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ABSTRACT 

 

Anne E. Beall: Models of Coronavirus Pathogenesis and Immunity 

(Under the direction of Ralph Baric) 

 

Coronaviruses, including Severe Acute Respiratory Syndrome Coronavirus (SARS-

CoV), Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and Porcine Epidemic 

Diarrhea Virus (PEDV) are important emerging viruses that are capable of producing sudden 

pandemic disease outbreaks with high morbidity, mortality, and economic losses in both animal 

and human populations. In this study, we aim to identify and understand cofactors of severe 

disease and immune response to infection, including physiological and genetic mechanisms that 

contribute to pathogenesis. 

- 

Porcine epidemic diarrhea virus is a highly pathogenic alphacoronavirus. To study the 

genetic factors that regulate pathogenesis and transmission, we developed a molecular clone of 

PEDV strain PC22A. Our data describe the development of a robust reverse genetic platform for 

identifying genetic factors that regulate pathogenic outcomes and transmission efficiency in vivo, 

providing key infrastructural developments for developing and evaluating the efficacy of live 

attenuated vaccines and therapeutics in a clinical setting.   

- 

Severe acute respiratory syndrome (SARS) is a highly lethal human respiratory disease 

caused by SARS-coronavirus (SARS-CoV), a virus family marked by increasingly frequent 

outbreaks, pre-emergent zoonotic viruses, and high mortality rates. Though immune responses to 
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SARS-CoV have been well studied, the role of B cells and antibody in early viral clearance and 

disease control is unclear. Our findings demonstrate an important role for B cell immunity in 

SARS-CoV clearance and support the use of early serum transfer and antibody treatment during 

future coronavirus outbreaks. 

- 

Obesity is a known risk factor for severe outcomes from respiratory virus infection. 

Increasing rates of obesity globally and ongoing CoV outbreaks demonstrate the need for 

investigation into the relationship between obesity and CoV disease. This study evaluates a diet 

induced obesity model of SARS-CoV infection in the conventional B6 diet induced obesity 

model. Additionally, diet induced obesity concurrent with SARS-CoV infection is evaluated in a 

recombinant inbred collaborative cross mouse model to compare the relative impacts of diet and 

genetics on SARS-CoV pathogenesis.  Our findings underline the importance of host heath and 

genetic variability on infectious disease pathogenesis, and point toward a need for increased 

research into complex host models of infectious disease. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Coronaviruses 

1.1.1 Coronaviridae 

Coronaviruses are a species of virus belonging to the family Coronaviridae in the order 

Nidovirales. Within Coronaviridae and subfamily Coronavirinae there are 4 genera: 

Alphacoronavirus, including the highly virulent enteric virus, Porcine Epidemic Diarrhea Virus 

(PEDV); Betacoronavirus, including the lethal human respiratory outbreak viruses, Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV) and Severe Acute Respiratory Syndrome 

Coronavirus (SARS-CoV); Deltacoronavirus, which primarily infects animals such as pigs and 

birds; and Gammacoronavirus, which primarily infects birds and whales (1). Data supports a 

distinction between the evolution of these genera, with Alphacoronavirus and Betacoronavirus 

likely evolving from a bat coronavirus source, while Deltacoronavirus and Gammacoronavirus 

likely evolved from an avian coronavirus gene pool (2). 

Coronaviruses are enveloped, positive stranded RNA viruses with a large genome of 

approximately 30kb in length (Fig 1.0). Coronavirinae are spherical in shape, approximately 

150nm in diameter, and marked by their spike structures extending from the virion; these spikes 

covey a crown appearance to the virion (hence, Corona) and are important in receptor binding 

during infection. The genome contains a 5’ cap structure and a 3’ poly (A) tail and can function 

as mRNA for translation of its replicase polyproteins. The 5’ end of the genome contains a leader 

sequence and untranslated region (UTR) which contain the various stem loop structures required 
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for replication and transcription (3). Structural proteins common to coronaviruses include the 

Spike (S), Envelope (E), Nucleocapsid (N), and Membrane (M) proteins. A variety of luxury 

functions are encoded in Coronavirus genomes, which oftentimes function in innate immune 

evasion and pathogenesis, but are not essential for virus replication in cell culture.  In addition, 

the 5’ end of the genome encodes 2 large open reading frames which encode novel replicase, 

helicase and RNA modifying enzymes, essential for virus replication.  Unique to Coronaviruses, 

the genome encodes an nsp14 exonuclease replicase protein responsible for increased replication 

fidelity- likely required for efficient large RNA genome maintenance and replication. 

Coronavirus replication itself is accomplished via full length and subgenomic negative strand 

RNA intermediates, which serve as templates for both genomic and sub-genomic, nested mRNA 

synthesis, which are a distinctive property of the virus order Nidovirales (3).  

1 fig 1.0 
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Coronaviruses infect species ranging from avian to mammalian, and span disease 

etiologies from a mild gastrointestinal upset to high mortality acute respiratory distress syndrome 

(ARDS). Many of the highly pathogenic coronaviruses, of note here PEDV, SARS-CoV, and 

MERS-CoV, are thought to have emerged from bat coronaviruses with or without an 

intermediate host species (2, 4-7). This is of import because, although coronavirus studies are 

focused primarily on the most pathogenic human outbreak viruses – namely, SARS-CoV and 

MERS-CoV – recent research has shown that pre-emergent zoonotic viruses are poised to 

colonize mammalian species (8, 9). As both population density and human development 

increase, these coronaviruses may be capable of causing devastating outbreaks in human or 

animal populations in the future. 

 

 

1.2 Human Respiratory Coronaviruses 

1.2.1 Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) 

SARS-CoV is a highly pathogenic human respiratory virus that emerged in 2002-2003 in 

southern China, infecting over 8,000 individuals and killing 774. The mortality rate varies by age 

and comorbidity, but averages 14-15% according to the World Health Organization (10). Initial 

infection causes flu-like symptoms and may include fever, lethargy, cough, and other symptoms. 

If disease progresses to a severe state, individuals may develop ARDS, a disease marked by 

widespread inflammation in the lungs due to diffuse tissue injury to the bronchioles and alveoli 

(11, 12). ARDS is associated with a 20-50% mortality rate dependent on patient age and 

underlying medical condition (13). This was the first known large-scale outbreak of a highly 

virulent coronavirus in a human population. Though no human cases of SARS have been seen 
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since 2004, research into SARS and human coronaviruses has focused on efforts to better 

understand the virus, ARDS related pathogenic phenotypes, and possible treatment and vaccine 

modalities.  

1.2.2 Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 

MERS is a viral respiratory infection likely spread from bats via a camel intermediary (7, 

14). MERS causes a respiratory disease similar to that of SARS in humans, including ground 

glass opacity in lung scans, diffuse alveoli damage and hyaline membrane formation in lung 

pathology (15). MERS-CoV first emerged in 2012 and is currently circulating in the Middle 

East, and causes mortality at a rate of approximately 36% (16, 17). Currently, just over 2,200 

human cases have been recorded. Human-to-human transmission has been less common than 

during the SARS-CoV outbreak, and generally requires close contact with an infected person 

(18, 19). More alarmingly, asymptomatic spread has been documented and the virus is capable of 

causing large outbreaks in other countries, like South Korea (20). Various treatments and 

vaccines are in development, though no MERS-specific treatments are currently available. 

 

1.3 Zoonotic Coronaviruses 

Coronaviruses are capable of causing disease in many commercially valuable farm and 

companion animals, including pigs (porcine epidemic diarrhea virus, transmissible gastroenteritis 

coronavirus), cows (bovine coronavirus), cats (feline coronavirus), dogs (canine coronavirus), 

chickens and turkeys (infectious bronchitis virus, turkey coronavirus) and other species (2, 21). 

For the purposes of this document, we will focus on PEDV and pre-emergent bat coronaviruses. 
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1.3.1 Porcine Epidemic Diarrhea Virus (PEDV) 

PEDV is a porcine coronavirus which has circulated internationally for many decades, 

first described in Europe in the early 1980’s. Though historically PEDV has not been a highly 

pathogenic agent, highly pathogenic strains emerged in Asia in the early 2,000’s and have 

continued to cause sporadic but virulent outbreaks in present times (22). In 2013, a Hong Kong 

PEDV strain emerged in the  United States when an outbreak occurred in Indiana (23). PEDV 

quickly spread through livestock herds and killed 10% of United States farm swine population 

within the first year (22). This strain, known as PC22A, is particularly virulent in nursing piglets, 

where up to 100% of piglets succumb to disease. Piglets showed weight loss, diarrhea, and 

severe lethargy, generally dying within the first week of infection. PC22A proved to be highly 

transmissible via the fecal-oral route and was quickly transmitted between farms and states (24). 

In vivo, PEDV infects epithelial lining the intestine and stomach of the pigs via the APN receptor 

(25). The outbreak proved to be highly lethal and devastating for the pork industry in the United 

States (26). Currently, three PEDV vaccines are available, two of which convey lactogenic 

immunity by passing on maternal antibodies from inoculated sows. These vaccines show 

significantly improved survival amongst piglets (27, 28). However, outbreaks are an ongoing 

issue, specifically in winter months or with naive generations of sows (29). 

 

 

1.4 Pre-Emergent Coronaviruses 

Recent studies have found SARS-like viruses isolated from bats that are “poised for 

human emergence.” In multiple studies, Menachery et. al. describe a cluster of bat coronaviruses, 

including SHC014-CoV and WIV-1-CoV, which are capable of binding, infecting, and 
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replicating in human cells (8, 9). In particular, SHC014-CoV binds the same angiotensin 

converting enzyme 2 (ACE2) receptor as SARS-CoV in human, civet, mouse and bat cells, 

replicates efficiently in primary human airway epithelial cells (HAE), and fails to be neutralized 

by anti-SARS monoclonal antibodies. These studies were the first to investigate the prepandemic 

potential of novel bat coronaviruses to infect primary human airway cells, and as such have 

increased awareness of possible zoonotic clusters of coronavirus pools capable of jumping into 

human populations (8, 9, 30, 31). These viruses also resist existing human monoclonal antibody 

treatments and experiment vaccines targeting epidemic SARS-CoV. Since this time, other pre-

emergent SARS-like bat coronaviruses like WIV-1 and WIV-16 have been identified in bats, 

enforcing the concept of a readily available pool of bat coronaviruses that are capable of efficient 

replication in human lung tissues. These coronaviruses caution us of potential human outbreaks 

and show us the necessity of research into treatments for not only past, but pre-emergent 

coronaviruses. 

 

Table 1.1: Pathogenic Coronaviruses 

Coronavirus Host 
Model 

Organism 
Receptor 

Outbreak 

Year 
Mortality Symptoms 

SARS-CoV Human Mouse Ace2 2002 14-15% 

Mild: flu-like 

symptoms, fever, 

cough, malaise. 

Severe: ARDS, severe 

lung damage, death. 

MERS-CoV Human 

288-330 

mouse, or 

other DPP4 

mouse 

models 

DPP4 2012 36% 

Mild: flu-like 

symptoms, fever, 

cough, malaise. 

Severe: ARDS, severe 

lung damage, death. 

PEDV Pig 
Gnotobiotic 

pigs 
APN 

2013 in 

U.S. 

100% in 

piglets 

Severe dehydration, 

diarrhea, weight loss, 

death. 

SHC014-

CoV, WIV-1 
Bat - Ace2 the future Unknown Unknown 
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1.5  Models of Coronavirus Pathogenesis 

1.5.1 Virus-side: Mouse-adapted coronavirus 

Developing an appropriate animal model that replicates human disease is a first priority 

in researching viral pathogenesis. Small animal models, specifically, allow for reproducibility, 

statistically appropriate cohorts, and improved understanding of virus-host interactions and anti-

viral treatments on a whole-organism scale. Small animal models of infectious disease have been 

invaluable to research and medical advancements. In the case of SARS-CoV and MERS-CoV, 

the response of the host immune system to infection is thought to be responsible for severe 

disease and death, as RAG1 and SCID mice do not develop lethal disease (32). An overactive 

immune response, infiltration of pro-inflammatory cells, and an influx of inflammatory cytokines 

and chemokines can lead to damage in the lung, prolonged disease, ARDS, and death (33, 34). 

The impact of immunity on CoV pathogenesis is further evidenced via human cases during the 

2015 Korean MERS-CoV outbreak, wherein three immunocompromised patients exhibited 

atypical presentations of MERS resulting in prolonged viremia and disease (35). In one patient 

who had, previous to MERS infection, undergone autologous peripheral blood stem cell 

transplantation for B cell lymphoma, did not show symptoms of infection until 20 days after 

exposure, but succumbed to disease. A second patient who had undergone the same stem cell 

transplantation for T cell lymphoma survived disease, but, likely due to a suppressed immune 

system and use of corticosteroids, continued to shed virus a month after infection, even after 

symptomology had resolved. Because of the complexity of the anti-CoV immune response, it is 

important to study these respiratory viruses within a medically relevant host, ideally, a small 

animal model. A small animal model allows for nuanced understanding of an intact immune 
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system response to CoV infection, as well as targeted immune pathway manipulation, such as 

transgenic mouse models, in order to better study human disease.   

