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Abstract 

 

Title: BST-2 restricts SARS Coronavirus and is antagonized by SARS-CoV ORF7a 

Justin K. Taylor, Doctor of Philosophy, 2014 

Dissertation Directed By: Matthew B. Frieman, Ph.D., Assistant Professor, Molecular 
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Severe Acute Respiratory Syndrome (SARS) emerged in November 2002 as a 

case of atypical pneumonia in the Guandong Province in China. The causative agent 

SARS was identified as a novel coronavirus, severe acute respiratory syndrome 

coronavirus (SARS-CoV). Bone marrow stromal antigen 2 (or BST-2; also known as 

CD317 or tetherin) was initially identified as a pre-B-cell growth promoter but was 

identified as a viral antagonist. BST-2 inhibits the release of the retrovirus human 

immunodeficiency virus type 1 (HIV-1) virions by directly tethering budding virions 

from the host cell and further work has shown that BST-2 restricts the release of many 

other viruses, including alphaviruses, arenaviruses, herpesviruses, paramyxoviruses, and 

other retroviruses. BST-2 has recently been shown to restrict a human coronavirus, 

hCoV-229E. Many of these viruses, including hCoV-229E, are not only restricted by 

BST-2, but encode BST-2 antagonists to overcome BST-2 restriction. Given, the previous 

studies on BST-2, we aimed to determine if BST-2 has the ability to restrict SARS-CoV 

and if SARS-CoV encodes any BST-2 antagonists. Through an in vitro screen we 

identified four potential BST-2 antagonists, PLPro, nsp1, ORF6, and ORF7a, encoded by 

SARS-CoV. Due to the gap in knowledge of the function of ORF7a, we focused our 



	  

study on ORF7a. We found that BST-2 does restrict SARS-CoV, but the loss of ORF7a 

leads to a much greater restriction, which confirmed the role of ORF7a as a BST-2 

antagonist. We further characterized the mechanism of BST-2 antagonism by ORF7a and 

found that ORF7a acts by a novel mechanism, localizes with and directly binds BST-2. 

ORF7a interferes with glycosylation of BST-2, although it is unclear whether ORF7a 

antagonizes BST-2 by blocking glycosylation or by binding to conserved patches of BST-

2 and blocking glycosylation is just a side effect. We used a mouse model to evaluate the 

role of BST-2 in vivo and found that wild type and BST-2 -/- mice showed similar virus 

titer, weight loss, and lung pathology. While the BST-2 -/- mice did not show enhanced 

disease, there are several factors that may conceal a phenotype. 
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Chapter 1 - Introduction and Specific Aims 

 

Introduction 

Coronaviruses are enveloped viruses with large positive-sense RNA genomes of 

around 30,000 bases that can infect a variety of mammal and avian species (1). The first 

identified human coronaviruses (hCoVs) were HCoV-229E and HCoV-OC43, both of 

which cause mild clinical symptoms consisting of mild fever, upper respiratory 

congestion, and other symptoms similar to the common cold (2).  It was not until the 

emergence of the Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) in 2002 

that coronaviruses presented a serious threat to public health (3-5). Following the SARS-

CoV outbreak, which likely originated in bats in the Guandong province in China, 

zoonotic virus discovery projects were increased around the world (6). These studies 

resulted in the discovery of two novel human coronaviruses, HCoV-HKU1 and HCoV-

NL63, in addition to dozens of novel bat viruses (7, 8). Human coronaviruses HCoV-

229E, HCoV-HKU1, HCoV-NL63, and SARS-CoV are all thought to have emerged from 

bats, while HCoV-OC43 is thought to have emerged from cows (9, 10). 

 

Emergence of SARS 

Severe Acute Respiratory Syndrome (SARS) emerged in November 2002 as a 

cluster of atypical pneumonia cases throughout the Guandong Province in China. While 

the cause of SARS was initially unknown, the etiological agent was quickly identified as 

a novel coronavirus. By February of 2003, there were over 300 cases in China and the 

World Health Organization (WHO) was notified. Especially worrying was the greater 
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than 30% incidence of cases in health care workers caring for sick patients in Chinese 

hospitals(3-5). SARS-CoV spread quickly all over the world and by July 2003 there were 

over 8000 cases (3).   According to WHO records there were 8096 cases with 774 deaths 

by the end of the outbreak, a case fatality rate close to 10 percent (11). 

While the reservoir of SARS-CoV was unknown, initial seroprevalence surveys 

identified animal handlers in the wet markets as a likely primary source of the human 

virus strain (12).  Scientists systematically sampled animals throughout wet markets and 

the surrounding countryside to identify the zoonotic origin of SARS-CoV.  Studies 

identified a virus similar to the human strain of SARS-CoV circulating in masked palm 

civets (Paguma larvata) and raccoon dogs (Nyctereutes procyonoides) that were present 

in the live-animal markets (13).  Subsequently, additional samples were collected and a 

SARS-CoV-like virus was detected in Chinese horseshoe bats (Rhinolophus sinicus) in 

caves outside Hong Kong. In 2008, when the bat SARS-CoV-like virus was reconstructed, 

the virus was unable to bind to the human SARS-CoV entry receptor, angiotensin 

converting enzyme 2 (ACE2), and infect human cells (6, 9, 14).  More recently, in 2013,  

a SARS-CoV-like virus was identified in bats that is able to bind the human ACE2 

receptor and infect human cells directly (15). This lead to the hypothesis that the 

progenitor of the human epidemic strain of SARS-CoV could have emerged directly from 

bats or passed through palm civets and raccoon dogs as intermediate hosts, where the 

virus amplified and spread to humans. 
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Transmission 

SARS-CoV is transmitted by close contact with infected individuals. A large 

proportion of SARS-CoV cases, especially early in the epidemic, were health care 

workers infected during aerosol generating procedures, such as intubation and 

mechanical ventilation (5, 16, 17). In addition to nosocomial transmission, so-called 

“superspreader” events contributed to the global spread of SARS-CoV (18, 19). During 

the superspreader events, a single individual was able to infect a disproportionally large 

number of individuals. For example, at the Metropole Hotel in Hong Kong, a physician 

who contracted SARS-CoV, infected at least 17 others. Another superspreading event 

occurred at an apartment complex, Amoy Gardens, where a SARS-CoV infected visitor 

infected over 300 residents. Investigations revealed that many of the residents had 

allowed the water traps in the sink and toilet drains to dry out, allowing SARS-CoV to 

spread by aerosol into other residents’ bathrooms through a faulty plumbing system. 

 

Epidemiology 

The most rapid method to identify SARS-CoV-positive patients is a real-time 

polymerase chain reaction (RT-PCR) assay screening for viral RNA or enzyme-linked 

immunosorbent assays (ELISA) for seroconversion studies. Retrospective serology 

studies of the SARS-CoV outbreak have shown that animal traders and healthcare 

workers were seropositive before the outbreak as early as 2001, suggesting that SARS-

CoV was transmitted from animal-to-human and potentially human-to-human long before 

symptomatic SARS-CoV infections were noticed (13). 
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Clinical Features 

SARS-CoV has an incubation time of two to ten days. During acute infection, 

patients usually experience fever, chills, cough, headache, myalgia, malaise, dyspnea and 

diarrhea (20). SARS-CoV replicates primarily in the lungs leading to an immune 

response consisting of proinflammatory cytokines and mixed inflammatory infiltrates. By 

the end of the first week of the infection, patients develop antibodies against SARS-CoV 

that begin to reduce viral titers. Seventy to eighty percent of the SARS-CoV cases are 

non-severe and patients show decreased virus titer, improved chest X-Ray, reduced fever, 

and recover by 14 days after infection. A smaller proportion of cases, 20-30%, are severe, 

developing an acute lung injury that requires treatment in the intensive care unit, 

intubation, and mechanical ventilation to treat hypoxemia and acute respiratory distress 

syndrome. Roughly half of the severe cases recover, leading to an overall mortality rate 

of ~10%. Age is the major risk factor for severe disease, with individuals over 55 years 

old having mortality rates close to 50% (21). Unlike influenza virus infection, young 

children were not found to have increased rates of infection and disease (22). 

Currently, there is a lack of effective therapeutics against SARS-CoV. Pegylated 

IFNα is the only treatment that has shown some efficacy in cell culture and in mouse 

models of infection (23). Antivirals, such as ribavirin, worsen the outcome for SARS 

patients due to unknown mechanisms (24-27). Development of new compounds and/or 

repurposing of existing approved drugs against SARS-CoV are needed (28). In addition 

to the lack of proven inhibitors of SARS-CoV, there are no approved vaccines that 

protect against SARS-CoV infection. Vaccines using whole inactivated virions, surface 
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glycoproteins, and live attenuated virus have shown protection in animal models, but 

none have been approved for use in humans (29).  

 

SARS-CoV as causative agent 

SARS-CoV was identified as the causative agent of a 2003 outbreak of severe 

respiratory disease in the Guangdong province of China which resulted in 8096 cases, 

with 774 deaths in 29 countries (3, 11). SARS-CoV is an enveloped coronavirus with a 

positive-sense, single stranded RNA genome of roughly 30,000 nucleotides. The first 

two-thirds of the genome are comprised of ORF1a and ORF1b, which encode 

nonstructural proteins (nsp) 1-11 and 12-16. The last third of the genome encodes the 

structural proteins and an additional 8 accessory genes (Figure 1-1) (30-32). 
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Reprinted with permission from Elsevier (License # 3394910608711) 
Hilgenfeld et al Antiviral Research 100, 286-295 (October 2013) 
 
Figure 1-1 Structure of the genome of SARS-CoV and available three-dimensional 
structures 
SARS-CoV genome  
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Structural Proteins 

The first structural protein encoded by SARS-CoV is Spike, which is a large 

1,255 amino acid protein with 23 N-linked glycosylation sites (33). The Spike protein 

mediates entry into the host cell by binding to angiotensin-converting enzyme 2 (ACE2) 

on the cell surface (Figure 1-2) (34). ACE2 was confirmed as the receptor for SARS-

CoV in further studies, which showed a correlation between ACE2 expression in cells 

and the susceptibility to SARS-CoV infection (35, 36). Additionally, expression of 

exogenous ACE2 can confer susceptibility to SARS-CoV in cells that are normally not 

permissive (37). SARS-CoV typically infects type II pneumocytes and intestinal 

epithelial cells, both of which are ACE2-positive (38-42). The Spike protein can be split 

into two domains or subunits. Domain S1contains the receptor binding domain (RBD) 

and S2 contains a transmembrane domain, which facilitates membrane fusion (33).  The 

RBD of SARS-CoV Spike binds to ACE2 and many SARS-CoV neutralizing antibodies 

recognize the RBD (43-48). The biological role of ACE2 is to regulate blood and lung 

function (49, 50). The S1 subunit of Spike has been shown to downregulate ACE2 on 

infected cells and downregulation of ACE2 has been shown to promote ARDS (49-51). 

Studies have shown that the downregulation of ACE2 occurs by Spike induced cleavage 

of the ACE2 ectodomain by the metalloproteases, ADAM17, and that cleavage of ACE2 

is necessary for SARS-CoV entry (52). The downregulation of ACE2 by Spike may 

enhance SARS-CoV pathogenesis by altering the repair pathways in the lung, although 

conflicting studies have shown that soluble ACE2 protects mice against ARDS (52). 

The next SARS-CoV structural protein that is encoded is the envelope protein, 

which is a 76 amino acid membrane protein with a transmembrane domain (30, 31). The 
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envelope (E) protein is not necessary for SARS-CoV replication, but SARS-CoV that 

lacks E gene is attenuated both in vitro and in vivo (53). Overexpression of the E protein 

has been shown to form pentameric ion channels (54). Additional work has shown that 

the E protein can regulate the cell stress response, but studies have shown conflicting 

results regarding apoptosis with one study suggesting that E protein can reduce apoptosis, 

while another study has shown that E protein inactivates Bcl-xL leading to increased 

apoptosis (55, 56). 

The SARS-CoV membrane protein is a 221 amino acid protein that is 

glycosylated and has three transmembrane domains (30, 31, 57, 58). The membrane (M) 

protein is the most abundant of the coronavirus structural proteins (59). The M protein 

has also been shown to have immunomodulatory functions such as inducing apoptosis by 

modulating the Akt survival pathway and suppressing NFκB activation by interacting 

with IKKβ (60, 61). 

The nucleocapsid protein is the last structural protein encoded by SARS-CoV and 

is a 422 amino acid protein with a N-terminal region consisting mostly of positively 

charged amino acids that bind RNA (30, 31, 58). The nucelocapsid protein is made up of 

three regions, the RNA binding domain at the N-terminus, a linker domain, and self 

association domain at the C-terminus (62). Another study has demonstrated that the 

nucleocapsid is necessary for RNA packaging into SARS-CoV virus-like particles 

confirming the RNA binding activity (63). Other work has confirmed the ability of the 

nucleocapsid to oligermize through self-assocaiton of the C-terminal domain, which is 

necessary for assembly of a complete nucleocapsid structure (64, 65). In addition to the 

RNA binding and oligerimerization, the nucelocapsid protein can act on antagonize 
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various cellular functions. The nucelocapsid protein has been shown to cause cell-cycle 

arrest, inhibit cytokinesis, and inhibit translation (66-70). Additionally, the nucelocapsid 

protein can also inhibit NFκB, enhance TGFβ, and induce proinflammatory COX2 (71-

73). Similar to many of the other SARS-CoV proteins, the nucleocapsid protein also can 

induce apoptosis (68, 74). 
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Reprinted with permission from The American Association for the Advancement of 
Science (License # 3394911235634) 
Li al Science 309, 1864-1868 (September 2005 2013) 
 
Figure 1-2 SARS-CoV Spike and ACE2 
(A) Surface complementarity, Space-filling representation of ACE2 (in green), RBD 
(core structure in cyan and RBM in red), and the complex of ACE2 and RBD are shown. 
(B) Crystal structure of the RBD (core structure in cyan and RBM in red) in 
complex of the human receptor ACE2 (green) 
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Nonstructural Proteins 

The nonstructural proteins comprise the replication machinery and provide a 

variety of functions. ORF1a and ORF1b are translated into two polyproteins, polyprotein 

1a and polyprotein 1ab. Polyprotein 1ab is a result of a -1 ribosomal frameshift, which 

extends polyprotein 1a from a 490 kDa to 790 kDa polyprotein 1ab (32). The -1 

ribosomal frameshift is a result of UUUAAAC sequence that allows the ribosome to slip 

followed by a stimulatory sequence (75). The two polyproteins are cleaved by two 

proteases, papain-like protease (PLPro) and the main protease (MPro). PLPro is encoded by 

nsp3 and cleaves between nsp1/2, nsp2/3, and nsp3/4. MPro, which is encoded by nsp5, 

cleaves at the remaining sites in the polyproteins (32, 58, 76, 77).  

While some of the nonstructural proteins are conserved among coronaviruses, 

nsp1 is highly divergent and does not appear to be related to nsp1 proteins from other 

coronaviruses (58, 78). SARS-CoV nsp1 has been shown to inhibit interferon signaling in 

cell culture. The nsp1 deletion virus replicates as well as wild-type SARS-CoV in cells 

with a defective interferon response, but is attenuated in cells with an intact interferon 

response (79). Additionally, deleting nsp1 from another coronavirus, mouse hepatitis 

virus (MHV), shows a similar phenotype to the SARS-CoV deletion both in cell culture 

and in mice (80). Additionally SARS-CoV nsp1 has been shown to degrade host mRNA, 

inhibit translation, and drive the cell cycle to the G0/G1 phase although its exact 

mechanism of action is unknown (79, 81, 82).  

SARS-CoV nsp2 has no known function, although it is thought that nsp2 is 

incorporated into SARS-CoV virions (83). Although SARS-CoV with a nsp2 deletion 
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was still viable, the nsp2 deletion virus replicated to lower titers than wild-type SARS-

CoV (84).  

SARS-CoV nsp3 is a large membrane bound protein with multiple conserved 

domains (58, 83, 85). One of the proteins in conserved domains is the papain-like 

protease, which cleaves between nsp1, nsp2, nsp3, and nsp4. While most coronaviruses 

have two papain-like proteases, PL1Pro and PL2Pro, SARS-CoV only encodes one, PLPro, 

which is related to PL2Pro (32, 58, 85). In addition to PLPro’s protease activity, PLPro 

also has deubiquitinating and deISGylating activity (86-89). SARS-CoV PLPro has also 

been shown to act as an interferon antagonist by blocking NFκB and IRF3 signaling (90, 

91). SARS-CoV nsp3 also encodes another conserved domain, ADP-ribose 1” 

phosphatase domain (ARPD), which is conserved across all coronaviruses as well as 

other positive stranded RNA viruses (92-94). The ARPD domain in SARS-CoV nsp3 can 

hydrolyze ADP-ribose 1” phosphate to produce ADP-ribose and a phosphate (95). The 

role of the ARPD is unknown and mutations to inactivate the ARPD in hCoV-229E and 

MHV have shown no effect on viral replication in cell culture, but mice have shown less 

pathology when infected with MHV containing an inactive ARPD when compared to 

wild-type MHV (96, 97). Nsp3 encodes another domain, in the middle of the SARS-CoV 

unique domain (SUD-M), which shows structural homology to the ARPD (98). The 

SUD-M acidic (Ac) domain and nucleic acid-binding domain (NAB) have been shown to 

bind nucleic acids and may be involved in regulation of signaling, apoptosis, and/or 

replication (83, 85, 99, 100). SARS-CoV and other coronaviruses induce formation of 

double membrane vesicles (DMV) where replication occurs (101, 102). SARS-CoV nsp3 
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is thought to play a role in the induction of the DMV’s through nsp3’s transmembrane 

(TM) domain (103). 

