cells
results in the polarization of some macrophages to the AAM phenotype, which is
desirable to promote wound healing following extensive damage. Upon resolution of
disease and clearance of virus, most cells will apoptose and be cleared from the lungs
resulting in nearly complete recovery.
The STAT1-/- mouse model results in more severe lung disease characterized by
extensive lung damage and the appearance of a larger population of AAMs. Figure 5-1B
displays a proposed course of infection in these mice. Viral infection of the lung takes
place in a similar manner to that of wild type mice and very few changes are observed
regarding the proinflammatory mediators that are released at this point. However, while
wild type mice have a TH1 skewed immune response, total STAT1-/- mice will have a
TH2 skewed response, resulting in increased levels of IL-4 and IL-13 during the
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infection. This excessive IL-4 and IL-13 will act to polarize the macrophage population
preferentially toward an AMM phenotype. Because the all cell types lack STAT1, there
will also be a defect in apoptotic processes, resulting in prolonged inflammation in the
lung. This apoptotic defect combined with increased EGFR signaling will result in
excessive numbers of cells remaining in the lung. Additionally, the lack of STAT1 will
allow for STAT6 signaling to continue with less regulation, as STAT1 will induce SOCS
proteins to limit STAT6 activity. This could explain some of the additional uncontrolled
nature observed in macrophages. We also propose that similar to what is observed in
RSV infection, these AAMs are likely secreting IL-4 and IL-13 which will signal in an
autocrine fashion to promote continued responsiveness.
LysM/STAT1 mice are lacking STAT1 in monocyte and macrophage populations,
as well as some neutrophils. SARS-CoV infection of these mice results in worsened lung
pathology, but not as severe as what is seen in total STAT1 knockouts. Figure 5-1C
portrays a model for the infection of these mice. Similar to wild type and total STAT1-/mice, LysM/STAT1 lung epithelial cells are infected and secrete proinflammatory
mediators. Recruitment into the lung at this early time point is very similar across all
three of these scenarios. However, activation of T cells and the further activation of
macrophages is different. T cells in this system are STAT1 competent and should be
activated similarly to that of wild type mice, meaning predominantly TH1, but with a
small amount of TH2. This small number of TH2 polarized cells will secrete low levels
of IL-4 and IL-13, but this will be sufficient to begin polarization of some macrophages
to AAMs. These macrophages lack STAT1 and will be pushed to this phenotype more
easily than a STAT1 competent cell. Upon activation to AAMs, these cells will begin
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secreting IL-4 and IL-13 which will act autocrine to promote their persistence. Their lack
of STAT1 will also limit apoptosis of these cells. Secreted proteins from AAMs will act
to promote continued wound healing even after most damage has been repaired, resulting
in the development of fibrotic-like disease. It is this overall lack of control in these cells
in the absence of STAT1 that ultimately proves to be of detriment of the host, particularly
in light of the fact that these mice clear virus at a rate that is comparable to their wild type
counterparts.
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Figure 5-1: Proposed Models of SARS-CoV Infection
A. Upon SARS-CoV infection of ciliated lung epithelial cells (1), proinflammatory
mediators are released that act to recruit a variety of cells into the lung (2), including
neutrophils, macrophages and dendritic cells (3). T cells are activated in response to the
immune environment toward a TH1 phenotype (4). This results in increased TH1
cytokines that will promote M1 or classical activation of macrophages (5). This results in
resolution of disease. B. In STAT1-/- mice, lung epithelial cells are infected (1) and
proinflammatory mediators are released (2), recruiting multiple cell types to the lung (3).
T cells will lack STAT1, which results in promoting TH2 T cell differentiation (4).
These TH2 T cells secrete IL-4 and IL-13 resulting increased AAMs (M2s) in the system
(5). IL-4 and IL-13 will be secreted by the AAMs and can also act in an autocrine
fashion on these cells. C. LysM/STAT1 mice lack STAT1 in monocytes and
macrophages. Infection with SARS-CoV takes place similarly to that in both wild type
and STAT1 mice (1). Proinflammatory mediators are released (2) and there is
recruitment of macrophages, neutrophils and dendritic cells (3) into the lung. T cells will
become activated, but as they are now STAT1 competent, only a small number result in
TH2 polarization (4). This is a sufficient level of IL-4 and IL-13 to generate some degree
of AAM induction and once these AAMs are induced, they also will secrete IL-4 and IL13 to promote their survival and generation (5).
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Summary
Collectively, this work demonstrates a role for STAT1 in SARS-CoV infection in
contributing to macrophage polarization. The loss of STAT1-/- results in an increase in
proteins associated with macrophages exhibiting an alternative activation phenotype,
which contributes to enhanced disease. The knowledge that AAMs are detrimental in
cases of severe respiratory disease could be very valuable for future viral outbreaks,
including in outbreaks of highly pathogenic influenza. There may be key changes early
in infection that may point to an increased incidence of severe lung infection both during
the initial response and at later time points after recovery from infection. Immune
modulation during infection is a delicate balance, so knowing which cell types may be
best to target can contribute to resolution of more severe disease and reduce
the chance for long term effects following an infection.
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