In the years following the SARS-CoV outbreak, various mouse models were developed 

in transgenic, senescent, or otherwise immune compromised mice, which were capable of 

producing disease similar to human SARS infection. Importantly, in 2007, multiple mouse 

models of SARS-CoV infection were published, including a mouse-adapted SARS-CoV strain, 

MA15 (36-39). This strain was propagated by serial passaging SARS-CoV in mouse lungs 15 

times, during which time the virus accumulated 6 coding mutations associated with adaptation 

and increased virulence (Fig 1.1). When these six mutations were then introduced into a SARS-

CoV backbone using reverse genetics, the resultant MA15 recombinant virus was highly virulent 

and lethal in BALB/c mice, replicating human disease in an age-dependent manner. The 

importance of this development for the SARS coronavirus field is difficult to understate. Mouse 

adapted SARS-CoV allowed for the infection of fully immune competent, outbred, and 

transgenic mice of any genetic backbone; in-depth studies of host response in an immune 

competent host; and the ease, reproducibility, and access to reagents that comes with mouse 

research (40, 41). MA15s importance is further emphasized by the difficulties in generating a 

similar mouse-adapted virus for MERS-CoV infection.  

Though several models have been generated for MERS-CoV, including camels, primates, 

and mice, early on most had failed to reproduce human disease symptoms (40-42). After the 

discovery and evaluation of human DPP4 as the MERS-CoV receptor and the failure of viral 

passage experiments to create an acceptable mouse adapted MERS-CoV strain, it became clear 

that defined mutations in the mouse DPP4 receptor prevented MERS-CoV receptor binding, 

entry and infection (43, 44). Consequently, researchers focused on altering the host DPP4 
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receptor in order to generate an appropriate mouse model, using transgenics or knockin strategies 

(44). In 2016, Cockrell et. al. successfully generated a CRISPR/Cas9 modified mouse that 

incorporated human DPP4 residues at position 288 and 330, allowing for successful MERS-CoV 

receptor binding and entry (45). These mice, when infected with an adapted MERS-CoV, 

develop a pathogenic MERS-CoV infection that accurately replicates human infection and 

disease pathologies. The development of new models has allowed for in vivo testing of anti-

virals and vaccines, as well as fundamental insights into viral pathogenesis (46, 47). However, 

the requirement of a transgenic mouse model and adapted virus, as well as the relatively recent 

introduction of a pathogenic disease model, adds difficulty, time, and expense to MERS-CoV 

research. Therefore, the chapters of this document dealing with human coronavirus models are 

focused on SARS-CoV.   

1.5.2 Virus-side: Manipulating coronavirus genetics 

Virus-host interactions are traditionally studied via gene knockouts of either the host or 

viral genome. Though there are various methods for generating genetically modified virus, Boyd 

Yount was the first to segment the coronavirus genome into assembly plasmids for relatively 

easy generation and manipulation of transgenic SARS virus (48-55). Building infections CoV 

requires surmounting obstacles inherent to the CoV genome including the large genome size 

(~30kb), regions of chromosomal instability, poor sequence stability in bacterial vectors, and the 

generation of stable genome-length RNA transcripts. To overcome these issues, in 2000 Yount 

et. al. described a method for breaking down the large CoV into smaller DNA segments 

subcloned into bacterial plasmid vectors (53). Each subclone could be manipulated and grown 

separately, allowing for decreased spurious mutations during cloning. Segments were flanked by 

unique class II restriction sites, which recognize a symmetrical sequence but leave a random 1-4 
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nucleotide “sticky end” (ie: BglI recognizes GCCnnnn_nGGC, with “n” denoting random 

nucleotides) (Fig 1.1). These unique restriction sites allow for seamless and directional joining of 

subgenomic fragments into a full-length DNA construct via simple enzyme digestion and 

ligation reactions (Fig 1.1) (53, 56). Additional alterations to the infectious clone include 

identification and ablation of fragment instability sites, addition of cytidine to agarose gels in 

order to reduce UV damage to genome fragments, and removal of putative T7 polymerase stop 

signals from the genome. These changes were necessary to build a full length DNA genome, and 

to successfully transcribe the full length RNA genome (53).  Yount developed this method prior 

to the SARS-CoV outbreak in viruses such as TGEV and MHV, and was able to quickly convert 

the SARS-CoV, MA15, and MERS-CoV genomes into infectious clone systems used to generate 

recombinant viruses. This allowed for in-depth study of coronavirus genetics and the impact of 

coronavirus ORFs on replication and pathogenesis in vivo (8, 9, 45, 49-53, 55, 57-67). 

Additionally, Yount and Beall et. al. worked to create an infectious clone system for PEDV 

shortly after the U.S. outbreak, described here in Chapter 2 (48). The PEDV infectious clone is 

replication competent in gnotobiotic piglets and can be used as a resource for PEDV research 

and testing, as well as a genetic platform for studying PEDV virulence and transmissibility.  
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1.5.3 Host side: Immune responses to coronavirus infection in vivo  

During the initial stages of CoV infection, virus is sensed as non-self via Pattern 

Recognition Receptors (PRRs), such as the Toll-Like Receptors (TLRs) and RIG-I-like receptors 

(RLRs), on the outer, endosomal, and cytosolic membranes of somatic cells (33). PRRs 

recognize immunogenic components of the virus itself or its replication intermediates. RLRs 

such as RIG-I and MDA5 recognize short nucleotide length viral motifs of dsRNA or ssRNA 

containing primarily 5’ppp-RNA or longer viral RNA motifs, respectively (61, 68, 69). TLRs 

recognize a wide variety of microbial and viral pathogen-associated molecular patters (PAMPS) 

and signal through common pathways intermediates including MyD88, TRAM, TRIF, and MAL 

in order to induce IFN and antiviral responses (70). It is not known whether CoV signals through 

many of the TLRs, however, the use of transgenic mouse models has allowed for a better 

understanding of this viral recognition pathway. Sheahan et al. found that MyD88 was necessary 

for successful immune response to SARS-CoV infection – 90% of infected MyD88-/- mice 

succumbed to MA15 infection when compared to B6 (immune intact) and Rag-/- (lymphocyte 

0.1Fig 1.1 SARS-CoV and MA15 infectious clone genome. 
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deficient) mice (71). MyD88 deficient mice also showed impaired interferon stimulated gene 

(ISG) transcription and cellular immune responses during infection, indicating that MyD88 is 

vital in the CoV recognition signal cascade. MyD88 is an intermediate for many TLRs, 

indicating a putative recognition of CoV by one or more TLRs. Totura et. al. expounded on this 

finding, using transgenic TLR3, TLR4, TRAM, and TRIF mouse models (72). Totura found that 

TLR3-/-, TLR4-/-, and TRAM-/- mice all displayed increased weight loss and pathogenesis 

during MA15 infection, though none displayed the same robust increase in mortality seen in the 

MyD88-/-. However, TRIF-/- mice exhibited increased morbidity, mortality, and 

proinflammatory cytokine and immune cell populations in the lung during infection, indicating a 

definitive TLR involvement in SARS-CoV recognition, and a vital role for the TRIF 

intermediate in the CoV recognition and interferon induction pathway.  

The initial activation of PRRs begins a signaling cascade, initiating the innate immune 

response to CoV infection. PRR signaling in infection leads to the activation of transcription 

factors IRF3, IRF7, and NF-kB (33). IRF3 and 7 initiate transcription of IFNa and IFNb, both of 

which are potent CoVantivirals (33). NF-kB alternately mediates transcription of 

proinflammatory cytokines such as IL-6 and IL-8. Interestingly, despite the importance of IFN 

signaling pathways in CoV pathogenesis, the IFN Type I, II, or III receptors are not required for 

survival of infection (73).  Both IFNa/b receptor knockout and IFNg receptor knockout mice lost 

weight and recovered similarly to wildtype mice during MA15 infection, indicating, surprisingly, 

that these receptors likely play a minor role in SARS-CoV pathogenesis individually (63). 

However, the use of a triple IFN receptor knockout would better confirm these findings. Each of 

these IFN receptors signals through STAT1 as an important intermediary in the IFN signaling 

pathway. MA15 infected STATI-/- mice succumbed to infection and showed high viral titer, 
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severe lung damage, and 100% mortality. STAT1-/- mice also showed dissemination of virus 

beyond the lung into the liver, spleen and other tissues after day 9, indicating a role for STAT1 in 

the prevention of viral dissemination throughout the host. This finding may provide insight into 

the mechanisms of systemic viral dissemination in human SARS-CoV patients - a study of 19 

fatal SARS-CoV patients used histological staining and rtPCR to identify SARS-CoV throughout 

patients’ bodies, including in the lung, intestine, lymph nodes, spleen, liver, and other organs 

(74).  

Some roles of IFN in CoV infection have already been stated – however, the reality of 

IFN as an inflammation-modulating signaling protein is more complex. SARS-CoV both hides 

from and inhibits IFN signaling early in infection (63, 75), presumably to defend itself from 

IFN’s potent anti-CoV characteristics. IFN will readily inhibit CoV replication in vitro, and will 

prevent disease when administered in vivo, resulting in rapid loss of viral titer and reduction of 

disease (76). However, IFN can also be a strong stimulator of pathogenesis in CoV infection. 

Cameron et al. analyzed SARS-CoV patient IFN and ISG expression data, finding that abnormal 

adaptive and innate immune responses in severe SARS patients correlated with IFN-mediated 

immunopathology (77). Patients at the peak of illness showed a signature of high IFN and ISG 

expression – patients with good outcomes resolved IFN responses at this time and switched to an 

adaptive immune gene expression profile. However, patients with poor outcomes continued to 

express high IFN, ISG, and proinflammatory cytokine gene expression levels. This finding is 

similar to Rockx et. al., wherein lethal and non-lethal models of SARS-CoV infection in young 

and aged mouse models were used to compare inflammatory gene expression markers and 

identify early markers of lethal disease (78). Proinflammatory markers strongly upregulated in 

lethal, as opposed to non-lethal, infection and included IL6 and SOCS1/3, as well as a panel of 
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interferon-signaling related transcripts. Both Cameron and Rockx point to a strong association of 

IFN upregulation and increased SARS-CoV pathogenesis.  

The dual protective and pathogenic roles of IFN in SARS-CoV infection are perhaps best 

explained by Channappanavar et.al., wherein relative pathogenicity of IFN is temporal (76). 

Channappanavar finds that a robust early IFN response or early IFN treatment reduces viral titer, 

reduces immune inflammation, and results in mild clinical disease in vivo. Antithetically, 

preventing all IFN signaling via an IFNAR-/- mouse infection has the same effect – no IFN 

response means that no overactive immune response occurs, immunopathology is prevented, and 

disease is mild. However, a delayed IFN response, as is often seen in SARS-CoV infections, 

leads directly to enhanced disease, lung immunopathology, lethal pneumonia, and a dysregulated 

inflammatory monocyte-macrophage (IMM) response. Channappanavar finds that in severe 

infection, dendritic cell derived IFN stimulates IMMs recruited to the lung, where they release 

inflammatory mediators resulting in a feedforward loop of increased IMM influx to the lung, 

overactive inflammation, and severe lung immunopathology. IMM additionally reduce effector T 

cell responses via IFN-mediated T cell apoptosis, further preventing viral clearance and disease 

resolution. Depletion of IFN or IMM both function to abrogate disease. In this model, IFN 

contributes to an overactive and pathogenic M1, or inflammatory, polarized monocyte 

population (76).  

Page et al. argues that instead it is a M2, or Th2 skewed, pathogenic monocyte population 

that causes SARS-CoV immune pathology. In a follow up STAT1 publication, Page et. al. found 

that alternatively activated macrophages (AAM) and Th2 cytokines (IL-4, IL-13) are upregulated 

in the lung during MA15 infection of STAT1-/- mice (79). Using a bone marrow chimera to 

generate STAT1-/- specific to macrophage and monocyte lineages, Page found that this selective 
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knockout produced similar disease to STAT1-/- mice in pathology, but not in weight loss and 

mortality. This phenotype was complemented, in that severe lung disease is eliminated when 

AAMs are inhibited. However, both the presence of pathogenic AAMs and the elimination of 

lung disease seen with inhibition of AAMs are within a STAT1-/- deficient mouse or monocyte 

population and a Th2 skewed immune environment. Page et. al. notes that the pathogenic nature 

of AAMs may not be in their dysfunctional IFN signaling, but in their role in an alternate 

STAT1-dependent host protection pathway, with a deficiency leading to increased lung injury 

and fibrosis. It is likely, based on the sum of these studies, that it is the ability to effectively 

signal and transition from anti-viral pro-inflammatory state to an anti-inflammatory wound 

healing state that is vital for control of immune pathogenesis in the lung.  