SARS-CoV nsp4 is another protein that plays a role in formation of DMVs and 

has four transmembrane domains and an N-linked glycosylation site in the luminal 

domain (103, 104). Studies using MHV have shown that nsp4 is not only necessary for 

DMV formation, but also for MHV replication (105, 106). 

While PLPro in nsp3 cleaves between nsp1/2/3/4, the main protease MPro, is 

encoded by nsp5 and cleaves the polyproteins at the remaining 11 cleavage sites (32, 58, 

76, 77). While MPro has some homology to picornavirus 3C proteases and is alternatively 

named 3C-like protease or 3CLPro, unlike 3C proteases, which function as a monomer, 

MPro functions as a dimer (107-111). MPro has been a target for therapeutics using 

protease inhibitors (108, 110-112). 

SARS-CoV nsp6, much like nsp3 and nsp4, has been implicated in formation of 

DMV. Nsp6 has six TM domains and may interact with other replicase proteins, although 

the exact function is unknown (103, 104). 

SARS-CoV nsp7 and nsp8 form a complex that is made up of 8 copies of both 

nsp7 and nsp8 and forms a ring structure that can encircle double-stranded RNA. SARS-

CoV nsp8 is a non-canonical RNA-dependent RNA polymerase (RdRp) and nsp7 

associates with nsp8 to stabilize nsp8. The nsp7 and nsp8 complex can not only act as a 

primase, but can also extend primed RNA templates. The main RdRp is encoded by 

nsp12 and is primer-dependent, therefore the nsp7 and nsp8 complex plays a vital role in 

SARS-CoV replication (113-117). 
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 SARS-CoV nsp9 binds single-stranded RNA and has some structural similarity to 

MPro suggesting that nsp9 may have arisen from a duplication event (118, 119). Further 

studies have shown that dimerization of nsp9 is necessary for SARS-CoV replication and 

that nsp9 binds nsp8, possibly stabilizing the nsp7/nsp8 complex (119, 120). 

 SARS-CoV nsp10 is another nucleic acid-binding protein and has two zinc-

fingers (121, 122). Nsp10 not only binds RNA and DNA, but also binds nsp9, which 

suggests that nsp7, nsp8, nsp9, and nsp10 may all form a complex during SARS-CoV 

replication (121, 123). 

 The last nonstructural protein of ORF1a is nsp11, which is a small 13 amino acid 

protein, has no known function. Nsp11 is only produced if no frameshift occurs between 

ORF1a and ORF1ab and it is unlikely that nsp11 has any function (58, 124, 125). 

 The first nonstructural protein encoded by ORF1b, is nsp12, which is a RdRp and 

is highly conserved and is highly conserved among coronaviruses (109, 126). The RdRp 

activity of nsp12 primer dependent and relies on the primase activity of nsp8 to prime the 

RNA template (113-117, 127). 

 SARS-CoV nsp13 is also conserved not only among coronaviruses, but 

nidoviruses as well and contains two domains, a zinc-binding domain (ZBD) and a 

helicase domain, which unwinds DNA and RNA in a 5’-to-3’ direction (109, 128-132). 

The ZBD is necessary for helicase activity and mutating or deleting the ZBD prevents 

viral replication (133). Additionally, nsp13 has RNA 5’-triphosphatase activity, which 

may lead to 5’-capping of the viral subgenomic RNA (129, 130). 

 SARS-CoV nsp14 encodes a 3’-to-5’ exoribonuclease (ExoN) and has been 

shown to act on double-stranded and single-stranded RNA (58, 134). The exonuclease 
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activity has been shown to be important for coronavirus replication due to the large 

genome and the low fidelity of RdRp (134-136). Loss of SARS-CoV ExoN activity leads 

to increased mutations during passage and decreased viral fitness (137). The loss of 

SARS-CoV ExoN activity not only leads to decreased pathogenesis in mouse models, but 

the increased mutation rate and decreased pathogenesis has been shown to be stable after 

serial passage and during in vivo infection leading to the possibility of creating an 

attenuated SARS-CoV strain by deleting ExoN (138). 

 SARS-CoV nsp 15 encodes a second ribonuclease, Nidoviral endoribonuclease, 

specific for U (NendoU), which is conserved among all nidoviruses (58). NendoU forms 

a hexamer, which may be important for the ribonuclease activity (139). The role of 

NendoU is still unknown. Studies have shown in that mutations at the active site of 

NendoU in HCoV-229E and MHV lead to decreased virus titer, but the NendoU mutants 

remain replication competent (140, 141). 

 The last protein encoded by SARS-CoV ORF1b is nsp16, which is a ribose-2’-O-

methlytransferase (58, 142). Mutations at the active site of SARS-CoV nsp16 leads to 

reduced virus titer suggesting that nsp16 plays an important role in SARS-CoV 

replication (135). Studies using feline coronavirus nsp16 have shown that nsp16 has the 

ability to methylate adenosine, which is the last enzymatic step in the addition of a 5’ cap 

to RNA (143). While SARS-CoV nsp13 has 5’-triphosphatase activity and nsp16 has 

ribose-2’-O-methlytransferase activity, no SARS-CoV proteins have been identified that 

have guanylyltransferase and guanine-N7-methyltransferase activities, which are the two 

other steps necessary for formation of a 5’-cap (129, 130, 142, 144, 145). 
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Accessory Proteins 

 In addition to the structural and nonstructural proteins, SARS-CoV encodes 8 

accessory proteins that perform a variety of functions (30, 31, 58). These accessory 

proteins are nonessential for SARS-CoV replication both in vitro and in vivo, but encode 

various functions including modulation of the host immune response (146, 147). 

 SARS-CoV ORF3a is the first and largest accessory gene and is located between 

the spike and envelope genes (148). ORF3a is 274 amino acids, hydrophobic, has 3 

transmembrane domains, and is O-glycosylated (57, 148, 149). ORF3a has been shown to 

localize to the Golgi and plasma membrane and has also been shown in SARS-CoV 

virions, SARS-CoV-infected cells, and in the lungs of SARS-CoV-infected patients (148-

154). Studies have found that ORF3a encodes multiple functions. ORF3a has been shown 

to arrest the cell cycle at the G1 phase by interacting with Cyclin D3 (155). Additionally, 

ORF3a can induce vesicle formation, induce cell death, increase fibrinogen expression, 

activate NFκB and JNK, form ion channels, modulate virus release, and bind the 5’ 

untranslated region of SARS-CoV genomic RNA (149, 156-160). While the adaptive 

response against SARS-CoV is mainly directed against spike, which is most 

immunodominant, studies have shown a humoral response and neutralizing antibodies 

against ORF3a (161-165). Since ORF3a elicits a neutralizing humoral response, ORF3a 

may be a potential vaccine target against SARS-CoV. 

 SARS-CoV ORF3b is 154 amino acids and overlaps with ORF3a and translation 

may occur through internal ribosomal entry (58). Expression has been confirmed in 

SARS-CoV-infected cells and similarly to ORF3a, antibodies against ORF3b have been 

found in SARS-CoV patients (162, 166, 167). ORF3b has been shown to localize to the 
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nucleus, nucleolus, and mitochondria (71, 168-170). Similar to ORF3a, ORF3b causes 

cell death, arrests cell cycle at G0/G1, and acts as an interferon antagonist by inhibiting 

IRF3 (71, 171, 172). 

 SARS-CoV ORF6 encodes a smaller 63 amino acid membrane protein that has 

been detected in the lungs of patients infected with SARS-CoV (58, 173, 174). ORF6 

localizes to the ER and is incorporated into xSARS-CoV virions during infection (173, 

175). ORF6 has been shown to interact with nsp8 suggesting that ORF6 may play a role 

in SARS-CoV replication (176). Similar to many of the other SARS-CoV proteins, ORF6 

has also been shown to act as an interferon antagonist and inhibits IRF3 and STAT1 (71, 

177). ORF6 inhibits STAT1 by sequestering nuclear import factors at the ER/Golgi 

membrane preventing STAT1 translocation to the nucleus (177).  Further studies have 

shown that expression of SARS-CoV ORF6 by an attenuated strain of MHV enhances the 

virulence leading to a lethal disease (168). 

ORF7a is a SARS-CoV encoded accessory protein that is composed of a type I 

transmembrane protein with a 15 amino acid (aa) N-terminal signal peptide, 81 aa 

luminal domain, 21 aa transmembrane domain, a 5 aa cytoplasmic tail and localizes 

primarily to the Golgi (Figure 1-3) (178-181). To investigate the role of ORF7a in 

SARS-CoV replication, an ORF7a deletion virus was produced that replicated to similar 

titer as wildtype SARS-CoV both in vitro and in vivo (146, 147, 180). Characterization of 

ORF7a in vitro demonstrated ORF7a-dependent induction of apoptosis in a caspase-

dependent pathway, cell cycle arrest, activation of NFκB, activation of p38 MAP kinase, 

and increased IL-8 promoter activity (157, 178, 181-184). Additionally, ORF7a has been 

shown to interact with Bcl-XL, hSGT, and lymphocyte function-associated antigen 1 
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although any functional effects from these interactions are unclear (183, 185). Analysis of 

ORF7a evolution during the SARS-CoV outbreak identified several residues in ORF7a 

that were under positive selection as SARS-CoV evolved during transmission from bat to 

palm civet to humans (186). These data suggests that ORF7a is vital for SARS-CoV 

biology and has a yet unidentified role in pathogenesis and disease. An ORF7a deletion 

virus, icSARS-ORF7abΔ-CoV, was created by replacing ORF7ab with GFP (Figure 1-4) 

(187). 

SARS-CoV ORF7b, which encodes a 44 amino acid protein, is translated by leaky 

scanning, localizes to the Golgi, and has a transmembrane domain (180, 181, 188, 189). 

ORF7b has been shown to be present not only in infected cells, but also in SARS-CoV 

virions (188). Similar to ORF7a, transfection of ORF7b can contribute to apoptosis and 

ORF7b deletion viruses show no defect in replication both in vitro and in vivo (147, 178, 

181-183, 187, 188, 190). 

SARS-CoV ORF8a and ORF8b evolved from ORF8, which encodes a single 

protein. Studies have shown that in animal-associated SARS-CoV strains and human 

isolates from early in the outbreak ORF8 was translated as a single protein, but human 

strains isolated later in the outbreak had a 29 base pair deletion that led to ORF8 being 

split into two reading frames, ORF8a and ORF8b (6, 13, 191). While the full length 

ORF8 encodes a 122 amino acid protein, ORF8a encodes a 39 amino acid protein and 

ORF8b encodes a 84 amino acid protein (58, 192). Conflicting studies have shown that 

ORF8a not only localizes to ER and cytosol, but also the mitochondria, where ORF8a 

may induce apoptosis (192-194). While antibodies against ORF8a have been found in 

patient sera confirming expression, ORF8b expression has not been confirmed and 
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studies have produced conflicting results on whether ORF8b is expressed during 

infection (192-195). ORF8b has been shown to interact with the SARS-CoV E protein 

during co-transfection experiments and lead to down regulation of E, but the function of 

ORF8b is otherwise unknown (194). 

SARS-CoV ORF9b is the last accessory protein and is encoded within the N gene. 

Expression during infection has been confirmed by detection of antibodies against 

ORF9b in patient sera, as well as detection ORF9b protein in tissue from SARS-CoV 

infected patients (164, 166, 167, 196). ORF9b has been shown to localize in the ER and 

interact with nsp8, nsp14, and ORF7b, although no function has been identified (124). 
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Reprinted with permission from Elsevier (License # 3393660494174) 
Nelson et al Structure 13, 75-85 (January 2005) 
 
Figure 1-3 Three-Dimensional Structure of the Orf7a Luminal Domain 
A) Stereoview of the 2Fo − Fc electron density composite omit map shown as gray mesh 
with orf7a residues depicted as a ball-and-stick model. The view is of the F-G loop drawn 
at a contour level of 2σ. 
(B) Ribbon trace of the orf7a luminal domain showing the two sheets of the Ig-like β 
sandwich. The disulfides are labeled by their Cys positions. Two reported polymorphisms 
(Gly23 and His47) are indicated in silver. 
(C) Topological diagram of the orf7a fold. A dashed line separates the BED and AGFC 
sheets. The β strands are labeled A–G and displayed in green 
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Reprinted with permission from American Society for Microbiology 
Sims et al Journal of Virology 79, 15511-15524 (December 2005) 
 
Figure 1-4 Schematics of SARS-CoV GFP construct and SARS-CoV infectious 
cloning strategy 
Schematic representation of the SARS-CoV infectious cloning strategy and the mutations 
to engineer the GFP into ORFs7a/7b. The fragments of the genome are indicated by 
rectangles with the ORFs in each. The ORFs of the F clone have been expanded to 
indicate the location of GFP within the SARS-CoV GFP infectious-clone construct. 
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SARS-CoV Replication 

 Unlike many positive-sense RNA viruses, where viral proteins are translated 

directly from the viral genomic RNA, SARS-CoV and other coronaviruses employ a 

more complex mechanism of replication (Figure 1-5). The SARS-CoV replication cycle 

begins with binding of S1 subunit of Spike to ACE2, which induces uptakes of the virion 

by the endosomal pathway and causes a conformation change to the Spike protein (197, 

198). While SARS-CoV membrane fusion is pH-independent, the Spike protein must be 

cleaved between the S1 and S2 subunit by Cathepsin L-mediated cleavage, which is pH-

dependent. Once activated by Cathepsin L, the S2 subunit of Spike induces fusion of the 

viral and endosomal membranes allowing the nucleocapsid to enter the cytoplasm (198-

201). The first two-thirds of the genome is comprised of ORF1a and ORF1ab, which are 

translated directly from the viral genome into two polyproteins that encode 16 

nonstructural replicase proteins and are cleaved PLPro and MPro (32, 58, 76, 77). The 

remaining 3’ of the genome is expressed from subgenomic RNA (sgRNA). In order to 

produce sgRNA, negative-sense sgRNA are transcribed from the viral genome. During 

transcription short 6-8 nucleotide transcription regulatory sequences (TRS) cause 

transcription termination and the addition of a 5’ leader sequence that is derived from the 

leader sequence at the 5’ end of the SARS-CoV genome (202-204). The negative-sense 

sgRNAs are then transcribed back to positive-sense sgRNA, which are then translated 

into the structural and accessory proteins. (205, 206). Replication of SARS-CoV and 

other coronaviruses induces replication/transcription complexes (RTCs), where the 

replicase proteins induce the formation of and anchor into double membrane vesicles 

(DMVs), which most likely originate from the ER (101, 102, 104, 207-210). SARS-CoV, 
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like other coronaviruses, assemble and bud in the ER-Golgi Intermediate Compartment 

(ERGIC) into vesicles that traffic to the plasma membrane (211, 212). 
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Reprinted with permission from Nature Publishing Group (License # 3394900245941) 
Du et al Nature Reviews Microbiology 7, 226-236 (March 2009) 
 
Figure 1-5 SARS-CoV Life Cycle 
SARS-CoV enters target cells through an endosomal pathway. S protein first binds to the 
cellular receptor angiotensin-converting enzyme 2 (ACE2), and the ACE2–virus complex 
is then translocated to endosomes, where S protein is cleaved by cathepsin L to activate 
its fusion activity. The viral genome is released and translated into viral replicase 
polyproteins pp1a and 1ab, which are then cleaved into small products by viral 
proteinases. Subgenomic negative-strand templates are synthesized from discontinuous 
transcription on the plus-strand genome and serve as templates for mRNA synthesis. The 
full-length negative-strand template is made as a template for genomic RNA. Viral 
nucleocapsids are assembled from genomic RNA and N protein in the cytoplasm, 
followed by budding into the lumen of the ERGIC. Virions are then released from the cell 
through exocytosis. 
  



	   25	  

Innate Response 

 Similar to other highly pathogenic viruses SARS-CoV infection induces an 

increase of proinflammatory cytokines such as IL1b, IL-6, IL-12, IFN-g, IL-8, IP-10, and 

MCP-1 that are secreted by monocytes and NK cells and can lead to a cytokine storm 

(163, 213-218). Patients that recover from SARS-CoV infection generally have a 

reduction in inflammatory cytokines, while either a sustained cytokine storm or a Th2 

response is common in fatal cases. Additionally when compared to patients with typical 

pneumonia, patients with SARS-CoV have much higher levels of inflammatory cytokines 

and lower levels of anti-inflammatory cytokines (163, 219). Another study has shown 

that a regulated interferon response is critical for a productive adaptive immune response 

and that dysregulation of the interferon response might lead to failure of the adaptive 

response and a poor patient outcome (220). Recovery from SARS-CoV infection requires 

a tightly regulated inflammatory response because an excessive inflammatory response or 

a Th2-skewed response can lead to poor patient outcomes. 

 

Adaptive Response 

 In addition to a regulated innate immune response, the adaptive response is also 

critical in resolving SARS-CoV infection. One of the most common clinical features of 

SARS-CoV infection, lymphopenia, which is a reduction in both cytotoxic T cells (CD8) 

and helper T cells (CD4), is caused by activation of caspase 3 leading to cell death (221). 

A study examining 128 patients with SARS-CoV showed a strong adaptive response. 