The cellular immune response to SARS-CoV infection has been characterized through 

many thorough studies. Studies of human data have focused on patient outcomes, disease 

progression, and viral clearance (11, 12, 80-82). Patients develop ARDS associated with 

neutrophilia, lymphopenia, and prolonged proinflammatory cytokine expression. Using the 

MA15 model of infection, these patient symptoms and disease outcomes are mirrored in the 

mouse model (33, 37, 63, 76, 78, 79, 83-91). Innate immune cells such as macrophages and 

dendritic cells are often the first responders to viral infection, where they are able to sequester 

viral antigen, activate immune cells, phagocytose dead and dying cells, or secrete inflammation-

regulating cytokines and chemokines (86, 92).   

Lymphocytes are also vital during primary SARS-CoV infection. Comprehensive and 

methodical studies into the role of T cells in primary SARS-CoV infection have been published 

by the Perlman lab as well as others (76, 85, 86, 88-90, 93). T cells are shown to activate the pro-

inflammatory state of the lung post-infection by secreting antiviral cytokines, chemokines, and 
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cytotoxic molecules (86). In a study of 1 year-post infected SARS-CoV patients, CD8+, or 

effector, T cells, primarily excreted of IFNg, TNFa, MIP1a, and MIP1b when activated by SARS 

peptides. CD4+T cells tended to secrete IFNg, TNFa, and IL-2 (94, 95). Notably, the frequency 

of “polyfunctional” CD4+T cells, or T cells secreting multiple cytokines, were more common in 

patients who had experienced severe disease (94, 95). This phenomenon is also seen in MERS-

CoV infection, in which patients with severe disease exhibit a more highly active CD4+T but not 

CD8+T cell response (96).  

During acute infection, the initial anti-viral T cell response triggers subsequent cellular 

responses such as increased antigen presentation, inhibition of viral replication, and direct killing 

of SARS-CoV infected cells; in this way, T cells directly contribute to viral clearance and control 

(86, 88, 90). T cells and dendritic cells also excrete IFN in response to CoV infection, which 

both directly inhibits CoV replication and initiates the transcription of ISGs. ISGs function in 

regulating the innate immune response to infection and can act as antivirals, but may also 

function as part of the pathogenic immune hyper-responsiveness seen in severe CoV patients 

(e.g. ISGs CIG5, MXA, IFITM1, and IFIT3, are induced during infection and persist at high 

levels in patients who succumbed to SARS infection) (33).  

B cells are primarily studied in secondary viral infections for their role in antibody 

development and secretion. In SARS-CoV infections, patients generate high titers of anti-SARS 

immunoglobulin G (IgG) antibody in the months following infection, indicative of a protective 

adaptive B cell response (81, 97-99). However, antibody responses are highly variable in both 

SARS and MERS patients. During initial infection, a cohort of SARS patients were tested for 

anti-SARS-CoV neutralizing antibody titer after hospitalization. Interestingly, patients who 

mounted a strong neutralizing antibody response against SARS-CoV within the first two weeks 
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of infection were far more likely to be severe SARS cases when compared to those patients who 

did not generate a neutralizing antibody response until 3 or more weeks after infection (98). 

Similarly, in a cohort of MERS-CoV patients, high anti-MERS-CoV antibody neutralization 

titers following infection correlated directly with severe MERS cases. CD4+T cells, the helper T 

cells tasked with activating B and other immune cells, from these patients were also hyperactive 

and polymorphic (96). In both of these cases, a highly active humoral immune response 

correlated with severe disease, pointing to either a general hyper-stimulation of immune cell 

responses, or, a possible compensatory mechanism for viral control in the case of severe 

coronavirus infection.  

While potent infection leads to a robust antibody response in patients, mild or moderate 

infections can result in a loss of CoV- specific circulating antibody. SARS-CoV patients tested 1 

year post infection still showed virus-specific antibodies, but IgG titers were waning, and the 

majority of patients showed no anti-SARS-CoV antibody titers 6 years after infection (81, 97). In 

a study of confirmed South Korean MERS-CoV patients 1 year after infection, memory T cell 

responses were still functional against MERS-CoV, but antibody response varied depending on 

the severity of infection –severe disease correlated with retaining anti-MERS-CoV after 1 year, 

whereas mild disease correlated with a total loss of MERS-CoV specific antibodies. Patients who 

had experienced severe infection all had some level of MERS-CoV serum antibodies (100). 

However, patients who had experienced mild or moderate disease often retained no notable 

serum antibody against MERS-CoV. Though early B cell activation in CoV has not been studied, 

it is apparent that B cell activation and subsequent antibody secretion is dependent on disease 

severity or viral titer. Understanding whether hyper antibody responsiveness is a side effect of or 

compensatory mechanism for severe CoV infection would be valuable to better understand anti-
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CoV immune responses. These low or non-existent antibody responses also allow for the 

possibility that traditional antibody-screening for potential CoV-infected patients may vastly 

underestimate the total number of CoV cases, missing patients with mild to moderate CoV 

pathology. Additionally, this may leave patients at risk for a secondary CoV infection. 

Understanding, and possibly strengthening, the humoral immune response in CoV patients may 

lead to better protection against subsequent CoV infections. 

During acute infection, the role of B cell and antibody responses to SARS-CoV has not 

been exhaustively researched. In Chapter 3, we explore the role of early B cell and antibody 

responses in MA15 infected mice. Herein, we describe a vital role for antibody in timely viral 

clearance from the lung, as well as a protective role of early serum antibody against mortality.  

1.5.4 Host-side: Transgenic mouse models 

With any pathogenic virus, the genetics and lifecycle of the virus itself only partially 

accounts for disease outcomes. Host dynamics also impact disease outcomes, via cellular factors, 

innate immunity, and immune cells that contribute to prevent injury and clear virus. In the case 

of coronaviruses, the host response is thought responsible for the disease state, and so it is 

necessary to study the role of host factors that contribute to severe disease outcomes (76, 77, 

101).  

Since the advent of transgenic mouse models, knockouts and transgenic mice have 

become a common and robust tool in disease research (102, 103) as evidenced by the many 

transgenic lines used in the findings of the previous section. In the context of coronavirus-host 

interactions, gene knockouts have been vital in researching coronavirus pathogenesis as well as 

the host immune response to coronavirus infection. The findings in this document make use of a 

mixture of transgenic, knockout, and wild-type mice in order to investigate the role of anti-viral 
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lymphocytes and antibody in SARS-CoV clearance and recovery within the first week of 

infection. All mouse models used in this thesis are described Table 2.2 below. 
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Table 2.2:  Description of Mouse lines used in Chapters 2 and 3 

Mouse Line Background Description 
Literature 

Reference 

C57BL/6J C57BL/6J Most widely used inbred strain of mouse. (104) 

muMT C57BL/6J 
Ighm null. Homozygous mutant mice lack mature B cells. There is no expression of membrane-

bound IgM, although some B cells may be produced using a C gene other than mu. 
(105) 

OTI C57BL/6J 

Transgenic inserts for mouse Tcra-V2 and Tcrb-V5 genes. The transgenic T cell receptor was 

designed to recognize ovalbumin peptide residues 257-264 (OVA257-264) in the context of 

H2Kb (CD8 co-receptor interaction with MHC class I). This results in MHC class I-restricted, 

ovalbumin-specific, CD8+ T cells (OT-I cells). That is, the CD8 T cells of this mouse primarily 

recognize OVA257-264 when presented by the MHC I molecule. 

(106) 

OTII C57BL/6J 

Mice express the mouse alpha-chain and beta-chain T cell receptor that pairs with the CD4 co-

receptor and is specific for chicken ovalbumin 323-339 peptide in the context of I-Ab (CD4 co-

receptor interaction with MHC class II). This results in CD4+ T cells that primarily recognize 

ovalbumin peptide residues 323-339 when presented by the MHC class II molecule. 

(107) 

Rag-/- C57BL/6J 

A 1356 bp genomic fragment of the Rag1 gene was replaced by a Neo cassette. RAG-1-deficient 

mice have small lymphoid organs that do not contain mature B and T lymphocytes. The arrest of 

B and T cell differentiation occurs at an early stage and correlates with the inability to perform 

V(D)J recombination. 

(108) 

HELMET C57BL/6J 

Mice carrying the IghelMD4 transgene recognize HEL - B cells are specific for HEL and the 

mice fail to produce virus-specific antibody responses. More than 90% of B-cells in the spleen 

are derived from the transgene and are predominantly IgM and IgD 

(109, 110) 

Diet Induced 

Obesity 

C57BL/6J 

C57BL/6J Normal genetic background. Susceptible to obesity through high fat diet. (111) 

CC012, CC061, 

CC041, CC030, 

CC003, CC001, 

CC035, CC046, 

CC010 

Mixed 

recombinant 

inbred lines 

Recombinant inbred strains derived from outbreeding parental strains: A/J, C57BL/6J, 

129S1/SvImJ, NOD/ShiLtJ,  NZO/HiLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ. 

 

 

 

(112) 

2
0
 

2
0 
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1.5.6 Host-side: Genetically diverse mouse lines: Collaborative-Cross 

The response to infectious disease in humans is largely dependent on a complex set of 

traits and genetics inherent to the individual infected. However, when studying viral infections, 

science is limited to the resources that are readily available to study in vivo disease – namely, 

inbred mouse lines. These inbred mice are ideal for reproducibility and understanding the bases 

of disease progression and pathogenesis, as well the aspects of pathogenesis unique to each virus 

species. However, these inbred lines lack the genetic complexity and diversity seen in human 

populations that account for variation in disease susceptibility within a population (112, 113).  

To this end, the Complex Trait Consortium generated the Collaborative Cross (CC), a 

large panel of recombinant inbred (RI) mouse strains designed to mimic the genetic variability 

seen in humans (112, 113). To generate this panel, 8 founder lines of mice (A/J, C57BL/6J, 

129S1/SvImJ, NOD/LtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ) were crossed to each 

other in a funnel design through multiple generations in order to create a genetically outbred 

series of mouse lines, containing various genome admixtures of each parent (~13%)(Fig 1.2). 

Once the susceptibility alleles of the 8 founders were scrambled in each funnel, mice were 

backcrossed through 20 generations to create ~80+ inbred mouse lines derived from these 8 

founder strains. The recombinant inbred (RI) lines allow for fully sequenced inbred lines, but 

still offer high genetic variability between lines. CC mice can be used in the study of complex 

traits or diseases in order to study phenotypes across genetically disparate lineages of mice, or to 

map quantitative trait loci (QTLs) associated with a given phenotype (114, 115). The CC is 

therefore an ideal resource for understanding and mapping the impact of genetics on disease 

severity, and in this case, the relative impact of comorbidity and genetics on SARS-CoV 

pathogenesis. In recent authoritative papers, Gralinski et. al. mapped SARS-CoV susceptibility 
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alleles in the CC lines, elucidating the mechanism of one such susceptibility allele, Ticam2, that 

regulated weight loss and disease severity (116, 117). These studies serve as an example of the 

possibilities of viral pathogenesis studies in the CC, as well as the future of research in viral-host 

dynamics. 

 

0.2Fig 1.2 Collaborative Cross Breeding Strategy and Genetic Variation of 9 Strains. 

A 

B 
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1.5.7 Host-side: Comorbidities and coronavirus infection  

The host influence on viral pathogenesis is not limited to genetic variability. Just as the 

complexity of human genetics is a determinant of disease outcome, an individual’s personal 

health and disease state can impact viral pathogenesis and patient outcomes. In the case of 

SARS-CoV, increasing age is one of the primary predictors of disease severity and mortality. 

Mortality rates approach 50% in individuals over 65 years old (11, 12, 80, 85, 118-121). Age-

correlated disease severity has been documented in studies of human patients and has been 

replicated in the MA15 mouse model of infection. Immune senescence is a well-documented 

phenomenon. The drivers of immune senescence are in debate, and may include chronic CMV 

infection, increased adiposity with age, or decreased production of sex steroids (122, 123). No 

matter the cause, immune senescence is marked by tissue damage, production of reactive oxygen 

species, and release of cytokines that result in a chronic pro-inflammatory state. This chronic 

inflammation leads to suppression of the immune response during acute viral infection.  

In the respiratory tract, immune senescence is marked by aberrant functioning of 

neutrophils, monocytes, and dendritic cells. Additionally, T cells show a higher ratio of memory 

to naïve T cell populations, leading to poor responsiveness to new antigens. T cells also show 

dysfunction in proliferation, cytokine production, and cytotoxicity during acute infections (124). 

Studies of SARS-CoV in the context of host age have revealed that immune transcripts, cytokine 

and chemokine responses, and oxidative stress responses all vary with age and impact host 

disease progression. By studying age as a comorbidity of infection, possible treatments of SARS-

CoV infected patients have been discovered, such as the inhibition of phospholipase A2 (85); 

contrastingly, the aged model proved previously proposed treatments to be detrimental, such as 
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finding that the doubly inactivated SARS-CoV vaccine strain increased disease susceptibility in 

the aged population (64, 85, 125).  

Other comorbidities, such as type II diabetes and sex have also been identified in SARS 

patients (12, 126). In the case of MERS-CoV, comorbidities are proving to be an even more 

important determinant of disease outcomes (127, 128). In patients presenting with MERS, 86% 

of fatal cases had a comorbid illness, while just 42% of recovered or asymptomatic patients had a 

comorbidity. Comorbidities important for MERS patient outcomes include diabetes, chronic 

kidney or heart disease, and obesity (19, 129-131). Despite patient data, very few models exist to 

study the impact of comorbidities on CoV pathogenesis. Understanding viral infections in a 

medically relevant context will likely require a better understanding of the interactions between 

comorbidities, viral pathogenesis, and patient outcomes. 

1.6 Focus on Obesity as Respiratory Virus Comorbidity  

Obesity is a promising candidate for coronavirus comorbidity studies. First, >30 body 

mass index, metabolic syndrome, type II diabetes, and other obesity-related conditions 

significantly increase the risk of mortality in human coronavirus patients (19, 129-131). 

Secondly, around the world, and in the Middle East particularly, obesity rates are increasing; in 

2017 in Saudi Arabia, 52% of adults are considered obese (132). Lastly, obesity causes chronic 

inflammation, impaired respiration, insulin resistance, and dysfunctional immune regulation, all 

of which can exacerbate a respiratory viral infection and have been shown to increase severity 

and mortality in ARDS patients (133).  

Recent studies into obesity as a comorbidity have informed influenza pathogenesis 

research (134-136). In human influenza infections, obesity is a risk factor for prolonged hospital 

stays and poor outcomes in severe infection (137, 138). In vivo studies of influenza pathogenesis 
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in the high fat diet mouse model have replicated this phenotype. O’Brien et. al. found that 

obesity predisposed mice to impaired wound healing during influenza infection, with increases in 

bronchial alveolar lavage fluid (BALF) and protein concentration in BALF increased in obese 

infected mice (139). These findings are evidence of increased fluid permeability in the lungs – in 

essence, a more severe ARDS phenotype - and lack of lung repair after influenza injury.  

Additionally, infiltrating immune cells such as neutrophils, monocytes, T cells, and NK cells 

remained in the lung for more days after infection in obese mice suggesting that obesity impaired 

recovery and elongated the proinflammatory phase of infection.  

Milner et. al. compared the lung metabolome during influenza infection between lean and 

obese mice, and reported glucose, insulin, adiponectin, and leptin levels in mice (135, 140). The 

study determined that obesity was directly linked to increased morbidity and mortality when 

accounting for diet, and determined large differences in metabolomics profiles in the lungs of 

lean versus obese mice.  These and other studies have studies have begun to elucidate the 

relationship of respiratory virus infections and obesity as a comorbidity in the context of 

influenza infection. Obesity-associated respiratory damage phenotypes are likely to apply in the 

context of other respiratory infections.  

In Chapter 4, we focus on new animal models of emerging CoV disease, developing the 

diet-induced obesity model in conjunction with SARS-CoV infection in both inbred mice and 

CC mice. Obesity does significantly increase mortality in the MA15 model of infection and 

contributes to reduced respiratory function. However, in the context of genetically diverse RI 

lines, the impact of genetic line on fat gain during the high fat diet was significantly varied, as 

was the impact of genetic line on MA15 susceptibility. These findings develop a new mouse 
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model for severe SARS-CoV pathogenesis and offer insight onto the dynamic and complex 

relationship between viral susceptibility, host genetics, and comorbidity.  
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CHAPTER 2: CHARACTERIZATION OF A PATHOGENIC FULL LENGTH cDNA 

CLONE AND TRANSMISSION MODEL OF PORCINE EPIDEMIC DIARRHEA VIRUS 

STRAIN PC22A 

 

Published - Beall, Anne, Boyd Yount, Chun-Ming Lin, Yixuan Hou, Qiuhong Wang, Linda 

Saif, and Ralph Baric. “Characterization of a Pathogenic Full-Length CDNA Clone and 

Transmission Model for Porcine Epidemic Diarrhea Virus Strain PC22A.” MBio 7, no. 1 

(January 5, 2016). https://doi.org/10.1128/mBio.01451-15. 

 

2.1      Introduction 

Coronaviruses are important emerging viruses that are capable of producing sudden 

pandemic disease outbreaks with high morbidity, mortality, and economic losses in animal and 

human populations(141). Porcine epidemic diarrhea virus (PEDV) is an alpha coronavirus that 

has recently emerged in the United States, since killing >8 million piglets, nearly 10% of all 

United States farm piglets in 2014 (142). In the United States, newly emerged strains of PEDV 

are highly virulent and cause mortality rates in suckling piglets between 80-100% (142). 

Clinically, pigs infected with PEDV have severe diarrhea and vomiting, leading to death by 

dehydration within a few days of infection (143, 144) (142). PEDV readily spreads by fecal-oral 

https://doi.org/10.1128/mBio.01451-15
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transmission routes between swine, in swine feed, and through contaminated farming and 

transport equipment (39). A second newly discovered swine coronavirus in the United States, 

designated swine delta coronavirus (SDCV) was discovered in Ohio and found to be closely 

related to coronaviruses detected in Hong Kong in 2012 (145). Porcine orthoreoviruses, similar 

to strains identified in South East Asia, have also been detected in US herds (146). It is clear that 

new approaches are desperately needed to control pandemic outbreaks of swine respiratory and 

enteric viruses.  

Although the origins of PEDV remain obscure and early sequence studies had suggested 

similarity to human coronavirus NL63, more recent studies argue that PEDV is more closely 

related to several bat alphacoronaviruses identified in the US, South America and Eurasia (25, 

147). PEDV first emerged in Europe in the 1970s and spread across Europe and into Asia (148). 

However, it was not until late 2010 that extremely virulent forms emerged in China (149). In the 

United States, phylogenetic studies suggest that PEDV is most closely related to Chinese strain 

AH2012*, although its transmission route to the US still remains uncertain (25, 142, 150). Since 

the first United States outbreak of PEDV in April 2013, PEDV has rapidly spread across 34 

states, Canada, Central America, and has returned to devastate the swine industry in Asia (151, 

152). In the advent of this ongoing outbreak, new strategies are desperately needed to understand 

pathogenic mechanisms, the functions of viral genes, and to provide new technologies to combat 

this disease. 

 PEDV appears to recognize CD13, an aminopeptidase N protein as receptor for entry into 

pig cells, as well as a sugar co-receptors heparan sulfate and/or N-acetylneuraminic acid (153, 

154). PEDV can infect multiple cell types in vitro including swine, human, primate, and bat, 

suggesting the possibility of adaptation and spread to other species (153). The PEDV genome is 
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composed of 28k nucleotides encoding seven known open reading frames (ORFs) expressed 

from both genomic and sub-genomic mRNAs (155). Subgenomic mRNAs are arranged in a 

nested fashion from the 3’ end of the genome. PEDV encodes the traditional coronavirus 

structural proteins – a receptor-binding spike glycoprotein (S), the envelope protein (E), 

membrane glycoprotein (M), and nucleocapsid protein (N). The spike glycoprotein is a type I 

membrane glycoprotein composed of S1 and S2 external domains, a transmembrane domain, C 

terminal cytoplasmic domain, and signal peptide. The S protein plays a role in virulence, growth 

adaptation, receptor binding, and virus-cell membrane fusion (156, 157). The PEDV envelope 

protein (E) upregulates stress pathways in the host cell, induces anti-apoptotic factors, and is 

important for viral budding (158). The PEDV nucleocapsid protein (N) induces cell stress and 

prevents apoptosis through similar pathways and additionally prolongs the host cell’s S-phase 

(159). Additionally, PEDV encodes at least three additional ORFs- ORF1a, ORF1b, and ORF3. 

ORF1a/b encodes two viral proteases that process these large precursor polyproteins into 16 

nonstructural proteins including the viral replicase and associated RNA modifying enzymes that 

are critical for full length and sub-genomic positive and negative strand RNA synthesis (160). 

ORF3 regulates virus production and encodes an ion channel important for viral fitness, but is 

not required for viral replication in vitro (161, 162).  
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 In this manuscript, we generate the first infectious cDNA clone of a North American 

virulent PEDV strain, PC22A (163). Parental genomic and ORF3 deleted recombinant viruses 

were generated using the infectious cDNA clone system; the latter mutant was also engineered to 

express red fluorescent protein. Both recombinant viruses are replication competent in vitro and 

pathogenic in neonatal gnotobiotic piglets. Parental and recombinant viruses were efficiently 

transmitted to uninoculated pigs via indirect contact, allowing for genetic studies into the 

molecular mechanisms regulating virus transmission and pathogenesis. The availability of an 

infectious clone for PEDV will allow for further opportunities to understand gene function and 

genetic variants in PEDV pathogenesis and transmission, leading to better informed design of 

vaccines and therapeutics. 

 

 

 

 

Fig 1. Schematic of full length PEDV 

genome and construction of PEDV 

cDNA infectious clone and mutants. 

0.1Fig 2.1. Schematic of full length PEDV 
genome and construction of PEDV cDNA 
infectious clone and mutants. 
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2.2  Results 

2.2.1     Design of PEDV infectious clone  

We have developed molecular clones for several highly pathogenic swine and human 

coronaviruses, using class II restriction endonucleases to directionally assemble a full length 

cDNA viral genome from a set of sequentially designed smaller cDNAs (49-53, 56). To develop 

a molecular clone for PEDV, the highly virulent PC22A (Fig 1A) strain was sequenced and 

synthesized as six contiguous PEDV subclones designated A-F (Fig 1B). Subclones A/B, B/C, 

C/D, and D/E are joined by unique SapI restriction endonuclease cleavage sites (at nucleotide 

positions 4071, 8287, 12016, and 16941, respectively) that allow for directional assembly into a 

full length cDNA without alteration of the viral amino acid sequence. Subclones E and F are 

joined at a unique BsaI site at nucleotide position 22504. In subclone F, a single BsaI restriction 

site in PEDV-PC22A was removed by introducing a silent mutation at position 24337, 

effectively marking the recombinant genome (Fig 1C). Thus, each fragment contains a unique 

set of class II restriction enzyme sites flanking the genomic sequence that allow for unique 3-nt 

overhangs between each fragment. This specificity allows for systematic, efficient, and 

directional assembly of the complete PEDV genome by in vitro ligation. The PEDV A fragment 

contains a T7 start site, whereas the F fragment terminates in 22 A residues, allowing for in vitro 

transcription and capping of a polyadenylated full length transcript.  
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PEDV-ORF3 is an accessory ORF encoding a putative ion channel protein that is 

oftentimes deleted in some natural isolates or following in vitro passage, suggesting that it 

encodes nonessential functions in vitro and/or in vivo (162). To generate a fluorescently marked 

PEDV genome mutant, ORF3 in the PEDV-F fragment was replaced with red fluorescent protein 

(RFP), tomato-red (Figure 1D). The mutant was created using native restriction enzyme 

recognition sequences that allowed for the preservation of the ORF3 transcription regulatory 

sequence (TRS) which regulates subgenomic RNA expression (Figure 1D). 

0.2Fig 2.2 Growth of icPEDV clones isolated from in vivo small intestine samples. 
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2.2.2   Recovery of Recombinant Viruses  

To isolate recombinant wildtype and RFP expressing PEDV recombinant viruses, each 

plasmid fragment was digested with noted restriction enzymes, purified, and ligated to create a 

full length PEDV cDNA genome. Using the T7 RNA polymerase, full length transcripts were 

synthesized in vitro as previously described by our group (49, 53). As previous swine and human 

coronavirus infectious clones displayed improved recovery rates and replication efficiency in the 

presence of supplemented N gene transcript (49, 53), capped PEDV-N gene transcripts were 

mixed with the full length genomic transcripts prior to electroporation into Vero cells. Within 

24-48 hrs post electroporation, recombinant virus subgenomic mRNA could be detected via 

RT-PCR. After isolating recombinant virus from pig intestinal contents after inoculation, 

wildtype and recombinant viruses replicated to titers that approached or exceeded 1x104 PFU/mL 

in Vero cells, equivalent to titers commonly reported in the literature (Fig 2A). Recombinant 

icPEDV produced a similar plaque morphology (Fig 2B) to the parental strain, and formed 

syncytia characteristic of PEDV in culture (Fig 2C). Notably, icPEDV-ΔORF3-RFP displayed a 

reduced plaque size compared to either PC22A or icPEDV (Fig 2B), indicative that ORF3 may 

be important for in vitro growth of the virus, and suggestive of a possible attenuation of the 

ORF3 deletion mutant. At 48 and 72 hrs post electroporation with icPEDV-ΔORF3-RFP, 

fluorescent red cells were seen cell culture, both within individual cells as well as within larger 

syncytia (Fig 2D).  
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0.3Fig 2.3 Confirmatory Studies of infectious clone PEDV virus. 
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2.2.3 Characterization of Recombinant Viruses 

To evaluate protein expression in our recombinant PEDV, we cloned and expressed 

PEDV-S and PEDV-N into Venezuelan equine encephalitis virus strain 3526 replicon constructs 

(VRP), and isolated VRP-PEDV-S and VRP-PEDV-N particles.  The VRP were inoculated into 

the footpad of mice, and polyclonal PEDV-N and PEDV-S antisera was collected after a day 21 

boost. Using western blot techniques, we confirmed the presence of the 180/90 and ~50kDa 

PEDV-S and PEDV-N proteins, respectively, in icPEDV, icPEDV-ΔORF3-RFP, and parental 

PEDV infections in vitro (Fig 3A). Thus, molecularly derived viruses have similar protein 

expression phenotypes as parental virus.  