While both CD8 and CD4 T cells were able to recognize a variety of epitopes from 

ORF1ab, ORF3, ORF5, ORF13, S, E, M, and N, the structural proteins were the most 
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immunogenic, with the spike protein being the most dominant. In general, CD8 T cells 

recognized more diverse epitopes, while CD4 T cells mostly recognized spike. Patients 

with a more specific CD4 response to spike showed a significantly better clinical 

outcome (163).  

The CD4 T cell response against spike further supports the importance of the 

antibody response during SARS-CoV infection. One study has shown that an antibody 

response is mounted as soon as four days after the onset of illness, while the average time 

for seroconversion of IgG is 10 days and 11 days for IgA and IgM. On average IgG, 

IgAm and IgM all reached peak titers at fifteen days after the onset of illness. IgG 

antibodies remained at a high titer for more than 28 days after the onset of illness, while 

IgA and IgM decreased to lower titers after 3 to 4 weeks (222). Further studies have 

shown that IgG titers peak at 4 months post-infection and decrease subsequently. While 

the IgG response is critical for clearing SARS-CoV infection, there was no correlation 

between the kinetics of the antibody response and the severity of disease, length of 

hospitalization, comorbidities, or treatments. While at 24 months post-infection, samples 

were still positive for neutralizing antibodies, the dramatic decrease in titer could be 

potential concern if humoral immunity is lost and SARS-CoV or a SARS-like 

coronavirus emerges (223, 224). Other studies have shown that while only antibodies 

against spike are neutralizing, these antibodies are cross-reactive against four different 

SARS-CoV strains, which is important due to high mutation rate of SARS-CoV (36, 225). 
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Animal Models 

There are currently several animal models for SARS-CoV research, each with 

various advantages and disadvantages. The non-human primate model has the advantage 

of being closely related to humans, but is significantly more expensive than other models 

and are not easily handled at a biosafety level (BSL)-3 containment. SARS-CoV has been 

shown to infect Old World primates such as cynomolgus monkeys, African green 

monkeys, and rhesus macaques and New World primates such as marmosets (226-231). 

SARS-CoV has also been shown to replicate in hamsters and ferrets, but have the 

limitation of a lack of reagents when compared to mice (232-234). Additionally, SARS-

CoV has been shown to infect domestic house cats and transmit to uninfected cats housed 

nearby (232). Mouse models are preferable because of the ease of use, relatively low cost, 

availability of knockout and transgenic mice, and wide availability of reagents. Initial 

studies showed that mice can be infected with the human epidemic strain of SARS-CoV 

(Urbani strain), but do not display the severe lung disease or respiratory inflammation 

seen in patients (235-237). Similar to older humans, aged mice have shown increased 

pathogenesis during SARS-CoV infection (238). To generate a mouse model that better 

recapitulates human disease mouse-adapted SARS-CoV was created. SARS-CoV was 

passaged fifteen times through BALB/c mice until the virus produced 100% mortality in 

BALB/c mice. The mouse-adapted virus, MA15, was sequenced and six mutations were 

found in five proteins: nsp5, nsp9, nsp13, spike, and membrane (239).  
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Antiviral Genes 

Interferon-stimulated genes (ISGs) are genes that are induced by interferon and in 

recent years an increasing number of ISGs have been discovered (240-251). In general 

ISG’s target features and/or mechanism conserved across most viruses(252). Interferon-

induced, double-stranded RNA-activated protein kinase (PKR), the myxovirus resistance 

1, interferon-inducible protein p78 (MxA) and the 2’-5’ oligoadenylate synthetase/RNase 

L system (OAS1, OAS2, OAS3) were some of first discovered ISGs and are considered 

canonical antiviral restriction factors (253-255). PKR is activated by dsRNA and inhibits 

translation of both cellular and viral RNA (254). MxA functions by oligomerizing and 

binding viral nucleocapsid proteins preventing replication and assembly (253). The OAS 

pathway is activated by dsRNA and activates RNase L, which cleaves viral RNA (255). 

Deficiencies in these canonical ISGs can lead to increased susceptibility to viral 

infections in mice. Most inbred have a deficiency in MxA and are more susceptible to 

influenza A infection (253). Further studies have shown that mice lacking RNase L 

and/or PKR are more susceptible to encephalomyocarditis virus, vesicular stomatitis 

virus, herpes simplex virus types 1 and 2, coxsackievirus B4, West Nile virus, murine 

coronavirus, and vaccinia virus (256-266). Recently, more ISGs have been identified. 

Interferon stimulated gene 15 (ISG15) was first identified in interferon-treated 

tumor cells (267). It was subsequently identified as a 15 kDa soluble protein in the 

cytoplasm, which was inducible by treatment with interferon-α and -β(268). ISG15 was 

then identified as an ubiquitin like protein (UBL) when it was shown that interferon 

treatment resulted in the expression of a protein that cross-reacted with antibodies against 

ubiquitin(269). ISG15-/- mice show an increased susceptibility to influenza, Sindbis, and 
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herpes viruses suggesting that ISG15 is an important viral restriction factor(270). ISG15 

may act as an anti-viral restriction factor through several mechanisms. ISG15 can 

positively regulate the interferon response by being conjugated to IRF3 to prevent 

ubiquitination and subsequent degradation(271). ISG15 may also restrict influenza virus 

by conjugation to NS1A, which prevents interaction with importin-α(272). Lastly, ISG15 

has been hypothesized to decrease infectivity of Human Papillomavirus through 

ISGylation of newly synthesized proteins, which has a dominant-negative effect due to 

disruption of capsid assembly(273). 

Promyelocytic leukemia (PML) protein, later known as Trim19, is a protein that 

was first discovered in patients with promyelocytic leukemia, but was later found to 

regulate the response to viral infection (274). Trim19 -/- mice have been shown to have 

increased virus and titers when infected with lymphocytic choriomeningitis virus 

(LCMV) (275). 

The interferon-induced protein with tetratricopeptide repeats (IFIT) family and 

the interferon-induced transmembrane protein family (IFITM) family are another set of 

ISGs that have been increasingly studied (276-279). The IFIT family has been shown to 

inhibit translation, recognize viral RNA, and inhibit viral replication (276). IFIT1 -/- and 

IFIT2 -/- knockout mice infected with a variety of viruses have shown increased 

pathogenesis and lethality (278, 280, 281). The IFITM proteins have been shown to 

inhibit viral entry by preventing viral fusion (282-285). IFITM proteins have been shown 

to inhibit influenza A and flaviviruses and IFITM3 -/- mice are susceptible to fatal 

infection when infected with influenza A(285, 286). 
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BST-2 

Bone marrow stromal antigen 2 (or BST-2; also known as CD317 or tetherin) was 

initially identified as a pre-B-cell growth promoter (287, 288). More than a decade after 

the initial discovery, BST-2 was identified as a viral antagonist when it was shown that 

BST-2 inhibits the release of the retrovirus human immunodeficiency virus type 1 (HIV-

1) virions by directly tethering budding virions from the host cell (289, 290). After BST-2 

was found to restrict HIV-1 further work has been conducted that shows that BST-2 also 

restricts the release of many other viruses, including alphaviruses, arenaviruses, 

herpesviruses, paramyxoviruses and other retroviruses (291-294). While in most cases 

BST-2 has been shown to restrict viral release, BST-2 has been shown to enhance entry 

of human Cytomegalovirus (295). 

BST-2 has an unusual structure, with a N-terminal transmembrane domain and a 

C-terminal glycosylphosphatidylinositol (GPI) anchor and two N-linked glycosylation 

sites in the ectodomain (Figure 1-6A) (296). BST-2 is also glycosylated and exists as a 

disulfide-linked homodimer (Figure 1-6B) (297). BST-2 localizes to the cell surface in 

lipid rafts, to the trans-Golgi network (TGN), and to recycling endosomes, which remove 

BST-2 from the cell surface through clatherin-mediated endocytosis (296, 298). Studies 

have shown that the ectodomain, which contains three cystines and two N-linked 

glycosylation sites, is critical for BST-2’s role as a viral restriction factor (299, 300). The 

ability to form cysteine-linked dimers is necessary for BST-2 function, while studies have 

produced conflicting results on the importance of the N-linked glycosylation (299, 300). 

There is evolutionary conservation in three major surface patches, two near each of the 

two N-linked glycosylation sites, and a third in the C-terminal region, suggesting that 
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even if N-linked glycosylation is not necessary, the residues surrounding the N-linked 

glycosylation sites may be important (301). Further studies have show that BST-2 forms 

a homodimer with both BST-2 molecules in the same orientation (301-305). 

BST-2 is thought to restrict virus release by physically tethering the budding 

enveloped virus to the plasma membrane by anchoring the transmembrane domain in the 

envelope and the GPI anchor in the plasma membrane or vice versa (Figure 1-6C) (289, 

300, 306). Since BST-2 has not been shown to interact with any specific viral surface 

protein, but functions by embedding itself within the viral envelope and the plasma 

membrane to form a physical tether, BST-2 is thought to be able to restrict any 

membrane-budding enveloped virus (300, 306). Cryo-EM has been used to visualize 

BST-2 expressing cells tethering budding virions to the plasma membrane and immuno-

gold staining with anti-BST-2 antibodies has confirmed that BST-2 is localized to the 

tethers (289, 290, 306, 307). Additionally, treatment with proteases can release tethered 

virions suggesting that the tethers are comprised of a protein such as BST-2 (289, 290). 

As discussed previously, BST-2 forms a homodimer that is linked by three cysteines on 

each molecule that form three disulfide bonds. The formation of at least one disulfide 

bond is necessary for BST-2 to function as a viral restriction factor (299, 300). The 

disulfide bonds are most likely necessary to stabilize the ectodomain, which is much 

more unstable as a monomer and can easily denature (301, 303). 

While the most popular model has BST-2 functioning as a tether, a second model 

has been proposed. BST-2 has been shown to form a structure similar to proteins that 

contain BAR domains, which dimerize to form curved structures and induce the 

curvature of membranes (301, 308). Studies have shown that BST-2 can oligimerize near 
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virus budding sites and possibly alter the plasma membrane to prevent the virus envelope 

from budding off (Figure 1-6D) (307, 309, 310).  

Given the non-virus-specific nature of BST-2 restriction, many viruses encode 

BST-2 antagonists to allow release of virions. The first such antagonist was identified in 

HIV-1. HIV-1 accessory protein Vpu antagonizes BST-2 and allows for efficient release 

of HIV-1 virions (289). HIV-1 Vpu binds BST-2 and causes Beta-TrCP2-dependent 

degradation of BST-2, although it is not clear whether degradation occurs in the lysosome 

or protesome (311-313). Other viral antagonists of BST-2 include Chikungunya virus 

nsp1, Ebolavirus GP1,2, herpes simplex virus GP M, human immunodeficiency virus 

type 2 (HIV-2) envelope glycoprotein, Sendai virus glycoproteins, simian 

immunodeficiency virus (SIV) nef, and envelope glycoproteins (291-294, 314-316). HIV-

2 and SIV are closely related to HIV-1, however, the envelope glycoproteins from HIV-2 

and SIV antagonize BST-2 by sequestration, rather than degradation, suggesting different 

mechanisms of BST-2 antagonism exist for different viruses, even within the same family 

(316). Another example is Ebolavirus GP1,2, which antagonizes BST-2 through an 

unknown mechanism that does not involve surface removal (317). The diverse repertoire 

of viruses that are restricted by BST-2, the equally diverse mechanisms of BST-2 

antagonism, and the highly conserved regions of BST-2 across species suggest that BST-

2 and viruses are in an evolutionary race (301, 318). 

Unlike many enveloped viruses, which bud from the cell plasma membrane, 

coronaviruses buds in the ER-Golgi intermediate compartment (ERGIC) and are 

transported to the plasma membrane inside vesicles (319). However it has recently been 

shown that BST-2 restricts release to human coronavirus (hCoV)-229E, suggesting that 
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BST-2 can also restrict viruses that bud in the ERGIC. hCoV-229E was also found to 

encode a BST-2 antagonist, though the precise hCOV-229E BST-2 antagonist was not 

identified(314). These data suggested that coronaviruses, such as SARS-CoV, can be 

restricted by BST-2 and may encode BST-2 antagonists. 

While BST-2 has been primarily implicated in restriction of enveloped viruses, 

recent literature has suggested that BST-2 may also play a role in cancer. BST-2 

expression has been detected in a variety of cancers including multiple myeloma, B-cell 

lymphoma, lung cancer, head and neck squamous cell carcinomas, endometrial cancer, 

brain cancer, and bone metastatic breast cancer (287, 320-326). Although BST-2 has 

been identified these various cancers, a functional role for BST-2 in cancer has not yet 

been identified. 

While BST-2 expression was first identified on plasma cells and stromal cells, 

followed by plasmacytoid dendritic cells (pDC), BST-2 expression can be induced on 

most cell types by type I and type II interferons (287, 288, 327). Type III interferons may 

also induce the JAK-STAT pathway and in turn induce BST-2 expression (328). The 

BST-2 promoter also can be bound by NF-AT, NFκB, IRF-1, and activated IRF-3 and 

IRF-7 even without type I interferon signaling (297, 329). Most recently, using a 

microarray, BST-2 expression has been identified on a variety of cells including 

hepatocytes, pneumocytes, ducts of major salivary glands, pancreas and kidney, Paneth 

cells, epithelia, Leydig cells, monocytes and vascular endothelium (330). 

Most recently, evidence has suggested that in addition to the tethering function, 

BST-2 may also function as an immune sensor and signaling molecule. BST-2 has been 

shown to crosslink during HIV-1 infection and activate NFκB. BST-2 interacts with the 
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adapter proteins TAB1, TAB2, TAK1 TRAF2, and TRAF6 and activates NFκB through 

the canonical pathway (331-333). The ability to activate NFκB may be recently evolved 

since both human and chimpanzee BST-2 can activate NFκB, but other non-human 

primate BST-2 cannot (332). BST-2 can also mediate signaling by interacting with 

immunoglobulin-like transcript 7 (ILT7), which is a receptor that is only expressed on 

pDCs (334-336). Binding of BST-2 to ILT7 leads to inhibition of interferon and 

proinflammatory cytokine production, which may act as a negative-feedback mechanism 

during TLR7/9 activation (334, 337, 338).  Other studies have suggested that the BST-2 

and ILT7 interaction only occurs on immature pDCs to prevent premature activation 

(339). 
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Reprinted with permission from Elsevier (License # 3394900646339) 
Swiecki et al Molecular Immunology 54, 132-139 (June 2013) 
 
Figure 1-6 Structure of BST-2 and models of BST-2 antiviral action 
(A) Crystal structure of mouse BST-2 ectodomain. Structural features are highlighted as 
follows: N-linked glycosylation sites = green boxes; disulfide bonds = blue boxes. 
Transmembrane domains and GPI anchors are pointed out as cartoons. Labels in black 
correspond to the mouse BST-2 sequence and structural features while the corresponding 
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residues and values for human BST-2 are shown in red italics. (B) A dimeric assembly 
created by crystallographic symmetry in the mouse BST-2 crystal structure. The dimer 
has an appearance similar to that of BAR domains that bind tubulating membranes to 
generate or stabilize curvature. (C and D) Models of BST-2-mediated inhibition of viral 
budding. (C) Direct tethering model. Parallel BST-2 dimers incorporate one set of 
membrane anchors each into the viral membrane and host membrane. (D) Stabilized 
tubulation and prevention of scission model. BAR-like BST-2 oligomers stabilize the 
tabulating membrane and prevent membrane scission. 
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Specific Aims and Approaches 

While BST-2 has been shown to restrict a diverse group of enveloped viruses, 

including coronaviruses, the role of BST-2 in SARS-CoV replication has not been 

investigated. Additionally, many of these viruses encode mechanisms to antagonize BST-

2 in order to replicate unrestricted. SARS-CoV encodes structural, replicase, and 

accessory proteins that have been shown to antagonize various aspects of the host 

immune response, although none have been analyzed in the context of BST-2. We sought 

to determine the effect of BST-2 on SARS-CoV replication and identify any BST-2 

antagonists that may be encoded by SARS-CoV. 

In order to determine the effect of BST-2 on SARS-CoV, we used three separate 

approaches that were split into three specific aims. Our first aim was to determine in vitro 

function of BST-2 in SARS-CoV replication and identify antagonists. First, to identify 

potential BST-2 antagonists, we developed an assay utilizing co-transfection of BST-2 

and plasmids encoding SARS-CoV proteins to examine the effect on BST-2 protein 

levels by western blot. We found four potential SARS-CoV proteins, nsp1, PLPro, ORF6, 

and ORF7a that appeared to antagonize BST-2. Next we sought to determine the effect of 

BST-2 on SARS-CoV replication with and without ORF7a. We used HEK293T cells 

stably transfected with ACE2 and transiently transfected with either BST-2 or a control to 

assay the effects of BST-2 on SARS-CoV replication. We found that BST-2 expression 

results in a small but significant restriction of wild type SARS-CoV, but an even greater 

restriction of SARS-CoV lacking ORF7a. Finally, to verify that BST-2 was restricting 

SARS-CoV by tethering the virus to the plasma membrane as previously shown, we 

utilized electron microscopy to image infected cells. The EM data showed accumulation 
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of virions on the surface of BST-2 expressing cells, with a greater accumulation in cells 

infected with SARS-CoV lacking ORF7a. 

Once we had identified ORF7a as a potential BST-2 antagonist, our second aim 

was to characterize the mechanism of action of SARS-CoV ORF7a inhibition of BST-2. 

To characterize the mechanism of action of SARS-CoV ORF7a inhibition of BST-2 we 

used co-localization, co-immunoprecipitation, lysosomal and proteasomal inhibitors, and 

surface plasmon resonance. Since previous studies have shown HIV-1 VPU degrades 

BST-2 through the lysosome and proteasome, we utilized lysosomal and proteasomal 

inhibitors to determine if ORF7a antagonizes BST-2 in a similar manner to HIV-1 VPU. 

The lysosomal and proteasomal inhibitors did not prevent BST-2 from being antagonized 

by ORF7a, suggesting a mechanism different from HIV-1. To gain insights into the 

mechanism we utilized confocal microscopy and immunofluorescence staining to 

determine if BST-2 and ORF7a co-localize. The confocal microscopy data showed co-

localization, which would suggest an interaction, so we used co-immunoprecipitation to 

confirm the interaction. While co-immunoprecipitation confirmed an interaction between 

BST-2 and ORF7a, the assay cannot distinguish between a direct interaction and an 

interaction within a complex. Surface plasmon resonance was used to further determine if 

BST-2 and ORF7a interact directly. The SPR data confirmed an interaction between 

BST-2 and ORF7a and much stronger interaction between ORF7a and unglycosylated 

BST-2 than ORF7a and glycosylated BST-2. The combination of previous data suggested 

that ORF7a might be affecting glycosylation of BST-2. To test the effect of BST-2 

glycosylation by ORF7a, we co-transfected increasing levels of ORF7a with BST-2 and 
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compared the molecular weight of the co-transfected BST-2 with deglycosylated BST-2. 

Co-transfection of ORF7a with BST-2 leads to increased levels unglycosylated BST-2 

Our last aim was to determine the effects of BST-2 on SARS-CoV in vivo and 

ORF7a on BST-2. To elucidate the in vivo role, we utilized a mouse model of SARS-

CoV infection. Previous studies have established a mouse model for SARS-CoV 

infection. Wild type SARS-CoV can infect mice, but does not cause the lung pathology 

seen in human infections. Wild type SARS-CoV was passaged in BALB/c mice until 

100% of the mice died within four days to create a mouse-adapted strain, MA15 SARS-

CoV. Each strain of SARS-CoV has distinct advantages and disadvantages. The wild-

type strain has the advantage of the availability of different variants with deletions of 

different ORF’s including 7a. MA15 SARS-CoV has the advantage of producing lung 

pathology similar to human infections, but has the disadvantage of the lack of an ORF7a 

deletion virus. We utilized both wild type and mouse-adapted viruses to leverage the 

advantages of each. SARS-CoV infects and replicates in both C57BL/6 and BALB/c 

mice. As mentioned earlier, SARS-CoV does not cause lung pathology or weight loss in 

mice. MA15 SARS-CoV is lethal in BALB/c mice and causes weight loss in C57BL/6 

mice, although the C57BL/6 mice recover. Previous studies have generated BST-2 

knockout mice on a C57BL/6 background. Due to the availability of the C57BL/6 BST-2 

-/- and the milder pathology during MA15 SARS-CoV infection, we utilized C57BL/6 

and C57BL/6 BST-2 -/- mice for our studies. To assay the effect of BST-2 on C57BL/6 

and C57BL/6 BST-2 -/- during SARS-CoV infections, we weighed mice daily and 

harvested lungs at days 2, 5, and 9 post-infection. The lung samples were homogenized 

and tittered by plaque assay or fixed, mounted, stained with hemotoxylin and eosin, and 
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analyzed by a pathologist. Wild type C57BL/6 and C57BL/6 BST-2 -/- mice showed 

similar weight loss, virus titer, and lung pathology when infected with SARS-CoV, 

SARS-ORF7aΔ-CoV, and MA15 SARS-CoV. 

In summary, this work aimed to elucidate the role of the host viral restriction 

factor, BST-2, in SARS-CoV replication, both in vitro and in vivo and examine the 

mechanisms of SARS-CoV ORF7a antagonism of BST-2. 
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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 procedures were approved by 

the University of Maryland School of Medicine IACUC. For infection, the mice were 

pretreated with ketamine and xylazine as an anesthetic. Mice were euthanized if their 

weight dropped below approved levels or if clinical symptoms warranted it according to 

our IACUC protocol. Animal housing and care and experimental protocols were in 

accordance with all Animal Care and Use Committee guidelines. 

 

Viruses and cells 

SARS-CoV MA15 was constructed as previously described (239). SARS-ORF7aΔ-CoV 

was created during previous studies (187). All virus stocks were stored at -80°C until 

they were ready to use. Vero E6 cells were purchased from ATCC (catalog number CRL-

1586; Manassas, VA) and were grown in minimal essential medium (MEM) (Invitrogen, 

Carlsbad, CA) with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, 

GA), 2mM L-Glutamine (Life Technologies, Grand Island, NY), and 1% 

penicillin/streptomycin (Gemini Bioproducts, West Sacramento, CA). HEK293T cells 

were grown in Dulbecco’s minimal essential medium (DMEM) (Invitrogen, Carlsbad, 

CA) with 10% FBS, 2mM L-Glutamine (Life Technologies, Grand Island, NY), and 1% 

penicillin/streptomycin (Gemini Bioproducts, West Sacramento, CA). HEK293T ACE2 



	   42	  

cells were a gift from David Wentworth (J Craig Venter Institute) and were grown in 

HEK293T media with 1 mg/mL G418 (Corning, Manassas, VA). 

 

Plasmids 

We received BST-2/Flag in pCAGGS as a gift from Sina Bavari. We received ORF7a-Fc 

as a gift from Andrew Pekosz. The ORF3a, ORF3b, ORF6, ORF7a, ORF8a, Spike, 

Envelople, Membrane, Nucelocapsid, and PLPro SARS-CoV plasmids were produced 

from previous work (71, 177). The nonstructural proteins were cloned into the 

CAGGS/GFP (green fluorescent protein) or CAGGS/HA (hemagglutinin) vector for 

expression in HEK293T cells as previously described (71). Amplicons were produced 

using the primers shown in (Table 2-1). For each construct, an ATG start codon was 

added as the first codon but no stop codon was included at the 3′ terminus of each ORF. 

Rather, an HA or GFP tag was fused in frame to each ORF. The amplicons and vector 

were digested with EcoRI/XmaI fragments for cloning, and all constructs were verified 

by sequence analysis. 
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SARS-CoV Gene Forward Primer/EcoR1 Site 

nsp1 5'-GATCGAATTCACCATGGAGAGCCTTGTTCTTGGTGTCA-3' 

nsp4 5'-GATCGAATTCACCATGAAGATTGTTAGTACTTGTTTTA-3' 

nsp5 5'-GATCGAATTCACCATGAGTGGTTTTAGGAAAATGGCAT-3' 

nsp6 5'-GATCGAATTCACCATGGGTAAGTTCAAGAAAATTGTTA-3' 

nsp7 5'-GATCGAATTCACCATGTCTAAAATGTCTGACGTAAAGT-3' 

nsp8 5'-GATCGAATTCACCATGGCTATTGCTTCAGAATTTAGTT-3' 

nsp9 5'-GATCGAATTCACCATGAATAATGAACTGAGTCCAGTAG-3' 

nsp10 5'-GATCGAATTCACCATGGCTGGAAATGCTACAGAAGTAC-3' 

nsp13 5'-GATCGAATTCACCATGAGGCTGTAGGTGCTTGTGTATTGT-3' 

nsp14 5'-GATCGAATTCACCATGGCAGAAAATGTAACTGGACTTTTT-3' 

nsp15 5'-GATCGAATTCACCATGAGTTTAGAAAATGTGGCTTATAAT-3' 

nsp16 5'-GATCGAATTCACCATGGCAAGTCAAGCGTGGCAACCAG-3' 
	   	  
SARS-CoV Gene Reverse Primer/XmaI Site 

nsp1 5'-GATCCCCGGGACCTCCATTGAGCTCACGAGTGAGT-3' 

nsp4 5'-GATCCCCGGGCTGCAGAACAGCAGAAGTGATTGAT-3' 

nsp5 5'-GATCCCCGGGTTGGAAGGTAACACCAGAGCATTGT-3' 

nsp6 5'-GATCCCCGGGCTGTACAGTAGCAACCTTGATACAT-3' 

nsp7 5'-GATCCCCGGGCTGAAGAGTAGCACGGTTATCGAGC-3' 

nsp8 5'-GATCCCCGGGCTGTAGTTTAACAGCTGAGTTGGCT-3' 

nsp9 5'-GATCCCCGGGCTGAAGACGTACTGTAGCAGCTAAA-3' 

nsp10 5'-GATCCCCGGGCTGCATCAAGGGTTCGCGGAGTTGG-3' 

nsp13 5'-GATCCCCGGGTTGTAATGTAGCCACATTGCGACGTGGTAT-3' 

nsp14 5'-GATCCCCGGGCTGTAACCTGGTAAATGTATTCCACAGGTT-3' 

nsp15 5'-GATCCCCGGGTTGTAGTTTTGGGTAGAAGGTTTCAACATG-3' 

nsp16 5'-GATCCCCGGGGTTGTTAACAAGAATATCACTTGAA-3' 
 
Table 2-1: SARS-CoV non-structural protein cloning primers 
Cloning primers used in this study 
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SARS-CoV growth curve 

HEK293T ACE2 cells were plated in a 24 well plate and grown overnight at 37°C. Cells 

were transfected with 2 ul of Lipofectamine LTX (Invitrogen, Carlsbad, CA) and 700 ng 

of BST-2 Flag in pCAGGS, ORF7a-HA or MISSION pLKO.1-puro non-mammalian 

shRNA control plasmid (Sigma-Aldrich, St. Louis, MO) according to the manufacturers’ 

instructions. Twenty-four hours post-transfection, HEK293T ACE2 cells were infected 

with icSARS-CoV or icSARS-GFP-CoV at a multiplicity of infection (MOI) of 0.1. 

Supernatant was taken at 12, 24, and 36 hours post-infection to measure SARS-CoV titer 

by plaque assay on Vero E6 cells. Supernatant and cell lysate was also taken to analyze 

by Western blot. The growth curve experiments were repeated twice with an n of 6 for 

each sample. 

 

Electron Microscopy 

Vero cells were plated in a 24 well plate and grown overnight at 37°C. Cells were 

transfected using Lipofectamine LTX (Invitrogen, Carlsbad, CA) with BST-2 Flag in 

pCAGGS or MISSION pLKO.1-puro non-mammalian shRNA control plasmid (Sigma-

Aldrich, St. Louis, MO) according to the manufacturers’ instructions. Twenty-four hours 

post-transfection, Vero cells were infected with icSARS-CoV or icSARS-GFP-CoV at an 

MOI of 10. For conventional ultrastructural investigations, infected VERO E6 cells were 

fixed with 2.5% Glutaraldehyde (E.M. Sciences, Warrington, PA) at 24 hours post-

infection.  After fixation for 72 hours, the preserved cells were post-fixed in 1.0% 

Osmium Tetroxide (E.M. Sciences), en bloc stained with 2.0% Uranyl Acetate, 

dehydrated in a series of graded ethanols, and infiltrated and embedded in Spurr plastic 
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resin (Tousimis Research, Rockville, MD).  Embedded blocks were sectioned using a 

Leica UC7 Ultramicrotome, collected thin-sections were mounted on 200 mesh copper 

grids, contrasted with Lead Citrate, and subsequently viewed at 80 kV with a FEI Tecnai 

Twin Transmission Electron Microscope. 

 

BST-2/SARS-CoV accessory protein co-transfections 

For the initial screen HEK293T cells were transfected with 200 ng BST-2 and 200 ng of 

the SARS-CoV plasmids using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according 

to the manufacturers’ instructions. Subsequently the conditions were optimized and 

HEK293T cells were transfected with 500 ng total DNA using Lipofectamine LTX 

(Invitrogen, Carlsbad, CA) according to the manufacturers’ instructions. One hundred ng 

of BST-2 Flag in pCAGGS, 200 ng or 400 ng of GFP- or HA-tagged SARS-CoV 

proteins, and MISSION pLKO.1-puro non-mammalian shRNA control plasmid (Sigma-

Aldrich, St. Louis, MO) were co-transfected into HEK293T cells. After 18 hours of 

expression, cells were lysed in lysis buffer (20 mM Tris-HCL [pH 7.6], 150 mM NaCl, 

1% NP-40, 0.5% SDS, 5 mM EDTA, 1 protease inhibitor tablet). Lysate was combined 

with 2X Laemmeli Sample Buffer (Bio-Rad, Hercules, CA) before boiling and 

electrophoresis using Mini-PROTEAN TGX Gels (Bio-Rad, Hercules, CA).  Protein 

expression was assessed using rabbit anti-HA antibody (Sigma-Aldrich, St. Louis, MO), 

rabbit anti-GFP antibody (Sigma-Aldrich, St. Louis, MO), mouse anti-Flag M2 antibody 

(Sigma-Aldrich, St. Louis, MO), and mouse anti-β-tubulin antibody (Sigma-Aldrich, St. 

Louis, MO). For inhibition experiments cells were transfected as above and four hours 

post-transfection, media was removed and replaced with 20 nM Concanamycin A 
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(Sigma-Aldrich, St. Louis, MO) or 500 nM MG-132 (Sigma-Aldrich, St. Louis, MO). 

Cell lysate was collected after 18 hours of drug treatment. For time course experiments, 

HEK-293T cells were transfected with 500 ng of ORF7a or control plasmid using 

Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. After 6 hours of expression, media was replaced with fresh HEK293T media. 

Twenty-two hours post-transfection, cells were transfected with 500 ng of DNA, 100 ng 

of BST-2 plasmid and 400 ng control plasmid, using Lipofectamine LTX (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instructions. Cell lysate was collected as 

described above at 4, 8, 12, and 16 hours after the second transfection. Expression was 

analyzed as described above. Deglyosylation was performed using Glycopeptidase F 

(Takara, Mountain View, CA) according to the manufacturer’s instructions for 

deglycosylating denatured proteins. The ratio of glycosylated to unglycosylated was 

calculated my measuring density of the bands with ImageJ (National Institute of Mental 

Health, Bethesda, MD). All of the transfection experiments were repeated at least two 

times. 

 

Flow Cytometry 

HEK293T cells were transfected as above with BST-2 and ORF7a. After 18 hours of 

expression cells were washed with phosphate-buffered saline (PBS) and dissociated with 

0.05% Trypsin-EDTA (1X), phenol red (Invitrogen, Carlsbad, CA). Cells were washed in 

HEK293T media to inactivate the Trypsin and were resuspended in FACS buffer (PBS 

with 1% fetal bovine serum) and stained for 20 minutes with APC anti-human CD317 

Clone RS38E (Biolegend, San Diego, CA) or control Mouse IgG1 APC (Becton 
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Dickinson, Franklin Lakes, NJ). Cells were then washed, resuspended in FACS buffer, 

and analyzed on a LSRII flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Data 

was analyzed using Flowjo (Tree Star, Ashland, OR). The flow cytometry experiments 

were repeated at least twice. 

 

Flag immunoprecipitations 

HEK293T cells were transfected with 1000 ng total DNA using of Lipofectamine LTX 

(Invitrogen, Carlsbad, CA). Five hundred ng of Flag-tagged BST-2 and 500 ng of SARS 

PLPro-GFP, nsp1-GFP, ORF6-GFP, or ORF7a-HA or MISSION pLKO.1-puro non-

mammalian shRNA control plasmid (Sigma-Aldrich, St. Louis, MO) was co-transfected 

into HEK293T cells. After 18 h of expression, cells were lysed in lysis buffer (20 mM 

Tris-HCL [pH 7.6], 150 mM NaCl, 1% NP-40, 0.5% SDS, 5 mM EDTA, 1 protease 

inhibitor tablet), the extract was centrifuged for 10 min at 4°C, and the supernatant was 

removed. EZ View Red Anti-Flag M2 Affinity Gel beads (catalog number F2426; Sigma, 

St. Louis, MO) was added to each extract and rotated overnight at 4°C. The extract was 

then washed twice with lysis buffer and eluted using 0.1 M Glycine (pH 3.5). The elution 

was combined with 2X Laemelli Sample Buffer (Bio-Rad, Hercules, CA) before boiling 

and electrophoresis using Mini-PROTEAN TGX Gels (Bio-Rad, Hercules, CA). Protein 

levels were assessed using rabbit anti-HA antibody (Sigma-Aldrich, St. Louis, MO) and 

mouse anti-Flag M2 antibody (Sigma-Aldrich, St. Louis, MO). Co-immumoprecipitation 

experiments were performed twice. 
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Confocal microscopy 

HEK293T cells were seeded onto microscope cover glass  (Fisher Scientific, Pittsburg, 

PA) pre-treated with fibronectin (Sigma-Aldrich, St. Louis, MO) for 30 minutes. 