0.4Fig 2.4 icPEDV mimics wtPEDV infection in gnotobiotic piglets. 
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To further confirm the presence of the recombinant virus post-electroporation, we reverse 

transcribed genomic RNA from virions in the culture media and then sequenced to demonstrate 

the presence of the distinguishing BsaI cloning site in infectious clone viruses (Fig 3B). 

Additionally, we sequenced the leader-containing subgenomic mRNA transcripts to ensure that 

both our recombinant viruses and their parental strain shared the wildtype transcription 

0.5Fig 2.5 Histology and IHC staining of icPEDV infected pig intestine. 
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regulatory sequence (TRS) required for normal coronavirus replication and growth kinetics (Fig 

3C). Together, these data definitively demonstrate that both recombinant clones generated 

replicating recombinant virus in vitro. 

2.2.4 icPEDV replication and pathogenesis in gnotobiotic piglets 

PEDV PC22A is highly pathogenic in newborn piglets and is rapidly transmitted to 

littermates. To determine if icPEDV replicated parental PEDV PC22A in vivo pathology and 

transmission phenotypes, gnotobiotic (Gn) pigs were orally inoculated with icPEDV (P0), 

icPEDV-ΔORF3-RFP (P0), or PC22A (P3) and housed with uninfected indirect contact pigs 

(Table 1). Challenged animals demonstrated fecal viral RNA shedding, and diarrhea started 1-3 

days post infection (DPI) in all three virus groups (Fig 4A and Table 1). Importantly, 

uninoculated indirect contact pigs within each group demonstrated both robust virus shedding 

and diarrhea, confirming the transmissibility of both PC22A and recombinant virus (Fig 4B). All 

three viruses replicated to similar peak titers (11-13 log10 GE/mL). However, PC22A- and 

icPEDV-group pigs had more severe diarrhea (highest fecal scores of 3) than icPEDV-ΔORF3-

RFP-group pigs (highest score of 2). Day of harvest for each piglet was dependent on clinical 

fecal scores, or occurred upon death of the piglet. Notably, day of harvest varied both between 

virus types and within virus groups. Because of the animal numbers in each group, and because 

of the variation within each PEDV group, the day of harvest cannot be used as a reliable 

indicator of the relative degree viral virulence nor attenuation. The pathogenesis of icPEDV in 

Gn pigs also replicated the PEDV strain PC21A pathogenic phenotype, which had been collected 

from the same swine farm on the same day as PC22A (144). 

Histopathological examination showed severe villous atrophy in PEDV PC22A-, and icPEDV-

inoculated pigs, and moderate-to-severe villous atrophy in icPEDV-ΔORF3-RFP-infected pigs 
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(Fig 5A). The villous height: crypt depth (VH:CD) ratio of the jejunum of mock inoculated pig 

was significantly higher than those of PC22A-, icPEDV-, and icPEDV-ΔORF3-RFP-infected 

pigs (P< 0.05) (Table 1). Immunohistochemistry (IHC) for PEDV-N protein confirmed the 

presence of recombinant virus throughout the small intestine (duodenum, jejunum, and ilium) in 

both icPEDV and icPEDV-ΔORF3-RFP-infected pigs (Fig 5B and Table 2). In addition, 

icPEDV antigens were also detected in the large intestine (colon). 

These results indicate that the cell culture supernatants of icPEDV and icPEDV-ΔORF3-

RFP contained infectious recombinant virus particles that replicated well in gnotobiotic pigs. 

While the icPEDV recombinant virus replicated the parental PC22A clinical phenotypes in vivo, 

icPEDV-ΔORF3-RFP infection resulted in a partial attenuation in pigs based on lower diarrhea 

scores. The rapid infection of contact pigs suggests efficient transmission of icPEDV and 

icPEDV-ΔORF3-RFP, replicating both parental PC22A and circulating US strain transmission 

phenotypes. 

 

2.3 Discussion 

Emerging viruses pose a considerable threat to humans and society, by causing morbidity 

and mortality in human populations, or causing significant losses in important food sources and 

trade leading to economic instability and loss of critical protein sources, especially in rural poor 

populations. Porcine epidemic diarrhea virus is a serious live-stock pathogen that is causing 

significant economic losses in the swine industry internationally. To date, over a billion piglets 

have died globally. Live vaccine has been used historically to combat PEDV outbreaks in Asia, 

however, live vaccines available today are ineffective in preventing outbreaks of circulating 

pandemic strains, including US outbreak strains, and have not significantly reduced the global 
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disease burden (152). Other important nidovirus infections of swine include transmissible 

gastroenteritis virus (TGEV) and its related respiratory variant designated porcine respiratory 

coronavirus (PRCV), and porcine reproductive and respiratory disease virus (PRRSV), which 

have caused major economic losses to the swine industry since the late 1980s (164-166). In 

addition to PEDV, another emerging coronavirus, porcine delta coronavirus, has recently been 

reported in swine, demonstrating the possibility of continued emergent threats to this important 

food industry (145, 167). Given the apparent increase in the number of new swine viruses 

identified over the past 30 years, it seems clear that management practices and/or other changes 

in the ecosystem are providing an environmental setting that promotes the emergence of new 

viral pathogens for the swine industry. If so, these data document the need for the development 

of new, rapid response intervention platforms for disease control in critical livestock populations 

that are centrally linked to human health. In this manuscript, we describe the first molecular 

clone for a highly pathogenic US strain of PEDV, PC22A strain, isolated from an outbreak in 

Ohio in June 2013 (163). Both the parental PEDV PC22A strain and its derivative recombinant 

cloned virus were genetically stable and fully pathogenic in neonatal gnotobiotic pigs, 

demonstrating that icPEDV not only provides a strategy that allows for the systematic evaluation 

of the role of viral genes in pathogenesis, tropism and virulence, but a translational platform for 

the development of rationally attenuated live virus vaccines. In addition, we have constructed a 

recombinant PEDV that encodes an indicator gene, RFP, which allows for rapid evaluation of 

antiviral efficacy and neutralizing antibodies levels using high throughput cell culture systems.   

Recently, a molecular clone for a high growth tissue culture variant of a 2010 Thai 

isolate, designated PEDVAVCT12, was reported in the literature (168).  In contrast to our findings, 

full length recombinant PEDVAVCT12 virus could not be isolated unless ORF3 expression had 
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been ablated, either by naturally occurring deletions or by insertion of an indicator gene in this 

location.  Interestingly, naturally occurring deletions also removed 7 amino acids from the c-

terminal of the S gene, similar to deletions described with other tissue culture strains like PEDV 

strain CHM2013 (168).  At this time, the discrepancy between the two laboratory results is 

intriguing and most likely is directly related to the backbone sequence of the two isolates and/or 

the difficulties associated with culturing clinical isolates of PEDV in vitro. Tissue culture 

PEDVAVCT12 replicates 2-3 logs more efficiently than wildtype PEDV PC22A and icPEDV in 

culture and trypsin is also required to culture these latter isolates in vitro. Future studies may 

well reveal the emergence of similar tissue culture adaptations during serial passage of our 

highly virulent PEDV PC22A and icPEDV in culture.  Importantly, pathogenic outcomes in vivo 

were not evaluated using the heavily tissue culture adapted PEDVAVCT12 strain, so the utility of 

this recombinant virus to evaluate pathogenic outcomes and/or the role of tissue culture adaptive 

mutations in virulence are uncertain at best.  Although an exact infectious dose of our 

recombinant viruses were not determined from these studies,  <1 PFU of PEDV PC22A is 

sufficient to cause disease in piglets (24).  

Little information is available regarding the molecular mechanisms governing efficient 

coronavirus pathogenesis and transmission between hosts. Importantly, icPEDV and icPEDV-

ΔORF3-RFP are efficiently transmitted to co-housed littermates, providing a potential platform 

for investigating the genetic mechanisms regulating efficient transmission between hosts. While 

similar studies using highly pathogenic influenza viruses in ferrets are highly controversial 

because of potential human pandemic concerns (169), identifying genetic factors that attenuate 

transmission frequency offer a powerful tool to improve the safety and efficacy of live attenuated 

coronavirus vaccines, especially given the high animal density manufacturing approaches used in 
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the swine industry. Such studies may also provide significant insights into the fundamental 

principles and genetic functions that influence the transmission efficiency of other highly 

pathogenic human coronaviruses, like Severe Acute Respiratory Syndrome Coronavirus (SARS-

CoV) and Middle East Respiratory Syndrome Coronavirus (MERS-CoV). 

 PEDV infection is most devastating in neonatal and suckling piglets, necessitating 

vaccines that target lactogenic immunity through the vaccination of pregnant sows and gilts. 

Piglets do not attain passive immunity pre-parturition, but instead receive IgG and IgA based 

lactogenic immunity from colostrum and milk, respectively. For both TGEV and PEDV, sows 

infected with live virulent virus transferred more protective immunity against viral challenge in 

their nursing piglets than sows infected with attenuated or inactivated virus (170). The USDA 

has granted conditional licenses to two PEDV manufacturers to date. The Harris Vaccine uses an 

attenuated Venezuelan Equine Encephalitis (VEE) virus vaccine strain replicon particle (VRP) 

expressing the PEDV spike protein (171). The second is a parenteral killed virus vaccine made 

by Zoetis (44). Both are used to immunize pregnant sows and gilts. The efficacy and protective 

ability against various circulating US strains is still under evaluation. We note that the VRP 

platform described in our paper was based on a BSL2, non-select agent, Venezuelan equine 

encephalitis virus strain designated 3526, which has been used in animal and human trials (172-

174).  In contrast to other VEE replicon platforms, VEE 3526 retains wildtype E1 and E2 

glycoproteins that efficiently target dendritic cells (175, 176), but lacks E3 sequences. This 

deletion of E3 confers an attenuated phenotype in vivo.  VEE 3526 expressing appropriate S 

glycoprotein genes provides robust protection against other coronaviruses like SARS-CoV, 

MERS-CoV and HKU5-S (55, 177, 178). Using VEE 3526 structural genes allows for recovery 

of high titer VRP encoding PEDV S and/or N proteins under BSL2 conditions.  It remains 
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unclear whether the VRP3526 platform will prove sufficiently robust to induce lactogenic 

immunity in sows capable of protecting suckling piglets (178). Future experiments will have to 

be designed and implemented to test the relative efficacy of VRP vaccines, killed whole virus 

vaccines, or future live attenuated virus vaccine.  

Importantly, no live virus vaccine is currently available in the United States, nor have 

historical live vaccines been effective in combating current US or Asian strains (14). Robust 

studies using SARS-CoV have identified several viral genes, including the E protein, the ExoN 

nsp14 RNA proof-reading machinery, and the 2-O-methyltransferase nsp16 replicase, as high 

priority targets for rational attenuation of coronaviruses (32, 179, 180). Because coronaviruses 

undergo RNA recombination at high frequency and encode an exonuclease function (181, 182), 

recombination repair and reversion to wild type virus is a pressing concern when designing live 

attenuated coronavirus vaccines. However, our laboratory has developed strategies to prevent 

recombination repair that limit the capacity of rationally designed live attenuated virus to revert 

to wildtype virus sequence (65). Effective vaccines are increasingly important as new strains are 

identified in the United States and circulating strains continue to devastate herds. The infectious 

clone platform allows for rapid construction of genetically modified PEDV variants, to evaluate 

the function of antigenic variation on neutralization phenotypes, and can be used for the rational 

design of a live virus vaccine. This platform also allows for incorporation of genetic changes to 

enhance the replication of the virus in vitro for more efficient production of attenuated vaccines. 