HEK293T cells were transfected with 500 ng total DNA using Lipofectamine LTX 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Two hundred 

and fifty ng of BST-2 Flag in pCAGGS, ORF7a-HA, and/or MISSION pLKO.1-puro 

Non-Mammalian shRNA Control Plasmid (Sigma-Aldrich, St. Louis, MO). At 24 hours 

post-transfection, cells were fixed with 4% formaldehyde overnight at 4°C and incubated 

in cold PBS for 10 minutes at room temperature (RT). Each sample was permeabilized 

with permeabilization buffer (phosphate-buffered saline [PBS], 0.1% Triton X-100, 0.5% 

bovine serum albumin (BSA)) for 15 minutes at RT and then blocked for 5 minutes using 

blocking buffer (PBS, 5% BSA). The cells were washed using wash buffer (PBS, 1% 

BSA, 0.05% NP40) and then stained for protein expression. Primary antibodies used 

were rabbit anti-HA antibody (Sigma-Aldrich, St. Louis, MO) and mouse anti-Flag M2 

antibody (Sigma-Aldrich, St. Louis, MO). Cells were incubated with primary antibodies 

diluted in antibody dilution buffer (PBS, 1% BSA, 0.05% NP40, 2% normal goat serum) 

for 45 minutes at RT. Cells were washed three times with wash buffer and then incubated 

while rocking for 30 minutes at room temperature with goat anti-rabbit IgG conjugated 

with AMCA (Vector Laboratories, Burlingame, CA) and/or horse anti-mouse conjugated 

with Texas Red (Vector Laboratories, Burlingame, CA). Cells were then washed with 

wash buffer 3 times and then washed a final time with PBS for 30 minutes at RT. For the 

ORF7a localization experiments, the endoplasmic reticulum (ER) was stained with 
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Concanavalin A, Alexa Fluor® 594 Conjugate (Invitrogen, Carlsbad, CA) and the Golgi 

was stained with BODIPY TR Ceramide complexed to BSA (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s instructions. The coverslips were then mounted on slides 

using VECTASHIELD Hard Set Mounting Medium with DAPI (Vector Laboratories, 

Burlingame, CA). Slides were analyzed by confocal microscopy using a Zeiss LSM 510 

microscope. Images were collated and adjusted using ImageJ (National Institute of 

Mental Health, Bethesda, MD). 

 

Surface Plasmon Resonance 

Twenty-one ug of ORF7a-Fc was transfected into HEK293T cells seeded in 100 mm 

dishes using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. After 48 hours of expression, supernatant was collected and 

purified using a HiTrap Protein A column (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK) according to the manufacturer’s instructions. Purified ORF7a-Fc 

was subsequently dialyzed into PBS. The codon-optimized sequence of the extracellular 

domain (residues 47-161) of BST-2 was cloned with a N-terminal His6- and a C-terminal 

Flag- tag into pET28b. The protein was expressed at 19°C overnight in BL21(DE3)pLysS 

cells induced at an OD600 of 0.6 with 0.4mM IPTG. The fusion protein was purified by 

nickel affinity (Thermo Scientific, Pittsburg, PA), using a Mono Q™ 5/50GL anion 

exchange column (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and finally 

separated on a Superdex™ 200 10/300 GL gel filtration column (GE Healthcare, Little 

Chalfont, Buckinghamshire, UK). The extracellular domain (residues 47-161) of BST-2 

was also cloned into the plGplus Vector (R&D Systems, Minneapolis, MN). The 



	   50	  

resulting BST-2 protein includes a C-terminal His6-Flag-tag and due to the encoded stop 

codon did not express as an Fc- fusion protein. HEK293T cells in suspension culture 

were transfected with this construct using polyethylenimine (Polysciences, Inc., 

Warrington, PA). The cell culture supernatant was harvested 96 hours post-transfection 

and purified using nickel affinity (Thermo Scientific, Pittsburg, PA) followed by gel 

filtration on a Superdex™ 200 10/300 GL column (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK). Direct binding of the extracellular domain of ORF7a-Fc 

expressed in HEK293T cells to the extracellular domain of BST-2 expressed in E. coli or 

HEK293T cells was measured by surface plasmon resonance (SPR) analysis using a 

Biacore T100 instrument (GE Healthcare, Little Chalfont, Buckinghamshire, UK). 1000 

RU of protein A was immobilized by amine coupling on the surface of a CM5 sensor 

chip. Approximately 170 RU of human IgG (Sigma-Aldrich, St. Louis, MO) as negative 

control and also of ORF7a-Fc was captured on flow cells 1 and 2, respectively. In single-

cycle kinetics experiments, two-fold dilutions from 80 to 5 µM of BST-2 were injected 

over the surfaces and the control-subtracted response was recorded. HBS-EP was used as 

a running buffer and the surfaces were regenerated with 20 mM HCl after each cycle. 

Steady-state analysis of the data was performed using the Biacore T100 Evaluation 

Software 2.0.3. All of the SPR experiments were repeated at least three times. 

 

Mouse breeding and infections 

C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). 

C57BL/6 BST-2 -/- mice were a gift from Marco Colonna (Washington University 
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School of Medicine) and were bred and housed in the animal facilities at the University 

of Maryland, Baltimore, MD (UMB). 

 All infections were performed in an animal biosafety level 3 facility at the 

University of Maryland, Baltimore, using appropriate practices, including a HEPA-

filtered bCON caging system, HEPA-filtered powered air-purifying respirators (PAPRs), 

and Tyvek suiting. All animals were grown to 8-10 weeks of age prior to use in 

experiments. The animals were anesthetized using a mixture of xylazine (0.38 mg/mouse) 

and ketamine (1.3 mg/mouse) in a 50-ul total volume by intraperitoneal injection. The 

mice were inoculated intranasally with 50 ul of either PBS or 1 x 105 PFU of SARS-

MA15, icSARS-CoV,or icSARS-ORF7abΔ-CoV. Mice were monitored daily for weight 

loss and euthanized at days 2, 5, and 9 postinfection, and lung tissue was harvested. 

 

Histological analysis 

Lung sections were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline 

(PBS) for a minimum of 48 h, after which they were sent to the Histology Core at the 

University of Maryland, Baltimore, for paraffin embedding and sectioning. Five-

micrometer sections were prepared and used for hematoxylin and eosin (H&E) staining 

by the Histology Core Services (University of Maryland). Images of histological sections 

were modified across all sections using Adobe Photoshop CS5 for only minimal 

modification of images. 

 Slides were prepared as 5-um sections and stained with hematoxylin and eosin. A 

pathologist was blinded to mouse genetic background, as well as infection status. Fields 

were examined by light microscopy and analyzed by Lindsay Goicochea (University of 
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Maryland, Baltimore) and Alexander Berrebi (University of Maryland, Baltimore). The 

degrees of interstitial, peribronchiolar, and perivascular inflammation were scored from 0 

to 3 (Table 2-2). For each experimental group, Goicochea or Berrebi blindly scored all 

mice, and those scores were tabulated to compare strains, time points, and infections. A 

combined score, based on the described pathological descriptors, was generated for each 

mouse, averaged and, the standard deviation for the scoring was computed. These scores 

are presented in the histological scoring figures. 
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	   Clinical Score 

Inflammation  0 1 2 3 
Interstitial <2 

inflammatory 
cells/alveolar 
septal diam  

2–5 inflammatory 
cells/alveolar 
septal diam  

6–25 
inflammatory 
cells/alveolar 
septal diam 
involving <5% of 
the parenchyma  

6–25 
inflammatory 
cells/alveolar 
septal diam 
involving >5% of 
the parenchyma  

Peribronchiolar Rare 
inflammatory 
cells  

Mild; 250–1,000 
inflammatory 
cells/mm2 
involving <10% of 
bronchiolar 
circumference  

Moderate; >1,000 
inflammatory 
cells/mm2 
involving <25% of 
bronchiolar 
circumference  

Severe; >1,000 
inflammatory 
cells/mm2 
involving >25% of 
bronchiolar 
circumference  

Perivascular Rare 
inflammatory 
cells  

Mild; 250–1,000 
inflammatory 
cells/mm2 
involving <10% of 
arteriolar 
circumference  

Moderate; >1,000 
inflammatory 
cells/mm2 
involving <25% of 
arteriolar 
circumference  

Severe; >1,000 
inflammatory 
cells/mm2 
involving >25% of 
arteriolar 
circumference  

 
Table 2-2: Histological Scoring Criteria 
Scoring Criteria used by pathologists in this study 
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Statistical analysis 

Growth curve titers were analyzed by t-test using the Holm-Sidak method with 

alpha=5.000%.  Prism (GraphPad Software Inc., La Jolla, CA) was used to perform the 

analysis. 
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Chapter 3 – BST-2 restricts SARS-CoV and is antagonized by SARS-CoV ORF7a 

 

Introduction 

 BST-2 was initially shown to antagonize HIV-1 by directly tethering budding 

virions to the host cell and preventing release (289, 290). Further studies soon 

demonstrated that in addition to HIV-1, BST-2 can also restricts a diverse group of 

viruses, including alphaviruses, arenaviruses, herpesviruses, paramyxoviruses and other 

retroviruses, through the same tethering mechanism that BST-2 restricts HIV-1. (291-

294). Until recently, only enveloped viruses that bud from the cell plasma membrane 

have been susceptible to BST-2.  Coronaviruses, unlike most other enveloped viruses, 

bud in the ER-Golgi intermediate compartment (ERGIC) and are transported to the 

plasma membrane inside vesicles (319). A recent study has shown that BST-2 restricts 

release of human coronavirus (hCoV)-229E, suggesting that BST-2 can also restrict 

viruses that bud in the ERGIC (314).  

 While BST-2 can restrict release of a diverse group of enveloped viruses, many of 

these viruses encode BST-2 antagonists. The discovery of HIV-1 restriction by BST-2 

coincided with the discovery that HIV-1 Vpu can antagonize BST-2 allowing for efficient 

HIV-1 replication (289).  Further work has identified BST-2 antagonists in many other 

viruses such as Chikungunya virus nsp1, Ebolavirus GP1,2, herpes simplex virus GP M, 

HIV-2 envelope glycoprotein, Sendai virus glycoproteins, and simian immunodeficiency 

virus (SIV) nef and envelope glycoproteins (291-294, 314-316). Similar to many other 

viruses that are restricted by BST-2, the coronavirus, hCoV-229E was also found to 
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encode a BST-2 antagonist, (314). These data suggest that much like hCoV-229E, SARS-

CoV, could be restricted by BST-2 and encode a BST-2 antagonist. 

 Many of the proteins encoded by SARS-CoV function not only for replication, 

but also as antagonists to the host immune response. The structural protein M can induce 

apoptosis and suppress NFκB activation (60, 61). The nucelocapsid protein has been 

shown to cause cell-cycle arrest, inhibit cytokinesis, inhibit translation, inhibit NFκB, 

enhance TGFβ signaling, induce COX2, and induce apoptisis (66-74). SARS-CoV nsp1 

has been shown to degrade host mRNA, inhibit translation, inhibit interferon signaling, 

and drive the cell cycle to the G0/G1 phase (79, 81, 82). PLPro has deubiquitinating and 

deISGylating activity and can block NFκB and IRF3 signaling to antagonize the 

interferon response (86-91). ORF3a has been shown to arrest the cell cycle, induce cell 

death, and activate NFκB (155-157). ORF3b has also been shown to cause cell death, cell 

cycle arrest, and act as an interferon antagonist (71, 171, 172). ORF6 also antagonizes 

interferon by inhibiting IRF3 and STAT1 (71, 177). ORF7a can induce apoptosis, cell 

cycle arrest, activation of NFκB, and activation of p38 MAP kinase (157, 178, 181-184). 

Similar to many other of the SARS-CoV proteins ORF7b and ORF8a can induce to 

apoptosis (181, 188, 193). 

 Given the diversity of enveloped viruses that BST-2 restricts, the equally diverse 

BST-2 antagonists that viruses encode, and the numerous SARS-CoV genes that encode 

antagonistic functions, the likeliness of SARS-CoV being restricted by BST-2 and 

encoding a BST-2 antagonist is very high. In this chapter we utilize an in vitro system to 

screen the proteome to identify any potential BST-2 antagonists. We identified four 

potential BST-2 antagonists, nsp1, PLPro, ORF6, and ORF7a. Since a clear role for 
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ORF7a during SARS-CoV infection has yet to be identified, we further narrowed down 

our focus to ORF7a. We showed that BST-2 is able to restrict SARS-CoV and deletion of 

ORF7a leads to a greater restriction. We also show that BST-2 restricts SARS-CoV by 

tethering emerging virus to the plasma membrane. These data further expand the role of 

BST-2 restriction to SARS-CoV and have identified a BST-2 antagonist encoded by 

SARS-CoV. 
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Results 

 

SARS-CoV proteins antagonize BST-2 expression in vitro  

Since many enveloped viruses, including the coronavirus hCoV-229E, encode 

BST-2 antagonists (289, 292, 314), we hypothesized that SARS-CoV may also do so. To 

investigate the hypothesis, plasmids encoding HA- and GFP-tagged SARS-CoV proteins 

were co-transfected into HEK293T cells with a plasmid expressing BST-2. At 24 hours 

post-transfection, BST-2 expression levels were assessed by Western blot. SARS-CoV 

proteins that resulted in either lower expression of BST-2 or lower molecular weight 

products of BST-2 were considered potential antagonists (Figure 3-1). Four SARS-CoV 

accessory proteins antagonized BST-2 expression when co-transfected (Table 1). Three 

of the proteins, papain-like protease (PLPro), ORF6, and nsp1, have been previously 

shown to be interferon antagonists(71, 79, 91). PLPro inhibits IRF3 and NFkB activation 

(91), ORF6 blocks STAT1 nuclear import, and nsp1 blocks interferon beta induction by 

degrading host mRNAs (71, 81, 177). Because the function of ORF7a is unclear, we 

decided to further study interactions between BST-2 and ORF7a. 
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Figure 3-1: SARS-CoV Proteins Screened for inhibition of BST-2 
Co-transfection of SARS-CoV proteins with BST-2 lead to decreased levels of BST-2 
expression and/or lower molecular weight BST-2. HEK293T cells were co-transfected 
with Flag tagged BST-2 and SARS proteins and analyzed by western blot. Data shown is 
representative of multiple independent experiments. 
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SARS-CoV Protein GFP-tagged HA-tagged BST-2 Effect 
PLPro + + Y 
NSP1 + + Y 
NSP4 + + N 
NSP5 + + N 
NSP6 + + N 
NSP7 + + N 
NSP8   + N 
NSP9 + + N 
NSP10 + + N 
NSP13 +   N 
NSP14   + N 
NSP15 + + N 
NSP16 + + N 
ORF3a + + N 
ORF3b + + N 
ORF6 + + Y 
ORF7a   + Y 
ORF8a   + N 
Spike + + N 
Envelope +   N 
Membrane + + N 
Nucleocapsid +   N 

 
Table 3-1: SARS-CoV Proteins Screened for inhibition of BST-2 
Co-transfection of SARS-CoV PLPro, nsp1, ORF6, and ORF7a with BST-2 lead to 
decreased levels of BST-2 expression and/or lower molecular weight BST-2. HEK293T 
cells were co-transfected with BST-2 and SARS proteins and analyzed by western blot. 
Data shown is representative of multiple independent experiments. 
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icSARS-ORF7abΔ-CoV shows defect in replication compared to icSARS-CoV when 

BST-2 is overexpressed 

Since ORF7a alters BST-2 protein levels and size, we hypothesized that an 

ORF7a deletion SARS-CoV would show a greater defect in replication compared to WT 

SARS-CoV when BST-2 is overexpressed. To test this hypothesis, we transfected 

HEK293T ACE2 cells with a plasmid expressing BST-2 or a control plasmid and 24 

hours post-transfection we infected the cells with either icSARS-CoV or a SARS-CoV 

strain with a deletion in ORF7ab (icSARS-ORF7abΔ-CoV) at an MOI of 0.1. At 24 hours 

post-infection, cells transfected with control plasmid were analyzed for the ability of both 

viruses to replicate. icSARS-CoV replicated to 1.10 x 105 PFU/mL, while in BST-2 

expressing cells icSARS-CoV replicated to significantly lower titers (p<0.01) at 3.43 x 

104 PFU/mL (Figure 3-2A). icSARS-ORF7abΔ-CoV was also significantly restricted by 

BST-2 expression at 24 and 36 hours. In control transfected cells icSARS-ORF7abΔ-

CoV replicated to 7.37 x 104 PFU/mL and 4.80 x 104 PFU/mL at 24 and 36 hours 

respectively, while in BST-2 transfected cells icSARS-ORF7abΔ-CoV replicated to 

significantly lower titers of 4.00 x 103 PFU/mL (p<0.05) and 1.10 x 104 PFU/mL 

(p<0.001) at 24 and 36 hours, respectively (Figure 3-2B). While BST-2 restricts SARS-

CoV by a small, but statistically significant amount, BST-2 restricts icSARS-ORF7abΔ-

CoV by a much greater amount, suggesting that ORF7a antagonizes BST-2.  
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Figure 3-2: icSARS-CoV and icSARS-ORF7abΔ-CoV infection of cells with and 
without BST-2 expression 
HEK293T ACE2 cells were transfected with BST-2 Flag in pCAGGS or a control 
plasmid. 24 hours post-transfection, HEK293T ACE2 cells were infected with icSARS-
CoV (A) or icSARS-ORF7abΔ-CoV (B) at an MOI of 0.1. Supernatant and cell lysate 
was taken at 12, 24, and 36 hours post-infection. Virus was titered from supernatant taken 
at 12, 24, and 36 hours. * significant at p < 0.05, ** significant at P < 0.01, *** 
significant at P < 0.001. Data shown is representative of two independent experiments. 
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icSARS-ORF7abΔ-CoV defect in replication is due to impaired virus release 

Since BST-2 has been shown to restrict virus replication by preventing virus 

release, we sought to determine if overexpression of BST-2 was preventing release of 

SARS-CoV and if icSARS-ORF7abΔ-CoV was more susceptible to BST-2 restriction. 