Globally, humans have experienced coronavirus outbreaks with increasing frequency including 

the identification of two new human coronaviruses in the last fifteen years –notably, SARS-CoV 

and MERS-CoV (183). Human and animal coronaviruses share similar structural proteins and 

replication dynamics. Currently, no transmission model is available for these important human 
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pathogens. The neonatal pig model described in this study can provide a surrogate transmission 

model for human coronaviruses. Separately, the study of coronavirus transmission in its original 

host in a BSL2 climate affords the opportunity to safely and accurately research a family of 

viruses that is devastating animal and human populations. It is possible that genetic manipulation 

of PEDV recombinant viruses will enable studies that can significantly enhance our 

understanding of the role of coronavirus genetics in transmission, virulence and pathologies that 

are central to both animal and human health and disease prevention.  

 In this manuscript, we describe a reverse genetic platform for a US highly virulent PEDV 

strain that causes lethal disease in newborn piglets, allowing for the future identification of 

attenuating mutations and virulence alleles. In parallel, we have developed indicator viruses that 

can be used for high-throughput neutralization assays or to evaluate the impact of antivirals. This 

reverse genetics system will allow for quick and robust PEDV genetic manipulation in a clinical 

North American isolate, allowing for in-depth study of viral replication and pathogenesis, which 

are essential for the development of a safe and robust live attenuated virus vaccines. 

 

2.4  Materials and Methods 

Viruses and Cells 

The wild type strain PC22A strain of PEDV, passage 4, was cultured on Vero cells, as 

described previously (Oka 2014). Cells were grown in growth media containing Dulbecco's 

Modified Eagle Medium (DMEM) (Life Technologies) supplemented with 5% fetal bovine 

serum (Life Technologies) and 1% antibiotic-antimycotic (Gibco). Virus was grown in Vero 

cells in maintenance media, which was DMEM supplemented with 10 ug/mL trypsin (Life 
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Technologies),0.3% tryptose phosphate broth (Sigma), and 1% antibiotic-antimycotic (Life 

Technologies). Cells were kept in a humidified incubator at 37oC and 5% CO2.  

Assembly of Full Length Recombinant PEDV 

The icPEDV clone was designed using six separate fragments ordered from Biobasic 

flanked with unique flanking class II restriction sites that leave non palindromic overhangs. 

Sequences were ordered based on PC22A passage 4 sequence (Genbank Accession 

#KM392224.1). All cDNA subclones were grown in the pcXL-TOPO vector. In fragment E, a 

naturally occurring BsaI site was removed by introducing a silent mutation in order to prevent 

interference with assembly of the full length infectious clone. All PEDV fragments were 

sequenced after transfection into bacterial culture to ensure sequence fidelity. The PEDV 

fragments were digested using restriction sites designated in Figure 1, run on a 1% agarose gel, 

excised, and purified using a QIAquick Gel Extraction Kit (Qiagen). The PEDV fragments were 

mixed and ligated overnight at 4oC using T4 DNA ligase (Roche). Ligated fragments were 

phenol/chloroform extracted, and full length T7 RNA transcripts were generated as described in 

the mMessage mMachine manufacturer protocol (Ambion), but allowing the reaction to run at 

30oC for 3 hrs, then room temperature for 2 hrs.  In addition, SP6 PEDV N gene transcripts were 

generated from PCR purified PEDV N gene sample using a 4:1 ratio of cap to GTP (Ambion). 

To generate the ORF3 deleted RFP construct, tdTomato was amplified using PCR with 

flanking PEDV sequence, then inserted using native restriction sites in the PEDV-F fragment. 

PEDV-F-ΔORF3-RFP was cultured and sequenced to ensure seamless replacement of ORF3 

with RFP containing the ORF3 TRS.  
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In Vitro Transfection 

Genome length and N RNA transcripts were mixed with 800uL of Vero-BI cells (1x107 

cells/mL) in PBS, then added to an electroporation cuvette. Three pulses of 450V at 50uF were 

used to transfect the cells with a Gene Pulser II electroporator (BioRad). The cells were allowed 

to recover for 10 min at room temperature, and then were transferred to a 75cm2 flask in growth 

medium at 37oC for 2 hr, after which time the cells were washed and incubated in cell culture 

medium. Trypsin was added to the culture at 5ug/mL 12 hrs post electroporation to assist in virus 

recovery and spread.  

Sequence Analysis Identification of Marker Mutations 

Virus harvested from small intestinal contents was grown in Vero-BI cell culture for 48 

hrs. Virion RNA was harvested from supernatant using the QIAamp Viral RNA mini kit 

(Qiagen). After purification, viral cDNA was generated with Superscript II Reverse 

Transcriptase (Life Technologies) as previously described by our group (49).  To demonstrate 

the presence of the marker mutation, the  icPEDV BsaI mutation site was amplified by PCR 

using primers 5’-tccaagccatttctagttctatt-3’ and 5’-TGACACAACAAAGATGAGAACA-3’. PCR 

amplicons were gel purified and then sequenced using primers 5’-tcaggctagcaggaagttag-3’ and 

5’-AGGTCAACTAGTGTGTTGTTGATAT-3’. 

Western Blot and Transcript Analysis 

Virus from infected animals were cultured in Vero-BI cell culture for 48 hrs, washed with 

PBS, and intracellular RNA was harvested from cells using NP40 buffer (150mM NaCl, 1% 

Triton X-100, 50mM Tris pH 8.0) for Western Blots or TRIzol (Life Technologies) for RNA 

analysis. cDNA from viral RNA transcripts was generated using Superscript II Reverse 

Transcriptase (Life Technologies) and PCR amplified using primers pairs in the PEDV leader 
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sequence and nucleocapsid gene. PCR products were separated on a 1% agarose gel and 

visualized on a DarkReader transilluminator (Clare Chemical Research).  

For Western Blot analysis, protein from infected cells was denatured in 4x Lammeli 

buffer (BioRad) at 95oC for 6 mins, then seperated on a gradient 4-15% Mini-PROTEAN precast 

gels (BioRad) prior to  electrophoretic transfer of the proteins to PVDF membranes (BioRad). To 

detect PEDV antigens, blots were first blocked with 5% milk in TBST and then probed with a 

polyclonal mouse sera diluted 1:200 from mice which had been immunized with Venezuelan 

Equine Encephalitis replicon particles (VRP) expressing PEDV nucleocapsid (N) protein or 

spike (S) glycoprotein. Blots were developed using GE Amersham ECL Western Blotting 

Detection reagents and exposed to film for imaging. 

Animal Studies 

Four groups of 2-3-week-old gnotobiotic (Gn) pigs were used to examine the replication 

and pathogenesis of icPEDV- and icPEDV-ΔORF3-RFP-derived viruses in vivo, and compared 

with PC22A and mock infected  positive and negative controls, respectively (Table 1).  Piglets 

were orally inoculated with 2 mL of icPEDV or icPEDV-ΔORF3-RFP culture supernatants after 

transfection (P0)(<1.0 x 102 PFU/ml), or with tissue culture-adapted (TC) PC22A strain at 

passage level 3 (P3) with a dose of 5.8 log10 PFU/pig.  To investigate transmission, Pig No. 2, 5, 

7 and 10 were co-housed in the same isolator as infected pigs but were separated by a stainless 

steel divider that contained small holes which only allowed indirect contact between the groups. 

Animals were monitored daily for clinical signs of disease including diarrhea and vomiting. 

Rectal swabs were collected for scoring fecal denseness (score 0=normal; 1=pasty; 2=semi-

liquid, diarrhea; and 3=liquid, diarrhea) and for enumerating fecal viral RNA shedding by RT-

qPCR. Except for one pig in icPEDV group, which was kept for long term for the production of 
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hyperimmune serum, the Gn pigs were euthanized at acute infection phase [within 5 days post-

inoculation (DPI) or 7 days post-contact the inoculated pigs (DPC)] for histopathological 

examinations. At necropsy, small and large intestinal contents were collected and tested by RT-

qPCR for viral RNA levels and for infectious virus by plaque assay. The different sections of 

small intestine [duodenum (D), jejunum (J), ilium (I)] and large intestine [caecum (C) and colon] 

were collected for histopathological examination and stained by H&E. The derivation and 

maintenance of Gn pigs, sample collection and testing, and histopathology were performed as 

previously described (163, 184). All the animal use protocols employed in this study were 

reviewed and approved by the Agricultural Animal Care and Use Committee, The Ohio State 

University. 

Immunohistochemistry (IHC) Staining 

The IHC staining procedure was optimized as described previously (24) using non-biotin 

polymerized horseradish peroxidase (HRP) system (BioGenex Laboratories, San Ramon, CA). 

Briefly, intestinal tissue sections from each pig were deparaffinized and rehydrated in graded 

ethanol to phosphate-buffered saline (PBS, pH 7.4). Antigen retrieval and unmasking were 

performed by treatment with 0.05 % pronase E (Sigma-Aldrich1, St. Louis, MO) for 20 min. The 

endogenous peroxidase activity was quenched with 3% hydrogen peroxide (Sigma) for 20 min. 

Then, the sections were incubated in Power Block™ solution (BioGenex) for 30 min at room 

temperature (RT). Mouse monoclonal antibody anti-PEDV nucleocapsid (N) protein (SD6-29, a 

gift from Drs. Nelson E. and Lawson S., South Dakota State University) was applied to each 

section at 4 °C overnight. After two washes in PBS, commercial Super Sensitive™ IHC 

Detection System (BioGenex) was used. Finally, these sections were counterstained with 

Mayer's haematoxylin (BioGenex), dehydrated, and cover-slips added. The IHC signal of PEDV 



48 
 

antigen was scored as 0–3 according to the percentage of villous enterocytes within the section 

showing a positive signal. Score 0 = no positive cells, score 1 = less than 30%, score 2 = 30 to 

60%, score 3 = more than 60% of villous enterocytes showing a positive signal. 

 

 

Table 2.1: Summary of PEDV replication and pathogenesis in Gn pigs      

Group 

No 

of 

Pigs  

Pig 

No. 

Age of 

inoculation 

(day) Inoculation/Contacta 

Onset of 

fecal RNA 

shedding / 

diarrhea 

(DPI or 

DPC) 

Highest 

fecal scorec/ 

fecal RNA 

shedding 

titer 

(GE/mL) 

Age (DPI) 

of piglet at 

euthanasia 

(day) 

Jejunum 

villous 

height:crypt 

depth 

(VH:CD) 

ratio 

icPEDV 5 1 19 Inoculation 2 / 2 3 / 12.9 NDb ND 

  2 19 Contact 2 / 4 3 / 13.2 24 (5) 1.2 ± 0.2 

  3 16 Inoculation 1 / 2  3 / 11.5 20 (4) 1.4 ± 0.2 

  4 16 Inoculation 1 / 2  3 / 12.0 21 (5) 1.3 ± 0.2 

    5 16 Contact 1 / 2  3 / 11.5 21 (5) 3.1 ± 1.5 

icPEDV-

ΔORF3-

RFP 3 6 14 Inoculation 1 / 1 2 / 11.6 16 (2) 2.2 ± 0.1 

  7 14 Contact 2 / 5 2 / 11.6 21 (7) 1.0 ± 0.0 

    8 14 Inoculation 1 / 3 2 / 10.8 17 (3) 2.7 ± 0.4 

PC22A 4 9 18 Inoculation 1 / 1 3 / 13.0 19 (1) 1.4 ± 0.3 

    10 18 Contact 2 / 3 3 / 11.8 21 (3) 1.3 ± 0.1 

  11 26 Inoculation 1 / 1 2 / 11.8 27 (3) ND 

  12 26 Contact 1 / 2 1 / 11.12 21 (7) ND 

Mock 1 11 NA NA NA 1 / NA 19 6.8 ± 0.9 
a Pigs No. 2, 5, 7 and 10 were exposed by indirect contact to the pigs which were housed in the 

same isolator through small holes drilled into the stainless steel divider. Panel located between 

the 2 pigs in the shared pig tub isolator unit. 

b ND: not done because Pig#1 was used for hyperimmune serum production. 

c fecal score: 0=normal; 1=pasty; 2=semi-liquid, diarrhea; and 3=liquid, diarrhea. 
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Table 2.2: Summary of IHC staining in infected pigs. 

 

 

Group 

 

Pig No. 

 

DPI 

IHC signal intensity 

duodenum jejunum ileum colon 

icPEDV 2 5 0 3 3 1 

 3 4 2 3 3 1 

 4 5 1 3 2 2 

 5 5 1 3 2 1 

       

icPEDV-ΔORF3-

RFP 
6 2 0 1 1 0 

 7 7 1 2 3 0 

 8 3 0 2 2 0 

Note: The IHC signal of PEDV antigen was scored as 0–3 according to the percentage of villous 

enterocytes within the section showing a positive signal. Score 0 = no positive cells, score 1 = 

less than 30%, score 2 = 30 to 60%, score 3 = more than 60% of villous enterocytes showing a 

positive signal. 
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CHAPTER 3: HUMORAL IMMUNITY IS REQUIRED FOR CLEARANCE OF SARS-

CoV INFECTION 

3.1 Introduction 

Severe acute respiratory syndrome (SARS), caused by a novel coronavirus (SARS-CoV), 

resulted in over 8,000 cases of respiratory disease with high mortality in 2002 and 2003 (185). 