To determine if BST-2 was affecting release we transfected either BST-2 or a control 

plasmid into Vero cells and subsequently infected with either icSARS-CoV or icSARS-

ORF7abΔ-CoV at a MOI of 10 and 24 hours post-infection fixed the cells and imaged the 

cells using electron microscopy. When Vero cells were transfected with the control 

plasmid, both icSARS-CoV and icSARS-ORF7abΔ-CoV showed minimal accumulation 

of virions at the plasma membrane (Figure 3-3). Transfection of BST-2, has minimal 

effect on icSARS-CoV (Figure 3-3), but prevents icSARS-ORF7abΔ-CoV from being 

released into the media leading to a large accumulation of virions at the plasma 

membrane (Figure 3-3). These results confirm that, BST-2 is restricting SARS-CoV by 

preventing virus release. The accumulation of virions on BST-2-expressing cells infected 

with icSARS-ORF7abΔ-CoV further confirms that ORF7a acts as a BST-2 antagonist. 
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Figure	  3-‐3:	  BST-‐2	  tethers	  SARS-‐CoV	  to	  plasma	  membrane	  
BST-‐2	  or	  control	  plasmid	  was	  transfected	  into	  VeroE6	  cells	  and	  infected	  with	  either	  
icSARS-‐CoV	   or	   icSARS-‐ORF7abΔ-‐CoV	   at	   an	   MOI	   of	   10.	   At	   24	   hours	   post-‐infection	  
cells	  were	  fixed	  and	  imaged	  by	  electron	  microscopy.	  Transfection	  of	  BST-‐2	  leads	  to	  a	  
slight	  increased	  retention	  of	  icSARS-‐CoV	  at	  the	  plasma	  membrane	  compared	  to	  the	  
control.	   Transfection	   of	   BST-‐2	   has	   a	  much	   greater	   effect	   on	   icSARS-‐ORF7abΔ-‐CoV	  
with	  a	  large	  amount	  of	  virus	  retained	  at	  the	  surface	  compared	  to	  control	  transfected	  
cells.	  	  
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Discussion 

After the initial discovery that HIV-1 can restrict BST-2, further studies have 

identified several other DNA and RNA enveloped viruses that are restricted by BST-2 

(289-294). A recent study has also implicated BST-2 in restriction of hCoV-229E, 

suggesting that similar to other enveloped viruses, coronaviruses are susceptible to BST-2 

restriction (314). Many of the viruses that are restricted by BST-2 also encode BST-2 

antagonists to overcome BST-2 restriction (289-294, 314). Given these data from 

previous studies, we were not surprised to find that SARS-CoV is restricted by BST-2 

and encodes BST-2 antagonists. Our initial screen for BST-2 antagonists identified four 

potential BST-2 antagonists (Figure 3-1). The four potential BST-2 antagonists have 

previously identified roles in altering the host immune response (Table 3-1). SARS-CoV 

nsp1 has been shown to degrade host mRNA, inhibit translation, inhibit interferon 

signaling, and modulate the cell cycle (79, 81, 82). PLPro has been shown to 

deubiquitinate and deISGylate and block NFκB and IRF3 signaling (86-91). ORF6 has 

been shown to inhibit IRF3 and STAT1 (71, 177). Lastly, ORF7a has been shown to 

induce apoptosis, cell cycle arrest, activation of NFκB, and activation of p38 MAP kinase 

(157, 178, 181-184). While various functions for ORF7a have been identified, none have 

had a strong effect. The gap in knowledge of a function for ORF7a and the identification 

as a possible BST-2 antagonist led us to further study ORF7a. Transfection of BST-2 into 

HEK293T ACE2 cells led to restriction of icSARS-CoV and even greater restriction of 

icSARS-ORF7abΔ-CoV suggesting that ORF7a is a BST-2 antagonist (Figure 3-2). We 

also performed electron microscopy to confirm that BST-2 was functioning by tethering 

SARS-CoV to the plasma membrane. The electron microscopy data correlated with the 
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titer data that showed that icSARS-ORF7abΔ-CoV is restricted more by BST-2 than 

icSARS-CoV (Figure 3-3). These data suggest that SARS-CoV is within the repertoire of 

viruses that are restricted by BST-2. Additionally, SARS-CoV, similar to many other 

viruses that are restricted by BST-2, encodes an antagonist to overcome BST-2 restriction. 

The results of our study coupled with the previous study on hCoV-229E suggest that 

other coronaviruses may not only be restricted by BST-2, but may also encode BST-2 

antagonists. 
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Chapter 4 – SARS-CoV ORF7a interacts with BST-2 and antagonizes BST-2 

 

Introduction 

BST-2 restricts many enveloped viruses, which encode a variety of BST-2 

antagonists that function through many different mechanisms. Antagonism of BST-2 by 

HIV-1 VPU was the first antagonist that was identified and is the most well studied (289). 

HIV-1 Vpu binds BST-2 and β-TrCP2, an adaptor for an E3 ubquitin ligase complex, 

which leads to BST-2 ubiquitination, surface removal and subsequent β-TrCP2-

dependent degradation of BST-2 (311-313). Studies have shown conflicting results on 

whether BST-2 is degraded in the lysosome or proteasome (311-313). Kaposi’s sarcoma-

associated herpesvirus (KSHV) antagonizes BST-2 in a similar manner to HIV-1. KSHV 

encodes a K5, a ubiquitin ligase, that binds BST-2 in the trans-Golgi network (TGN) and 

ubiquitinates BST-2 leading to lysosomal degradation (340). While HIV-2 and SIV are 

both retroviruses that are closely related to HIV-1, both encode BST-2 antagonists that 

function differently from HIV-1. The envelope glycoproteins from HIV-2 and SIV 

antagonize BST-2 by sequestration, rather than degradation, (316). HIV-2 envelope 

glycoprotein overcomes BST-2 restriction by binding and sequestering BST-2 to the 

TGN (341). The SIV envelope glycoprotein also sequesters BST-2, but localizes to 

tubulo-vesicular structures near the Golgi, which may be related to the TGN (316). 

Herpes Simplex Virus 1 also appears to antagonize BST-2 by sequestration (293). The 

Sendai virus glycoproteins have been shown to degrade BST-2 and Chikungunya virus 

non-structural protein 1 has been shown to downregulate BST-2, although the exact 

mechanisms are unknown (291, 294). Lastly, Ebola virus GP1,2 co-localizes with BST2 
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on the cell surface and can antagonize and overcome BST-2 restriction through an as yet 

unknown mechanism (292, 317, 342). GP1,2 has no effect on BST-2 surface expression 

or total BST-2, suggesting that GP1,2 does not degrade BST-2.  

 While there are some common themes among BST-2 antagonists such as 

degradation and sequestration, many antagonists function through unidentified 

mechanisms. In this chapter, we sought to identify the mechanism by which ORF7a 

antagonizes BST-2. Since studies on HIV-1 have shown that Vpu removes BST-2 from 

the surface leading to subsequent degradation, we assayed the ability of ORF7a to 

remove BST-2 from the surface and degrade BST-2 (311-313, 340). We show that 

ORF7a does not cause surface removal or degradation of BST-2. Studies with HIV-1, 

HSV-1, and Sendai virus have all shown that BST-2 and the respective antagonists co-

localize (289, 291, 293). To determine if BST-2 and ORF7a co-localize, we utilized 

immunofluorescence and confocal microscopy. We found that BST-2 and ORF7a co-

localize and that coexpression of BST-2 and ORF7a causes ORF7a localization change.  

The localization data suggests that BST-2 and ORF7a interact, so we performed a co-

immunoprecipitation experiment with BST-2 and ORF7a. We found that ORF7a co-

immunoprecipitates with BST-2 suggesting an interaction. While co-immunoprecipitation 

suggests an interaction, it does not differentiate between a direct interaction or an 

interaction through a complex. To determine if BST-2 and ORF7a were interacting we 

used surface plasmon resonance (SPR). Surface plasmon resonance measures binding of 

substrates to proteins conjugated to a sensor chip by measuring resonance of photons 

reflected off the sensor chip. We found that unglycosylated BST-2 binds ORF7a, but 

glycosylated BST-2 binds BST-2 with a much weaker affinity. The SPR data suggested 
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that ORF7a may be affecting glycosylation, so we assayed the effect of increasing doses 

of ORF7a on BST-2. We found that increasing amounts of ORF7a leads to increasing 

levels of unglycosylated BST-2. These data suggest that ORF7a may antagonize BST-2 

through a novel mechanism. 
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Results 

 

ORF7a expression leads to lower molecular weight BST-2 within the cells, but not 

reduced BST-2 surface expression 

Since ORF7a appears to be a BST-2 antagonist we aimed to determine if SARS-

CoV ORF7a causes BST-2 surface removal and subsequent degradation, as seen in HIV-

1 Vpu protein antagonism (290, 313). Increasing amounts of SARS-CoV ORF7a were 

co-transfected with BST-2 to assay BST-2 antagonism. Increasing the amount of ORF7a 

co-transfected with BST-2 led to decreased levels of BST-2 expression and lower 

molecular weight products, suggesting that BST-2 protein levels are modulated by 

ORF7a (Figure 4-1A). Next, we sought to determine if, similarly to HIV-1 Vpu, 

expression of ORF7a led to a reduction in BST-2 surface expression (290). To assay the 

effect of ORF7a on BST-2 surface expression, we transfected BST-2 either alone or in 

combination with an ORF7a expression plasmid to compare BST-2 surface expression by 

flow cytometry. Untransfected cells exhibited little to no expression of surface BST-2. 

Cells transfected with BST-2 alone were 88.2% positive with the majority of cells in a 

highly expressing population and a smaller percentage in a lower expressing population 

(Figure 4-1B). Interestingly, increasing amounts of ORF7a had no effect on surface 

expression of BST-2 (Figure 4-1B). These data demonstrate that ORF7a co-expression 

leads to lower molecular weight BST-2 within cells, but does not cause surface removal 

of BST-2, suggesting that ORF7a may antagonize BST-2 through a mechanism other 

than surface removal. 
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Figure 4-1: ORF7a expression leads to lower molecular weight BST-2 within the 
cells, but not reduced BST-2 surface expression 
BST-2 was transfected into HEK293T cells with increasing amounts of ORF7a. At 18 
hours post-transfection cells were either lysed and analyzed by western blot or stained 
with an anti-BST-2 antibody conjugated to APC and analyzed using flow cytometry. 
Untransfected cells did not express BST-2. BST-2 transfected cells showed high BST-2 
expression and co-transfection of ORF7a and BST-2 lead to slightly decreased levels of 
BST-2 and lower molecular weight BST-2 in a dose-dependent manner (A), but did not 
lead to reduced surface expression of BST-2 (B). Data shown is representative of two 
independent experiments. 
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Lysosomal and proteosomal inhibitors do not affect BST-2 antagonism by ORF7a 

While we did not observe ORF7a dependent removal of surface BST-2, we did 

observe the appearance of lower molecular weight bands of BST-2, suggesting 

degradation of intracellular BST-2. Many other viruses, such as HIV-1, antagonize BST-

2 by degradation through either the lysosome or proteasome and, thus, we assessed 

whether lysosomal or proteosomal inhibitors could block BST-2 antagonism by ORF7a 

(311-313). We transfected with HEK293T cells with BST-2 and ORF7a and at four hours 

post-transfection, replaced the media with media containing either 20 nM Concanamycin 

A (to inhibit lysosomal degradation) or 500 nM MG-132 (to inhibit proteasome function). 

At 18 hours post-transfection, cells were lysed and analyzed by Western blot to determine 

if BST-2 was degraded. Treatment with neither Concanamycin A nor MG-132 blocked 

the ability of ORF7a to antagonize BST-2 (Figure 4-2). These data demonstrate that the 

appearance of lower molecular weight bands of BST-2 is not due to lysosomal or 

proteosomal degradation and suggests that ORF7a antagonizes BST-2 through an 

alternative mechanism. 
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Figure 4-2: Proteasomal and Lysosomal inhibitors effect on ORF7a antagonism of 
BST-2 
Increasing amounts of ORF7a was transfected into HEK293T cells. Cells were 
subsequently treated with the lysosome inhibitor, Concanamycin A, or proteasome 
inhibitor, MG132. Neither inhibitor prevented BST-2 antagonism by ORF7a. Data shown 
is representative of three independent experiments. 
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ORF7a co-localizes with BST-2 

Since icSARS-ORF7abΔ-CoV is more susceptible to BST-2 restriction and 

ORF7a appears to antagonize BST-2, we hypothesized that BST-2 and ORF7a co-

localize within the cell. To verify that ORF7a localizes to the Golgi, ORF7a was 

transfected into HEK293T cells and the cells were stained for ORF7a, as well as ER and 

Golgi markers (179, 180). ORF7a localizes primarily to the Golgi with low levels of 

protein detectable in the ER (Figure 4-3A). To determine if BST-2 and ORF7a co-

localize, we performed confocal microscopy. When transfected alone, ORF7a localizes 

primarily to the Golgi, whereas BST-2 localizes to the cytoplasmic membrane (Figure 4-

3B). When BST-2 and ORF7a are co-transfected, ORF7a no longer localizes to the Golgi 

but moves to the surface and co-localizes with BST-2 (Figure 4-3B). These data suggest 

that BST-2 and ORF7a co-localize at the cytoplasmic membrane. 



	   75	  

 
Figure 4-3: ORF7a Co-localizes with BST-2 
HEK293T cells were transfected with BST-2, ORF7a, or both. (A) ORF7a was stained 
with rabbit anti-HA primary and horse anti-rabbit AMCA secondary. ORF7a sub-cellular 
localization was confirmed using Concanavalin A to stain the ER and BODIPY TR 
Ceramide complexed to BSA to stain the Golgi. ORF7a localizes primarily to the Golgi, 
with some localization in the ER. (B) BST-2 was stained with M2 mouse anti-Flag 
primary and goat anti-mouse Texas Red secondary. BST-2 localizes primarily to the 
plasma membrane. ORF7a localizes primarily to the Golgi. When BST-2 and ORF7a are 



	   76	  

co-transfected, the two proteins co-localize together at the cytoplasmic membrane. Data 
shown is representative of each well. 
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ORF7a co-immunoprecipitates with BST-2 

Having shown that ORF7a both antagonizes and co-localizes with BST-2, we 

sought to determine if there is an interaction between the two proteins. We co-transfected 

into HEK293T cells and 18 hours post-transfection cells were lysed. We 

immunoprecipitated BST-2 and subsequently immunoblotted for both BST-2 and ORF7a. 

We found BST-2 and ORF7a present in both the input and the co-immunoprecipitation 

(Figure 4-4) suggesting an interaction between BST-2 and ORF7a, either directly or 

within a larger multi-component complex.  
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Figure 4-4: ORF7a Co-Immunoprecipiates with BST-2 
ORF7a and BST-2 were co-transfected into HEK293T cells. After expressing for 18 
hours, cells were lysed. BST-2 was immunoprecipitated with anti-Flag beads. Bound 
protein was eluted and analyzed by Western Blot. BST-2 was detected with a mouse anti-
Flag M2 antibody. ORF7a was detected with rabbit anti-HA antibodies. ORF7a was 
detected in the elution from the co-immunoprecipitation suggesting an interaction 
between ORF7a and BST-2. Data shown is representative of two independent 
experiments. 
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Direct interaction between ORF7a and BST-2 is regulated by BST-2 glycosylation 

To assess whether the extracellular domain of ORF7a interacts directly with the 

extracellular domain of BST-2, we performed Surface Plasmon resonance (SPR) analysis 

of ORF7a-BST-2 binding. In SPR, we observed that unglycosylated BST-2 expressed in 

E. coli bound to ORF7a-Fc with an affinity (KD) of 10 µM (Figure 4-5A). Binding of 

glycosylated BST-2 expressed in HEK293T cells, though, exhibited markedly weaker 

responses in identical SPR experiments, which did not reach equilibrium and, therefore, 

did not allow us to quantify a KD for this interaction (Figure 4-5B). We analyzed purified 

BST-2 expressed from E. coli and HEK293T cells by SDS-PAGE and observed that 

BST-2 expressed in E. coli has a lower molecular weight, consistent with a lack of 

glycosylation (Figure 4-5C). These data indicate that ORF7a binds directly to 

unglycosylated BST-2 with micromolar affinity and that the presence of N-linked 

glycosylation at positions 65 and 92 of BST-2 significantly weakens this interaction. 
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Figure 4-5: Binding of ORF7a to BST-2 
Shown are representative sensograms obtained in SPR experiments analyzing direct 
interaction of (A) ORF7a-Fc with unglycosylated BST-2 expressed in E. coli and (B) 
glycosylated BST-2 expressed in HEK293T cells. ORF7a-Fc was captured via 
immobilized protein A on a CM5 chip. Single-cycle kinetics were performed by injection 
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of 5µM, 10µM, 20µM, 40µM and 80µM of BST-2. (C) Purified BST-2 expressed in E. 
coli and HEK293T cells was stained with Coomassie. BST-2 expressed in E. coli has a 
lower molecular weight than BST-2 expressed in HEK293T cells due to lack of 
glycosylation. Data shown is representative of three independent experiments. 
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ORF7a expression blocks BST-2 glycosylation 

Given that ORF7a-dependent BST-2 antagonism is unaffected by lysosomal or 

proteasomal inhibitors and that ORF7a binds unglycosylated BST-2 with substantially 

higher affinity than glycosylated BST-2, we hypothesized that ORF7a may interfere with 

glycosylation of BST-2. To determine if ORF7a interferes with glycosylation, we 

transfected HEK293T cells with increasing amounts of ORF7a. Co-transfection of 

increasing amounts of ORF7a leads to lower molecular weight bands of BST-2 in a dose-

dependent manner (Figure 4-6). To confirm that the lower molecular weight bands were 

ungylcosylated, we treated lysate from cells expressing BST-2 with glycopeptidase F. 

Previous studies have shown that treatment with glycopeptidase F removes the 

glycosylation from BST-2 (299). The BST-2 lysate treated with glycopeptidase F showed 

a shift to a lower molecular weight with an identical size as the lower molecular weight 

band present when BST-2 is co-transfected with ORF7a (Figure 4-6A). To further 

confirm that co-transfection of ORF7a leads to decreased levels of unglycosylated BST-2, 

we measured the density of each band and calculated the ratio of glycosylated to 

unglycosylated BST-2. As the levels of ORF7a increase, the levels of glycosylated BST-2 

decrease (Figure 4-6B). This data suggests that ORF7a interferes with glycosylation of 

BST-2. 
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Figure 4-6: ORF7a interferes with glycosylation of BST-2 
BST-2 was transfected into HEK293T cells with increasing amounts of ORF7a. Eighteen 
hours post-transfection cells were lysed and analyzed by western blot. (A) Increasing 
levels ORF7a lead to increased levels of a lower molecular weight band of BST-2, which 
is we hypothesized to be unglycosylated BST-2. To confirm that the lower molecular 
weight band was unglycosylated BST-2, we treated lysate from BST-2 transfected cells 
with Glycopeptidase F, which deglycosylates proteins. When treated with Glycopeptidase 
F, BST-2 shifts down to the same molecular weight as the lower band of BST-2 co-
transfected with ORF7 suggesting ORF7a leads to increased levels of unglycosylated 
BST-2. (B) Density of each band was measured and the ratio of glycosylated to 
unglycosylated BST-2 was calculated and graphed.  Data shown is representative of three 
independent experiments. 
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Discussion 

	   BST-‐2	   antagonists	   function	   through	   a	   variety	   of	   both	   identified	   and	  

unidentified	  mechanisms.	  After	  demonstrating	  that	  SARS-‐CoV	  is	  restricted	  by	  BST-‐2	  

and	  ORF7a	  antagonizes	  BST-‐2,	  we	   sought	   to	   further	   investigate	   the	  mechanism	  of	  

ORF7a	   antagonism	   of	   BST-‐2.	   Since	   several	   viruses	   such	   as	   HIV-‐1	   and	   KSHV	   have	  

been	  shown	  to	  antagonize	  BST-‐2	  by	  surface	  removal	  and	  degradation,	  we	  began	  our	  

study	   by	   assaying	   degradation	   and	   BST-‐2	   surface	   expression	   (311-‐313,	   340).	  We	  

demonstrate	   that	   co-‐transfection	   of	   ORF7a	   and	   BST-‐2	   leads	   to	   a	   lower	  molecular	  

weight	  form	  of	  BST-‐2,	  but	  does	  not	  lead	  to	  BST-‐2	  degradation	  (Figure	  4-‐1A).	  Next,	  

we	  utilized	  flow	  cytometry	  to	  measure	  the	  effect	  of	  ORF7a	  BST2	  surface	  expression	  

and	   found	   that	   ORF7a	   does	   not	   cause	   BST-‐2	   surface	   removal	   (Figure	   4-‐1B).	   To	  

further	   confirm	   that	   ORF7a	   is	   functioning	   by	   a	   different	   mechanism	   than	  

degradation,	  we	  utilized	  lysosomal	  and	  proteasomal	  inhibitors,	  Concanamycin	  A	  and	  

MG132.	  Both	  Concanamycin	  A	   and	  MG132	  have	  been	   shown	   to	   inhibit	  HIV-‐1	  Vpu	  

degradation	   of	   BST-‐2	   (311-‐313).	   Concanamycin	   A	   and	   MG132	   were	   not	   able	   to	  

prevent	  ORF7a	  antagonism	  of	  BST-‐2,	   further	  confirming	  that	  ORF7a	   functions	   in	  a	  

mechanism	   other	   than	   degradation	   (Figure	   4-‐2).	   Sequestration	   is	   another	  

mechanism	  of	  BST-‐2	  antagonism	  used	  by	  HIV-‐2	  and	  SIV	  (316,	  341).	  The	  possibility	  

of	  ORF7a	  function	  by	  sequestration	  is	  ruled	  out	  by	  the	  flow	  cytometry	  data,	  which	  

shows	   co-‐transfection	   of	   ORF7a	   with	   BST-‐2	   does	   not	   have	   an	   effect	   on	   surface	  

expression.	  

Our	   data	   suggests	   that	   ORF7a	   is	   antagonizing	   BST-‐2	   through	   a	  mechanism	  

other	   than	   degradation	   and	   sequestration.	   We	   sought	   to	   further	   analyze	   the	  
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mechanism	   of	   BST-‐2	   antagonism	   by	   studying	   the	   interaction	   between	  ORF7a	   and	  

BST-‐2.	  We	  first	  assayed	  ORF7a	  and	  BST-‐2	  localization.	  When	  expressed	  separately,	  

BST-‐2	  localizes	  primarily	  to	  the	  plasma	  membrane	  and	  ORF7a	  localizes	  primarily	  to	  

the	  Golgi.	  Co-‐transfection	  of	  BST-‐2	  and	  ORF7a	  causes	  ORF7a	  localization	  to	  change.	  

ORF7a	  no	  longer	  localizes	  to	  the	  Golgi,	  but	  moves	  to	  the	  plasma	  membrane	  and	  co-‐

localizes	  with	  BST-‐2	  (Figure	  4-‐3).	  Other	  BST-‐2	  antagonists	  such	  as	  HIV-‐1	  Vpu	  and	  

HSV-‐1	  M	  have	  been	  shown	  to	  co-‐localize	  with	  BST-‐2	  (293).	  The	  co-‐localization	  data	  

suggests	  that	  BST-‐2	  and	  ORF7a	  interact,	  which	  further	  supports	  the	  role	  of	  ORF7a	  as	  

a	  BST-‐2	  antagonist.	  To	   further	  confirm	   the	   interaction	  between	  ORF7a	  and	  BST-‐2,	  

co-‐immunoprecipitation	  was	  performed.	  ORF7a	  was	  found	  to	  co-‐immunoprecipitate	  

with	  BST-‐2	  confirming	  the	  interaction.	  (Figure	  4-‐4)	  Since	  co-‐immunoprecipitation	  

demonstrates	  an	   interaction,	  we	  sought	   to	  determine	   if	   the	   interaction	   is	  direct	  or	  

through	   a	   complex.	  We	   utilized	   surface	   plasmon	   resonance	   to	   determine	   if	   direct	  

binding	   is	   occurring	   between	   ORF7a	   and	   BST-‐2.	   Surface	   plasmon	   resonance	  

measures	  direct	  binding	  of	  a	  substrate	  to	  a	  ligand.	  We	  utilized	  protein	  A	  conjugated	  

to	   a	   sensor	   chip	   to	   bind	   ORF7a.	   BST-‐2	   was	   then	   flowed	   over	   the	   sensor	   chip	   to	  

detect	  direct	  binding.	  We	  assayed	  binding	  from	  BST-‐2	  produced	  in	  mammalian	  cell	  

lines	   as	   well	   as	   E.	   coli.	   BST-‐2	   produced	   in	   E.	   coli	   bound	   ORF7a,	   while	   BST-‐2	  

produced	  in	  mammalian	  cells	  bound	  ORF7a	  much	  more	  weakly.	  BST-‐2	  produced	  in	  

mammalian	  cells	   is	  glycosylated,	  while	  BST-‐2	  produced	   in	  E.	  coli	   is	  not	   suggesting	  

that	   ORF7a	   binds	   unglycosylated	   BST-‐2	   (Figure	   4-‐5). ORF7a has been shown to 

localize to the Golgi and BST-2 has been shown to traffic through the Golgi. (179, 296, 

298). The surface plasmon resonance and the localization data suggest that ORF7a may 
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bind BST-2 in the Golgi interfering with glycosylation of BST-2. Finally, since ORF7a 

appears to interfere with glycosylation of BST-2, we co-transfected increasing doses of 

ORF7a with BST-2. Increasing doses of ORF7a led to increases in the lower molecular 

weight product of BST-2, which we suspected was the unglycosylated form of BST-2. To 

confirm that the lower molecular weight band was in fact unglycosylated band, we 

treated BST-2 with Glycopeptidase F. Glycopeptidase F has been shown to remove all 

glycosylation sites from BST-2 (Figure 4-6) (299). A previous study has shown that 

glycosylation is important for BST-2 function against HIV-1 (300). Additionally, the 

amino acids near each of the two N-linked glycosylation sites have been shown to be 

evolutionarily conserved suggesting that these areas may be important for BST-2 

function (301). These data suggest that a novel mechanism of BST-2 antagonism by 

ORF7a. If glycosylation is required for BST-2 function, ORF7a may function by 

interfering with glycosylation of BST. The conserved patches near the N-linked 

glycosylation sites may be important for BST-2 function and ORF7a may antagonize 

BST-2 by binding the conserved patches and interfering with glycosylation may be a side 

effect. In the past few years the number of viruses that are both restricted by BST-2 and 

encode BST-2 antagonists has grown. The identification of this novel mechanism of 

BST-2 antagonism by ORF7a may be present in other viruses that have not yet been 

studied in regards to BST-2.   

	  



	   87	  

Chapter 5 – BST-2 -/- mice are do not show enhanced pathology during SARS-CoV 

infection 

 

Introduction 

Since BST-2 restricts SARS-CoV replication in vitro and ORF7a deletion virus 

shows a replication defect, we sought to identify if BST-2 has a role in SARS-CoV 

replication or pathogenesis in vivo. Wild type SARS-CoV has been shown to infect mice 

and replicate, but does not cause clinical disease in BALB/c mice (237). Similar to 

humans, aged BALB/c show increased susceptibility to SARS-CoV infection and also 

show clinical illness, which better recapitulates human infection (238). To create a better 

model for SARS-CoV, a mouse-adapted virus, MA15 SARS-CoV, was created by 

passaging wild type SARS-CoV in BALB/c mice 15 times, resulting in a virus that was 

lethal in 100% of BALB/c mice and caused clinical illness similar to human infection 

(239). C57BL/6 mice are also susceptible to MA15 SARS-CoV and exhibit a non-lethal 

infection that consists of high titer replication within the lungs, lung inflammation, 

destruction of lung tissue, and loss of body weight (343). 

Several knockout mice have been created on the C57BL/6 background. MyD88 

and STAT1 -/- mice have both been shown to be more susceptible to SARS-CoV 

infection than wild type C57BL/6 mice (343, 344). BST-2 -/- mice have been created on 

a C57BL/6 background (345). Infection of C57BL/6 BST-2 -/- mice with Moloney 

murine leukemia virus (MMLV), vesicular stomatitis virus expressing OVA (VSV-OVA), 

and influenza B (FluB) showed mixed results. In both wild type C57BL/6 and C57BL/6 

BST-2 -/- mice, MMLV replicated to similar titers. Surprisingly, early in infection VSV-
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OVA and FluB replicated to slightly lower titers in C57BL/6 BST-2 -/- mice compared to 

wild type C57BL/6 mice(345). The increase in virus titer in the wild type C57BL/6 mice 

may be due to a enhanced entry similar to what is seen in human Cytomegalovirus (295). 

Also, contrary to previous studies, which suggests that BST-2 downregulates interferon, 

C57BL/6 BST-2 -/- mice showed a decreased interferon response compared to wild type 

C57BL/6 mice expressing BST-2 (334, 345). 

 A previous study using SARS-CoV with an ORF7a deletion has shown that at 

day 2 postinfection the deletion virus replicates to similar titers as wild type virus(147). 

The study did not measure weight loss or lung pathology and only measured virus titer at 

two days postinfection. A more in depth study with the ORF7a deletion virus may reveal 

a phenotype in mice. 

In this chapter we utilize the more pathogenic MA15 SARS-CoV and the less 

pathogenic icSARS-CoV and icSARS-ORF7abΔ-CoV in wild type C57BL/6 and 

C57BL/6 BST-2 -/- mice. We show similar virus replication, pathology, and weight loss 

in both wild type C57BL/6 and BST-2 -/- C57BL/6 mice infected with MA15 SARS-

CoV. We also show similar virus replication, pathology, and weight loss when wild type 

C57BL/6 and C57BL/6 BST-2 -/- mice infected with both icSARS-CoV and icSARS-

ORF7abΔ-CoV. 
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Results 

 

C57BL/6 WT and BST-2 -/- mice show similar weight loss and virus replication in 

lungs when infected with MA15 SARS-CoV 

To determine the effect of BST-2 in SARS-CoV in vivo, we infected C57BL/6 

WT and BST-2 -/- with 1 x 105 PFU of MA15 SARS-CoV. The mice were weighted 

daily as a measure of morbidity and lungs were harvested at day 2, day 5, and day 9 post-

infection to measure virus titer. Both the C57BL/6 WT mice and the C57BL/6 BST-2 -/- 

lost weight during infection with MA15 SARS-CoV (Figure 5-1A). MA15 SARS-CoV 

replicated to similar titers in C57BL/6 WT and C57BL/6 BST-2 -/- (Figure 5-1B). These 

data suggest that the lack of BST-2 has no effect on SARS-CoV infection in C57BL/6. 



	   90	  

 
Figure 5-1: C57BL/6 WT and C57BL/6 BST-2 -/- mice infected with SARS-CoV 
MA15 
(A) Weight loss in WT and BST-2 -/- mice infected with SARS-CoV MA15 or a PBS 
control. The error bars indicate standard deviations. (B) SARS-CoV MA15 lung titers in 
WT and BST-2 -/- mice. 
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C57BL/6 WT and BST-2 -/- mice show similar lung pathology when infected with 

MA 15 SARS-CoV 

While C57BL/6 WT and BST-2 -/- mice show similar weight loss and virus replication in 

lungs when infected with MA15 SARS-CoV, previous studies have shown phenotypes in 

mice by lung pathology. To determine if there were pathological differences between 

C57BL/6 WT and BST-2 -/- infected with MA15 SARS-CoV mouse lungs were 

harvested at day 2, day 5, and day 9 postinfection. Lungs were sectioned and stained with 

hematoxylin and eosin and analyzed by a pathologist. Both WT and BST-2 -/- mice 

infected with MA15 show bronchiolar sloughing at 2 days postinfection with significant 

cell debris in the bronchioles. A peribronchiolar and periarteriolar mixed inflammatory 

infiltrate consisting of eosinophils and neutrophils was observed. By 5 days postinfection, 

in both mice, airways were generally clear of cell debris and ciliated epithelial cells were 

present in the bronchioles. Inflammation was still present, presenting with mainly 

eosinophils and macrophages in focal regions, primarily surrounding small airways. By 9 

days postinfection, some lymphocyte cuffing around vessels and larger airways was 

present. Although some cuffing was present, inflammatory infiltrates were minimal, and 

the lungs had returned to their preinfection state, but the BST-2 -/- mice did show slightly 

more inflammation (Figure 5-2A). The lung sections were scored by a pathologist based 

on interstitial, peribronchiolar, and perivascular inflammation (Table 2-2). The clinical 

score between WT and BST-2 -/- mice at day 2, day 5, and day 9 postinfection was 

nearly identical (Figure 5-2B). The similarity in lung pathology and clinical scores 

between WT and BST-2 -/- mice suggest BST-2 may not play a crucial role in vivo role 

in SARS-CoV infection.  
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Figure 5-2: C57BL/6 WT and C57BL/6 BST-2 -/- mice infected with SARS-CoV 
MA15 
(A) H&E staining of WT and BST-2 -/- mice infected with SARS-CoV MA15 or PBS 
control. (B) Clinical Score of WT and BST-2 -/- mice infected with SARS-CoV MA15 or 
PBS control. 
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C57BL/6 WT and BST-2 -/- mice show similar weight loss and virus replication in 

lungs when infected with icSARS-CoV and icSARS-ORF7abΔ-CoV 

To determine the effect of BST-2 in SARS-CoV in vivo, we infected C57BL/6 

WT and BST-2 -/- with 1 x 105 PFU of icSARS-CoV or icSARS-ORF7abΔ-CoV. The 

mice were weighted daily as a measure of morbidity and lungs were harvested at day 2 

and day 5 post-infection to measure virus titer. Previous studies have shown that 

C57BL/6 WT mice do not lose weight during icSARS-CoV infection although virus 

replication does occur in the lungs (343). icSARS-ORF7abΔ-CoV has been shown to 

replicate to similar titers as icSARS-CoV in mice (147). Neither the C57BL/6 WT mice 

nor the C57BL/6 BST-2 -/- lost weight during infection with icSARS-CoV or icSARS-

ORF7abΔ-CoV (Figure 5-3A).  Similar to previous studies, icSARS-CoV and icSARS-

ORF7abΔ-CoV replicated to similar titers in C57BL/6 WT and C57BL/6 BST-2 -/- mice 

(Figure 5-3B). These data suggest that the lack of BST-2 has no effect on SARS-CoV 

infection in C57BL/6 and that ORF7a antagonism of BST-2 is not necessary for in vivo 

replication of SARS-CoV. 