Patients with severe pathology developed acute lung injury associated with neutrophilia, 

lymphopenia, and prolonged proinflammatory cytokine expression (186). In surviving patients, 

infectious virus was cleared between 1 and 3 weeks after infection (187). Because human 

isolates of SARS-CoV replicate, but do not produce severe disease in mice, in vivo pathogenesis 

studies have focused on a mouse-adapted SARS-CoV strain designated MA15 to reveal 

fundamental insights into pathogenesis and immunity (10). Several studies have demonstrated 

the critical importance of innate immune responses and wound repair pathways in regulating 

SARS-CoV pathogenesis (16, 72, 73, 75, 188-193); additionally, T cell responses have been 

found to be critical for virus clearance and protection from clinical disease in mice infected with 

SARS-CoV. Survival has been associated with robust SARS-CoV specific CD4+ and CD8+ T 

cell responses during infection (86, 87, 89, 90). Findings to date have shown critical roles for 

both innate and T cell-mediated immune functions in virus clearance, however, the role of B 

cells in primary infection and viral clearance have not yet been characterized. 

Serum analysis of SARS-CoV-infected patients and in SARS-CoV mouse models have 

primarily focused on the development of protective neutralizing IgG antibody responses in the 

weeks and months after infection (99, 191, 194, 195). The SARS nucleocapsid is an 



51 
 

immunodominant antigen during infection and the vast majority of SARS-CoV reactive 

antibodies (80-90%) in patients bind to the nucleocapsid protein (N) (99). During the SARS-CoV 

outbreak, IgG titers against the N protein as well as the spike glycoprotein (S) were initially 

detected in patients at ~2 weeks post-infection. These IgG titers peaked at approximately 4 

weeks post-infection (194). Though anti-SARS-CoV IgG titers were detectable through one year 

post-infection, IgG antibody titers declined over this period and subsequently became 

undetectable in many patients six years after infection (81, 196). At approximately two weeks 

post-infection in human patients, antibody titers skew towards a higher IgG to IgM ratio, 

suggesting that CD4+ T cells are highly activated after initial infection (81). Taken together, 

these previous reports indicate that antigen-specific antibody responses are robust in patients that 

clear virus infection and survive infection.  

Passive transfer of SARS-specific monoclonal and polyclonal sera has been shown to be 

protective in both young and aged mouse models of human disease, as well as in humans during 

the SARS-CoV outbreak (197). Prophylactic treatment with monoclonal anti-SARS-CoV 

antibodies reduces viral load in the mouse lung and eases disease burden in mouse models of 

human coronavirus (CoV) infection (195, 198, 199). During the SARS-CoV outbreak, antibodies 

from convalescent sera of recovered patients were passively transferred to symptomatic SARS 

patients who had not responded to other forms of treatment. Patients receiving convalescent sera 

recovered from infection and rapidly cleared virus (200).   Coupled with the above studies of 

anti-SARS-CoV antibody responses, these results suggest the importance of humoral immunity 

in virus clearance and convalescent sera transfer as a possible treatment for CoV infection. 

However, the exact role of B cells and antibodies in the control of primary infection has not yet 

been critically examined. 
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In this study, we focus on B cell and antibody responses to MA15 during the first two 

weeks of infection. Previous studies have shown that Rag-/- and SCID mice, both without 

functional adaptive immune cells, are unable to clear MA15, whereas immunocompetent mice 

clear virus within 7-10 days post infection (dpi) (71). To investigate the role of lymphocytes and 

humoral immunity in virus clearance, we infected B cell-deficient (muMT-/-), CD4 T cell receptor 

(TCR) fixed (OTII), and CD8 TCR fixed (OTI) mouse strains with MA15. While both TCR-

fixed mouse strains cleared virus by 15 dpi, the muMT-/- mice were unable to clear virus from the 

lung, and maintained high viral titers well past 15 dpi. Because T cells have primarily been 

implicated as responsible for MA15 clearance, the inability to clear virus in T cell competent, B 

cell deficient mice was surprising. Furthermore, we show that 7 dpi convalescent serum is 

capable of neutralizing MA15 in vitro. In vivo, prophylactically transferred 7 dpi convalescent 

sera prevented mortality in 12- and 20-week old mice challenged with a lethal dose of MA15. 

Together, these data indicate a major role for humoral immunity in control of primary SARS-

CoV infection and signal a possible new treatment avenue for CoV-mediated disease in the 

context of future outbreaks.  

 

3.2 Results 

3.2.1     Activation of antibody-related networks is decreased during lethal SARS-CoV 

infection.   

 Using existing systems biology datasets for SARS-CoV infection (201), network analysis 

comparing lethal and sublethal MA15 challenge revealed a module eigengene (dark-red), a cluster 

of coordinately expressed genes regulating immunoglobulin, antibody heavy, and antibody light 

chain transcript expression (9). Expression of this eigengene cluster was significantly diminished 
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at 4 and 7 dpi in the lethal model as compared to the sublethal model of MA15 infection (Fig. 1, 

S. Table 1). Consistent with reports from human studies (186), these data suggest a role for B cell 

and antibody responses in regulating disease progression following MA15 infection. The role of 

early humoral immune response to MA15 infection in viral clearance and pathogenesis has yet to 

be systematically evaluated.  Based on these factors, we decided to explore the role of B cells and 

antibodies within the first 7 dpi of MA15 infection.  

 

 

 

3.2.2 B cell deficient mice are not able to clear MA15. 

To determine the role of B cells and antibody in viral clearance, we infected 10-week old 

B cell-deficient (muMT-/-) (105) and immune intact C57BL/6J (B6) control mice with a sublethal 

dose of MA15, weighed and monitored mice daily, and harvested lung for titer and histology at 

0.1Fig 3.1 Bioinformatics points to an important role for B cells. 
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timepoints between 4 and 90 dpi (Fig 2) (10).  As expected, control mice retained virus at high 

titer in the lung through 4 dpi, followed by rapid virus clearance to below the limit of detection by 

7 dpi. Surprisingly, muMT-/- mice retained high viral titers in the lung through 90 dpi despite the 

presence of an otherwise intact immune system. We stained lung histology sections from later 

timepoints for SARS N protein. In control animals, we detected no viral antigen, but SARS N 

antigen staining was clearly evident at late time points in the muMT-/- model, consistent with our 

lung titer data (Fig 2B). Both B6 and muMT-/- mice demonstrated equivalent weight loss and 

recovery, despite muMT-/- mice retaining high virus titer in the lungs at later timepoints (Fig. 2C). 

Additionally, pathology scoring on histological slides showed no significant difference in lung 

injury or recovery between B6 and muMT-/- mice (Fig 2D-E), suggesting that total viral clearance 

is not required for recovery from SARS disease, consistent with previous findings (71). These data 

support the hypothesis that B cells are directly or indirectly required for clearance of MA15 

infection following primary challenge.  

To determine whether B cell or antibody responses to SARS-CoV infection were 

differential between lethal and sublethal infections, we infected 20 week old B6 mice with a mock, 

low, sublethal, or lethal dose of MA15 (Fig. 3). We monitored mice and weight daily through 7 

dpi (Fig. 3A-B), then harvested mice for lung hemorrhage scoring, flow cytometry analysis of the 

lung and spleen, and serum antibody titer (Fig. 3C-F). Serum antibody was analyzed by ELISA 

against purified SARS-S protein for anti-SARS-CoV IgG and IgM. We observed no significant 

differences in splenic B cell numbers, B cell activation, or serum antibody titer between infectious 

doses (Fig. 3F). These data together suggest that though B cell and antibody responses impact viral 

clearance in the lung, the lack of these responses do not impact weight loss and recovery from lung 

injury in the MA15 model under these treatment conditions. 
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3.2.3 Lack of antigen-specific CD4+ T cell responses results in delayed MA15 clearance. 

To further characterize interactions that may explain the critical role for B cells, we sought 

to evaluate the role of T lymphocytes in MA15 clearance by infecting OTI and OTII (fixed CD8 

or CD4 TCR, respectively) mice with a sublethal dose of MA15 (Fig. 4) (106, 107, 202). Wild-

type B6 mice were used as an immunocompetent control and Rag-/- mice were used an 

immunodeficient control. All mice displayed similar weight loss and recovery phenotypes during 

infection, suggesting that neither CD4+T nor CD8+T MA15-specific responses are individually 

required for recovery from disease (Fig. 4A). At 4 dpi, B6, OTI, OTII, and Rag-/- mice retained 

high titers of MA15 in the lung. However, by 7 dpi, B6 and OTI mice had cleared virus in the lung, 

suggesting that MA15-specific CD8+T cells are not required for clearance in this model (Fig 3B). 

However, viral clearance in OTII mice was delayed until 15 dpi. These data suggest that a CD4+T 

cell response to MA15 infection contributes to, but is not essential for, viral clearance. Because of 

the importance of CD4+T cell help in B cell activation in response to viral infection (203), this 

delay in clearance in the OTII model points to a role for CD4+T cell activation of B cells in viral 

clearance during the first week of infection. Together, these data further support a role for B cell 

and antibody responses in MA15 clearance early in infection (87) 
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3.2.4 Antigen-specific B cells are not required for SARS-CoV clearance. 

We next investigated B cell function and antigen specificity and its impact on virus control 

and clearance.  For these purposes, we used the HELMET mouse strain, wherein B cells are present 

in normal levels but carry B cell receptors only reactive to HEL, the hen egg lysozyme, rendering 

them unable to create viral antigen-specific antibodies (109). HELMET mice were infected with a 

sublethal dose of MA15, as above, and were monitored and weighed daily. HELMET mice showed 

similar weight loss and recovery to other mouse strains (OTI, OTII, Rag-/-, B6), suggesting that a 
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fixed BCR did not result in increased pathology during infection (Fig. 4A). However, MA15-

infected HELMET mice maintained high virus titers in the lung through 7 dpi, but, eventually 

cleared virus infection by 15 dpi (Fig 4B). These data suggest an important role for antigen-specific 

B cells in early viral clearance in the lung, but are also consistent with previous findings outlining 

the capability of virus-specific T cells to clear virus from the lungs (88, 90, 204).  Importantly, the 

results suggest that B cells or antibody are needed in an antigen-independent capacity to help prime 

T cell-mediated clearance.  Together, the data indicate an overlapping and complementary role for 

virus-specific B and T cells in MA15 clearance in the lung.   
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3.2.5 Convalescent serum at 7 days post infection can efficiently neutralize MA15 in vitro. 

In order to analyze serum antibody responses to MA15 infection over time, we infected B6 

mice with a sublethal dose of MA15 and harvested sera at 4, 7, and 29 dpi (Fig. 5). We analyzed 
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sera for IgG and IgM antibody concentration against purified SARS-S glycoprotein. During 

infection, IgM responses against MA15 were established within the first week, peaked early and 

remained high through 29dpi (Fig. 5A). IgG responses were evident early infection, but peak titers 

were evident at 29dpi, which is a common antibody kinetic response to acute viral infection (205) 

(Fig. 5B). Sera neutralization titers were determined using Vero cell neutralization assays against 

MA15, with neutralization reported as the 50% effective concentration of antibody (EC50).  Serum 

antibodies at all timepoints showed a time-dependent neutralization of MA15 (Fig 5C-D). 

Surprisingly, as early as 7 dpi, convalescent sera was able to efficiently neutralize virus in vitro 

and displayed similar neutralization efficiency to 15 dpi convalescent sera. This early 

neutralization response may explain the requirement for B cells in MA15 clearance during early 

MA15 infection. 
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3.2.6 Prophylactic transfer of early antibody protects from MA15 pathogenicity. 

In order to determine whether inoculation with 7 dpi convalescent sera can protect against 

lethal MA15 infection, we again purified sera from MA15-infected B6 mice at 7 dpi. Sera from 

infected mice was pooled then used to intraperitoneally inoculate 20 week old B6 mice prior to 

receiving a lethal inoculation of MA15 24 hours later (Fig. 6A). We monitored mice for weight 

loss daily then harvested at 7 dpi or when moribund. Passive transfer of convalescent sera from 7 

dpi protected mice following lethal MA15 challenge from severe disease and weight loss (Fig. 
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6B). These data suggest that early convalescent sera could be used prophylactically to neutralize 
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virus and prevent mortality in coronavirus infection.  

 

3.3 Discussion 

Lethal SARS-CoV infection causes an immune-mediated disease marked by dysregulated 

innate immune responses, cytokine levels, and T cell responses, which contribute to severe 

disease and death (86). Conversely, survival is associated with activation of virus-specific T cells 

which contribute to early virus clearance and diminish clinical disease (89, 90, 93). In this study, 

we extend these studies to show that B cell and antibody responses also play a critical role in 

disease control and virus clearance during MA15 infection in lethal B6 mouse models. Using a 

systems based approach, we utilized eigengene modules to predict an important role for B cell 

responses in protection from lethal disease outcomes, then used a panel of genetically 

immunodeficient mice and convalescent serum transfer experiments to support the hypothesis 

that early B cell and antibody responses also play an important role in protection from severe 

MA15 infection and by contributing to virus clearance.  