  



	   94	  

 
Figure 5-3: C57BL/6 WT and C57BL/6 BST-2 -/- mice infected with icSARS-CoV 
and icSARS-ORF7abΔ-CoV 
(A) Weight loss in WT and BST-2 -/- mice infected with icSARS-CoV, icSARS-
ORF7abΔ-CoV, or PBS control. The error bars indicate standard deviations. (B) icSARS-
CoV and icSARS-ORF7abΔ-CoV lung titers in WT and BST-2 -/- mice. (C) H&E 
staining of WT and BST-2 -/- mice infected with icSARS-CoV, icSARS-ORF7abΔ-CoV, 
or PBS control. 
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C57BL/6 WT and BST-2 -/- mice show similar lung pathology when infected with 

icSARS-CoV and icSARS-ORF7abΔ-CoV 

While C57BL/6 WT and BST-2 -/- mice show similar weight loss and virus 

replication in lungs when infected with icSARS-CoV and icSARS-ORF7abΔ-CoV, 

previous studies have shown phenotypes in mice by lung pathology. To determine if there 

were pathological differences between C57BL/6 WT and BST-2 -/- infected with 

icSARS-CoV and icSARS-ORF7abΔ-CoV, mouse lungs were harvested at day 2 and day 

5 post-infection. Lungs were sectioned and stained with hematoxylin and eosin and 

analyzed by a pathologist. On day 2, both WT and BST-2 -/- mice infected with icSARS-

CoV and icSARS-ORF7abΔ-CoV show a small amount of peribronchiolar and 

periarteriolar inflammatory infiltration consisting of eosinophils and neutrophils. By 5 

days postinfection, a small amount of inflammation was seen surrounding the airways, 

which were clear. (Figure 5-4A). The lung sections were scored by a pathologist based 

on interstitial, peribronchiolar, and perivascular inflammation (Table 2-2). The clinical 

scores between WT and BST-2 -/- mice infected with icSARS-CoV and icSARS-

ORF7abΔ-CoV at day 2 and day 5 postinfection showed some variation, but there was no 

correlation between mouse strain or virus (Figure 5-4B). The similarity in lung 

pathology and clinical scores between WT and BST-2 -/- mice suggest BST-2 may not 

play a crucial role in vivo role in SARS-CoV infection. 
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Figure 5-4: C57BL/6 WT and C57BL/6 BST-2 -/- mice infected with icSARS-CoV 
and icSARS-ORF7abΔ-CoV 
(A) H&E staining of WT and BST-2 -/- mice infected with icSARS-CoV, icSARS-
ORF7abΔ-CoV, or PBS control. (B) Clinical Score of WT and BST-2 -/- mice infected 
with icSARS-CoV, icSARS-ORF7abΔ-CoV, or PBS control. 
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Discussion 

 The majority of studies on the role of BST-2 have been conducted in vitro, 

leaving a gap in knowledge of the role of BST-2 in vivo. The limited work on the in vivo 

role of BST-2 has not produced definitive results (345). We utilized SARS-CoV MA15 in 

both wild type C57BL/6 and BST-2 -/- C57BL/6 mice. We did not see a difference in 

virus replication, lung pathology, or weight loss. The pathogenicity of SARS-CoV MA15 

may conceal any differences between the wild type C57BL/6 and C57BL/6 BST-2 -/- 

mice because any effect of BST-2 may be minor compared to the mouse-adapted virus. 

Ideally, we would also utilize a mouse-adapted icSARS-ORF7abΔ-CoV. Incorporation of 

the ORF7abΔ into the mouse-adapted virus led to genomic instability and we were unable 

to recover virus. We infected C57BL/6 and C57BL/6 BST-2 -/- mice with icSARS-CoV 

and icSARS-ORF7abΔ-CoV. Since icSARS-CoV does not cause pathology in mice, we 

hoped to identify any increased pathology in the C57BL/6 BST-2 -/- mice. Upon 

infection of wild type C57BL/6 and C57BL/6 BST-2 -/- mice with icSARS-CoV and 

icSARS-ORF7abΔ-CoV, the mice again showed similar virus replication, lung pathology, 

and weight loss. 

 The similarity in weight loss, lung pathology, and virus titer between wild type 

C57BL/6 and C57BL/6 BST-2 -/- may be due to several factors. Many of the proteins 

encoded by SARS-CoV function not only for replication, but also as antagonists to the 

host immune response. SARS-CoV nucleocapsid, nsp1, PLPro, ORF3b, and ORF6 have 

all been shown to inhibit the interferon response (71, 79, 91, 177). The SARS-CoV 

interferon antagonists may prevent interferon production thereby blocking induction of 

BST-2 during SARS-CoV infection (327). If the SARS-CoV interferon antagonists do 
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not block BST-2 expression, BST-2 may not be expressed at high enough levels to 

restrict SARS-CoV. The in vitro restriction of SARS-CoV, may be due to the BST-2 

being overexpressed and in vivo expression of BST-2 may not be high enough to restrict 

BST-2. Even if BST-2 is expressed at levels high enough to restrict SARS-CoV, we have 

identified three other potential BST-2 antagonists, which may antagonize BST-2 

sufficiently to overcome the loss of ORF7a. SARS-CoV nsp1 has been shown to degrade 

host mRNA, inhibit translation, inhibit interferon signaling, and modulate the cell cycle 

(79, 81, 82). PLPro has been shown to deubiquitinate and deISGylate and block NFκB 

and IRF3 signaling (86-91). ORF6 has been shown to inhibit IRF3 and STAT1 (71, 177). 
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Chapter 6- Further Discussion and Future Directions 

 

Our studies further expand the role of BST-2 in restriction of enveloped viruses 

and have identified SARS-CoV ORF7a as a BST-2 antagonist. We screened the SARS-

CoV proteome and identified four potential BST-2 antagonists, one of which was SARS-

CoV ORF7a. While ORF7a has been shown to induce apoptosis, a definitive role has not 

been established for ORF7a during infection. We show that overexpression of BST-2 in 

cell culture restricts SARS-CoV. Since restriction by BST-2 was modest, we 

hypothesized that SARS-CoV, like many other viruses, encodes a BST-2 antagonist(s). 

Deletion of viral BST-2 antagonists, such as HIV-1 Vpu, leads to reduced viral loads 

(289). Similarly, we found that deletion of ORF7a leads to greater restriction by BST-2 

when compared to wild-type SARS-CoV, further supporting the role of ORF7a as a BST-

2 antagonist. Co-expression of BST-2 and ORF7a leads to lower molecular weight of 

BST-2 protein, although there is no effect on BST-2 surface localization, suggesting a 

mechanism distinct from that utilized by HIV-1 Vpu, which removes BST-2 protein from 

the surface and induces degradation (290, 312, 313). To confirm that the mechanism of 

BST-2 antagonism utilized by ORF7a is not by degradation through the lysosome or 

proteasome, we used the inhibitors Concanamycin A and MG132, which have been show 

to block BST-2 antagonism by HIV-1 Vpu (312, 313). Neither Concanamycin A nor 

MG132 was able to reverse BST-2 antagonism by ORF7a, further suggesting that ORF7a 

antagonizes BST-2 through a distinct mechanism to that of HIV-1 Vpu. Additionally, co-

expression of BST-2 and ORF7a leads to relocalization of ORF7a from the Golgi to the 

plasma membrane, overlapping with BST-2 suggesting an interaction between ORF7a 
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and BST-2. We have confirmed the interaction of ORF7a and BST-2 using multiple 

assays. Immunoprecipitation of BST-2 demonstrated that ORF7a is associated with BST-

2. Interestingly, surface plasmon resonance shows that ORF7a directly binds to 

unglycosylated BST-2, but not glycosylated BST-2. Previous studies have suggested that 

the glycosylation of BST-2 is required for BST-2 anti-viral activity (300) and the amino 

acid residues surrounding the N-linked glycosylation sites are evolutionarily conserved in 

BST-2 suggesting that these amino acids may be important for BST-2 function (301). 

Taken together, the co-immunoprecipitation, co-localization, and SPR data suggests that 

ORF7a may function by preventing glycosylation of BST-2. We hypothesize that while 

BST-2 is trafficking through the ER and Golgi to the surface, ORF7a and BST-2 interact 

in the Golgi, where ORF7a binds unglycosylated BST-2 and either directly prevents 

glycosylation of BST-2 or binds to the evolutionarily conserved sites and as a side-effect 

blocks N-linked glycosylation. While a variety of enveloped viruses encode BST-2 

antagonists, those antagonists function by different mechanisms. HIV-1 Vpu and Kaposi-

Sarcoma Herpesvirus K5 both ubiquitinate BST-2, leading to surface removal and 

subsequent lysosomal degradation (289, 290, 340). HIV-2 Env also removes BST-2 from 

the surface, but rather than being degraded, BST-2 is relocated to the trans-Golgi network 

and cannot function as a cytoplasmic membrane tether (346). SIV Env removes BST-2 

from the surface through BST-2 internalization by endocytosis (315, 347). Ebolavirus 

GP1,2 does not remove BST-2 from the surface, but antagonizes BST-2 through an as yet 

unknown mechanism (317).  The diverse mechanisms of known BST-2 antagonists 

demonstrate that viruses have independently evolved many different ways of 

antagonizing BST-2, an important restriction factor for any enveloped virus. It is possible 
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that all enveloped viruses encode, in most cases undiscovered, BST-2 antagonists that act 

by a variety of mechanisms.  

To further investigate the role of BST-2 in regard to SARS-CoV, we utilized an in 

vivo model system using C57BL/6 WT and BST-2 -/- mice. Previous studies have not 

shown any defects in icSARS-ORF7abΔ-CoV replication in vivo. Additionally, infection 

of C57BL/6 BST-2 -/- mice has not demonstrated a phenotype when infected with 

various viruses (345). 

The absence of a difference in weight loss and virus titer may be due to several 

reasons. SARS-CoV has several potent interferon antagonists, which may prevent 

induction of BST-2 expression and subsequent anti-viral restriction (71, 79, 91, 177, 327). 

If BST-2 is expressed, the levels may not be high enough to restrict SARS-CoV. While 

BST-2 restricted SARS-CoV replication in cell culture, the levels of BST-2 during 

overexpression may be significantly higher than in vivo. Lastly, if BST-2 is expressed at 

sufficiently high levels, we have identified several other potential BST-2 antagonists, 

which may compensate for the loss of ORF7a.  

In this study we have identified a new host protein that inhibits SARS-CoV 

replication and a protein encoded by SARS-CoV that circumvents the restriction. Our 

studies suggest that SARS-CoV ORF7a may antagonize the function of BST-2 by 

interfering with its glycosylation while binding and trafficking with it from the Golgi to 

the plasma membrane. 

This study, along with previous work on BST-2 solidifies BST-2 as another 

emerging interferon-induced antiviral restriction factor that plays an important role in the 

host response against a variety of viruses (240-251, 289-294, 314, 327). Similar to other 
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ISGs, which target features and/or mechanism conserved across most viruses, BST-2 

targets the viral envelope (252, 289, 290). Much like PKR, MxA, the OAS family, ISG15, 

Trim 19, IFIT family, and IFITM family proteins, BST-2 can restrict a variety of viruses 

(253-255, 267-270, 274, 276, 278, 279). 

In our study we have expanded the role of BST-2 restriction to an additional 

coronavirus, SARS-CoV, a virus of great importance to public health. The emergence of 

Middle Eastern Respiratory coronavirus in 2012 highlights the importance of continued 

research on coronaviruses and the interaction with host antiviral restriction factors (348-

350).  
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Proposed Model 

	   The	  collective	  data	  from	  this	  study	  has	  suggested	  a	  model	  of	  an	  evolutionary	  

arms	  race	  and	  interaction	  between	  SARS-‐CoV	  and	  BST-‐2.	  BST-‐2	  expression	  exhibits	  

a	  small	  restriction	  on	  SARS-‐CoV	  replication	  by	  tethering	  SARS-‐CoV	  to	  the	  plasma	  

membrane.	  SARS-‐CoV	  is	  able	  to	  overcome	  BST-‐2	  restriction	  through	  ORF7a,	  which	  

antagonizes	  BST-‐2.	  BST-‐2	  traffics	  through	  the	  ER	  and	  Golgi	  and	  localizes	  to	  the	  

plasma	  membrane.	  ORF7a	  also	  traffics	  through	  the	  ER	  and	  localizes	  to	  the	  Golgi.	  We	  

propose	  that	  ORF7a	  is	  binding	  BST-‐2	  in	  the	  ER	  and/or	  Golgi,	  thereby	  blocking	  

glycosylation	  (Figure	  6-‐1).	  The	  BST-‐2/ORF7a	  complex	  then	  follows	  BST-‐2	  

localization	  and	  traffics	  to	  the	  plasma	  membrane.	  Although	  BST-‐2	  localizes	  to	  the	  

correct	  location,	  the	  ability	  to	  inhibit	  viral	  release	  is	  blocked	  by	  the	  binding	  of	  

ORF7a.	  Binding	  of	  ORF7a	  may	  function	  in	  two	  ways.	  First,	  ORF7a	  may	  interfere	  with	  

glycosylation,	  which	  has	  previously	  been	  shown	  to	  be	  necessary	  for	  BST-‐2	  function.	  

Second,	  ORF7a	  may	  bind	  the	  conserved	  patches	  near	  the	  N-‐linked	  glycosylation	  sites.	  

The	  evolutionary	  conservation	  of	  these	  patches	  suggests	  importance	  in	  terms	  of	  

BST-‐2	  function	  and	  binding	  of	  ORF7a	  at	  the	  conserved	  patches	  may	  prevent	  BST-‐2	  

function.	  The	  loss	  of	  glycosylation	  may	  be	  a	  side	  effect	  of	  ORF7a	  binding	  these	  

conserved	  patches	  and	  may	  not	  play	  a	  role	  in	  the	  function	  of	  BST-‐2.	  The	  antagonism	  

of	  ORF7a	  by	  BST-‐2	  subsequently	  allows	  for	  efficient	  release	  of	  SARS-‐CoV	  virions	  and	  

efficient	  replication.	  

	   There	  are	  several	  aspects	  of	  this	  model	  that	  can	  be	  further	  studied.	  The	  exact	  

interaction	  between	  ORF7a	  and	  BST-‐2	  needs	  to	  be	  elucidated.	  Since	  ORF7a	  and	  BST-‐

2	  directly	  bind,	  X-‐Ray	  crystallography	  of	  the	  ORF7a-‐BST-‐2	  complex	  may	  be	  one	  tool	  
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that	  can	  be	  utilized	  to	  further	  understand	  this	  interaction.	  A	  more	  conventional	  

method	  that	  can	  be	  utilized	  to	  study	  this	  interaction	  between	  BST-‐2	  and	  ORF7a	  is	  

alanine	  scanning	  mutagenesis.	  Alanine	  scanning	  mutagenesis	  has	  the	  potential	  to	  

identify	  the	  amino	  acids	  that	  interact	  between	  ORF7a	  and	  BST-‐2.	  The	  role	  of	  

glycosylation	  in	  BST-‐2	  function	  needs	  to	  be	  further	  elucidated	  since	  studies	  have	  

produced	  conflicting	  results.	  Mutation	  of	  the	  N-‐linked	  glycosylation	  sites	  may	  allow	  

further	  insight	  into	  the	  mechanism	  of	  BST-‐2	  antagonism	  by	  differentiating	  between	  

ORF7a	  blocking	  glycosylation	  and	  ORF7a	  binding	  the	  conserved	  sites.	  Previous	  

studies	  have	  examined	  the	  evolutionary	  pressure	  by	  retroviruses	  on	  BST-‐2	  in	  non-‐

human	  primates.	  While	  the	  short	  length	  of	  SARS-‐CoV	  outbreak,	  especially	  on	  the	  

evolutionary	  time	  scale,	  is	  too	  short	  to	  analyze	  the	  selective	  pressure	  on	  BST-‐2,	  the	  

selective	  pressure	  on	  ORF7a	  could	  be	  analyzed	  due	  to	  the	  high	  mutation	  rate	  of	  

coronaviruses.	  The sequence of ORF7a from SARS-CoV strains associated with palm 

civets (Paguma larvata), raccoon dogs (Nyctereutes procyonoides), Chinese horseshoe 

bats (Rhinolophus sinicus), and humans can be analyzed alongside BST-2 from the 

respective species to identify positive selection on ORF7a.	  	  
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Figure 6-1: Proposed model of BST-2 restriction and ORF7a antagonism of BST-2 
BST-2 restricts SARS-CoV by tethering virions to the plasma membrane (1). ORF7a 
overcomes BST-2 restriction by binding BST-2 in either the ER (2) or Golgi (3) and 
trafficking with BST-2 to the plasma membrane (4). At the plasma membrane, bound 
ORF7a blocks BST-2 function, allow for efficient release of SARS-CoV virions (5). 
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Summary 

This study has demonstrated that BST-2 restricts SARS-CoV viral replication and SARS-

CoV encodes a BST-2 antagonist that allows SARS-CoV to overcome BST-2 restriction. 

We have demonstrated that overexpression of BST-2 restricts SARS-CoV replication by 

tethering SARS-CoV virions to the plasma membrane. We have identified a novel role 

for SARS-CoV ORF7a in counteracting BST-2 restriction. SARS-CoV lacking ORF7a 

shows an even greater restriction of SARS-CoV by BST-2. We have also identified a 

novel mechanism of BST-2 antagonism by ORF7a binding unglycosylated BST-2. We 

have examined the in vivo role of BST-2 using a SARS-CoV mouse model. Although 

BST-2 -/- mice did not show increased pathogenesis, virus titer, or weight loss, we have 

identified several mechanisms that may prevent the discovery of a clear phenotype in 

BST-2 -/-. 
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