Our systems biology approach applies robust statistical modeling to large expression 

datasets in order to discover coordinated expression patterns associated with lethal and sublethal 

viral infections. This has led to the discovery of key signaling and expression pathways in 

SARS-CoV pathogenesis and disease (72, 201, 206, 207). As in human infections (186), 

transcriptomic analysis comparing lethal and non-lethal MA15 infection of the mouse lung 

revealed that B cell activation and antibody production was impaired in lethal, but not sublethal, 

infection, suggesting a role for humoral immunity in SARS-CoV pathogenesis and clearance. 

Additionally, previous studies have shown that while MA15 was cleared from the lungs of wild-

type mice within 7 dpi, immunodeficient SCID and Rag-/- mice retained high titers of virus in the 
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lung up to three weeks after infection (32, 71). Because SCID and Rag-/- mice lack functional 

lymphocytes, these findings pointed to a critical role for lymphocytes in viral clearance within 

the first week of infection.  

During primary infection, SARS-CoV infects the lung epithelium where dendritic cells 

are able to sequester viral antigen and migrate to the lymph node in order to activate 

lymphocytes through direct antigen presentation, MHC activation, and secondary activation 

signals (101). Consequently, virus-specific T cells act as effectors that activate and recruit 

subsequent immune cell populations (86).  Additionally, virus-specific T cells migrate to the site 

of infection and secrete antiviral cytokines, chemokines, and cytotoxic molecules which lead to 

inflammation, increased antigen presentation, inhibition of viral replication, and direct killing of 

virus-infected cells (86, 101). Based on current studies, SARS-CoV clearance and survival early 

after infection is thought to be heavily regulated by T cell activities, as opposed to B cell or 

antibody-mediated processes. After coronavirus infection, T cell responses can be either 

pathogenic or protective, depending on the virus strain and host species (208). However, Chen et 

al. determined that depletion of CD4+T cells, but not CD8+T cells, delayed viral clearance and 

led to a poor virus-specific antibody response in aged Balb/c mice in response to SARS-CoV 

Urbani infection, suggesting a role for helper T cell activation of B cells and subsequent 

antibody-aided viral clearance (87). 

 Building on this observation, immunocompromised Rag-/- mice fail to clear another 

coronavirus, murine hepatitis virus (MHV-1), instead maintaining high viral titers within the 

lung for weeks following primary infection (71, 209). Additionally, Chachu et al. determined 

that muMT-/- and HELMET mice did not clear murine norovirus as efficiently as 

immunocompetent mice due to a lack of virus-specific antibody responses (210). Consonant with 
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our findings reported with SARS-CoV, adoptive transfer of polyclonal or monoclonal antibodies 

against murine norovirus led to viral clearance, suggesting a distinct role for antibody in virus 

clearance (210, 211). In the case of adoptive transfer of virus-neutralizing antibody, various 

SARS-CoV studies have used exogenous monoclonal SARS-specific IgG to induce sterilizing 

immunity to primary infection but also to drive virus clearance (197, 199). These data 

demonstrate that virus-specific antibody will protect animals from lethal disease and clear virus 

after infection 

Based on a number of elegant studies (86, 88, 90, 91), it is clear that T cell responses play 

a significant role in SARS-CoV clearance and the control of severe disease outcomes (72, 206, 

207). In our study, muMT-/- mice, lacking mature B cells and membrane-bound IgM, were not 

able to clear MA15 virus. Our muMT-/- findings are novel to the current dogma of the field and 

support a significant role for B cells in MA15 clearance. Consonant with our findings, influenza, 

a respiratory (-)ssRNA virus, is not efficiently cleared from the lungs of muMT-/- mice (204). 

However, MA15 failed to be effectively cleared even after 90 dpi, when high viral titers were 

still present in the lung. These data support the hypothesis that B cell and/or antibody responses 

are required for MA15 clearance during primary infection. While muMT-/- mice lack mature B 

cells in the B6, but not BALB/c (212) mouse model, we note that muMT-/- mice can also use a 

different pathway to produce some CD19+/CD0+/IgD+ B1 cells and to produce non-specific IgE 

and IgG antibodies (213). However, our data suggest that these cells and activities do not appear 

to function in MA15 clearance.  

To address the role of T lymphocytes in our MA15 clearance model, we investigated 

whether mice deficient in virus-specific CD4+T cells (OTII) or CD8+T cells (OTI) showed the 

same inability to clear virus that was seen in Rag-/-, SCID, and muMT-/- mice. OTI mice, which 
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lack a virus-specific CD8+T cell response, were able to clear virus on the same timescale as B6 

mice, while OTII mice, which lack a virus-specific CD4+T cell response, demonstrated delayed 

viral clearance in the lung. These data corroborate previous findings in which depletions of 

CD4+T cells and CD8+T cells in senescent Balb/c demonstrated delayed MA15 clearance after 

infection (87). One of the primary roles of CD4+T cells during a respiratory viral infection is to 

help in B cell activation (203). After infection, B cells are primed by viral antigen binding the B 

cell receptor, then activated by CD4+T cells via CD40/CD40L and cytokine signaling (214). 

Activated B cell can then divide and produce antigen-specific antibodies (215). While other cell 

types are capable of activating B cells, CD4+T cells are primarily responsible for robust B cell 

activation during the first days of viral infection (203). It is likely that the observed delay of 

MA15 viral clearance in OTII mice, or CD4+ T cell depleted mice in Chen et. al. (87), is likely 

due to impaired B cell activation and therefore delayed or weakened antibody responses. 

Because HELMET mice eventually clear virus, the data also support the idea that antigen non-

specific B cells may play a key role in T cell priming/help and T cell-mediated clearance. 

Passive immunotherapy approaches are being developed to prevent and treat several 

human medical conditions where alternative therapeutic options are absent, including MERS-

CoV infection (216, 217). Our data support previous passive transfer experiments in humans, 

which have appeared to enhance protection from lethal disease after SARS-CoV infection (200). 

In support of these findings, we showed that 7 dpi convalescent mouse sera was able to 

efficiently neutralize MA15 in in vitro neutralization assays. Moreover, prophylactic transfer of 7 

dpi convalescent sera significantly protected mice in a lethal MA15 challenge. While sera was 

chosen from patients late after infection and with high antiviral IgG and IgM titers (26), our data 

suggests that neutralizing sera isolated early from convalescent patients who experienced mild, 
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but not severe infections could protect from severe disease and mortality. The ongoing MERS-

CoV outbreak and discovery of SARS-like CoVs circulating in bats and other wild animals 

suggest that recurrence of another coronavirus-mediated disease remains a possibility (198, 199, 

218, 219) and that passive immunotherapy might serve as a rapid response treatment option 

(216). Thus, rapid treatment using sera transfer could be an important factor in suppressing viral 

replication and mortality in the early days of an outbreak. 

Our systems based studies clearly demonstrated significant differences in B cell 

immunoglobulin gene expression responses following lethal infection in mice. In humans, 

patients with poor outcomes had poor ISG and immunoglobulin gene expression levels, 

persistent chemokine levels, and deficient anti-SARS spike antibody production as well (186), 

demonstrating concordant outcomes in mouse and human models. SARS-CoV clearance is a 

complex phenotype both in humans and in mice and is heavily regulated by both T cell function 

and early induction of neutralizing antibodies. Future studies focusing of the role of B cell 

activation and antibody secretion in the initial days of viral infection may provide critical new 

insights into pathogenic mechanisms of emerging coronaviruses, leading to new therapeutic 

regiments for disease control and public health preparedness. As several zoonotic SARS-like 

viruses are poised for reemergence, these data suggest that optimal SARS-CoV vaccines should 

elicit robust antibody and memory T cell responses. 

 

3.4 Methods 

ETHICS STATEMENT AND BIOSAFETY 

Mouse studies were carried out in accordance with the recommendations for the care and 

use of animals by the Office of Laboratory Animal Welfare at the NIH. IACUC at UNC-CH 

approved the animal studies performed under IACUC protocol 15-155. All virus work was 
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performed in a certified biosafety level 3 (BSL3) laboratory containing redundant exhaust fans 

while wearing personal protective equipment including HEPA-filtered powered air purifying 

respirators, Tyvek suits, hoods, and boots; work was additionally confined to a class II biological 

safety cabinet. 

CELL CULTURE AND VIRUS 

Recombinant mouse-adapted SARS-CoV (MA15) was generated, passaged once, and 

titered on Vero E6 cells. For viral titering, the right bottom lobe of each mouse was homogenized 

then serially diluted to assess plaque forming units (PFU) in Vero E6 cells, with a detection limit 

of 100 PFU, as previously described by our group (188).  

ANIMALS AND INFECTIONS 

Mice were obtained from the Jackson labs (Bar Harbor, ME), housed and bred in 

pathogen-free conditions in accordance with guidelines established by the Department of 

Comparative Medicine at UNC-CH. Strains used include C57BL/6J (B6), muMT-/-, HELMET 

(HELMET), Rag-/-, OTI, and OTII mice. All mice were female. During infection, mice were 

maintained in SealSafe ventilated caging system in a BSL3 laboratory, equipped with redundant 

fans as previously described by our group (5). Before viral infection, mice were anesthetized by 

administering 50 µl ketamine/xylazine mixture intraperitoneally and then infected intranasally 

with 50 µl virus solution or control PBS. 10-week old mice were used in sublethal models or 20- 

week old mice in lethal models. Twenty week aged mice were infected with 104 PFU MA15, a 

lethal dose and 10-12-week old mice were infected with 105 PFU MA15, a sublethal dose (201). 

Following sedation and infection, mice were monitored daily for weight loss and survival, as 

well as for signs that the animals were moribund (including labored breathing, lack of movement 

and lack of grooming). Mice that reached 20% weight loss were placed under exception and 
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monitored at least twice daily. Mice deemed moribund or near 30% weight loss were euthanized 

at the discretion of the researcher. Mice were euthanized with an isoflurane overdose followed 

by major organ removal, at various time points, to collect lung tissues. Cervical dislocation was 

used as a secondary euthanasia method. All are approved methods of the Institutional Animal 

Care and Use Committee (IACUC) at the UNC-CH. 

ELISA AND NEUTRALIZATION ASSAYS 

ELISA plates were coated in carbonate buffer (0.8ug/mL of SARS-S antigen) overnight 

and blocked at 4oC, before serum was serially diluted 2-fold 10 times with 3 replicates per 

sample and added to a 96-well plate. HRP conjugated secondary was used at 1:2000 for 1 hour, 

then developed in Thermo Scientific Pierce 1-Step Ultra TMB ELISA Substrate then stopped in 

0.1M sodium fluoride, and read by plate reader at 450nm.  

To perform plaque reduction neutralization assays (PRNT50) serum was serially diluted 

2-fold and incubated with 100 PFU of the MA15 for 1 hour at 37°C. The virus and antibodies 

were then added to a 6-well plate with 1 ×105 Vero E6 cells/well with n=2 replicates per sample. 

After 1 hour incubation, cells were overlaid with 0.8% agarose in media. Plates were incubated 

for 48 hours then stained with neutral red for 3 hours, and plaques were counted. The percentage 

of plaque reduction was calculated as [1 − (no. of plaques with antibody/no. of plaques without 

antibody)] × 100. 

HISTOLOGICAL ANALYSIS AND LUNG SCORING 

 Lung samples were fixed in 10% phosphate-buffered formalin for >7 days, then moved to 

new formalin solution at 4oC before removal from BSL3. Fixed samples were them placed in 

cassettes, rehydrated, and moved to ethanol solution prior to submission to the Lineberger 

Comprehensive Cancer Center Animal Histopathology Core for processing and sectioning. 
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Histopathology tissue sections were boiled in Tris-EDTA buffer for antigen retrieval, then 

stained using anti-SARS-S antibody and HRP-conjugated secondary antibody. HRP was 

developed using DAB (Thermo Scientific Metal Enhanced DAB Substrate Kit), then 

counterstained. Histopathology was scored, blinded to infection and animal status, for airway 

disease, vascular disease, parenchymal pneumonia, diffuse alveolar damage, eosinophils and 

immunohistochemistry on a scale of 0–3 (0, none; 1, mild; 2, moderate; 3, severe). Gross 

hemorrhage of lung tissue was observed during harvest and scored on a scale of 0 (no 

hemorrhage in any lobe) to 4 (extreme and complete hemorrhage in all lobes of the lung). 

FLOW CYTOMETRY 

The left lung of each mouse was used for flow cytometric staining of inflammatory cells. 

Mouse lungs were perfused with PBS before harvest. Tissue was dissected and digested in RPMI 

(Gibco) supplemented with DNAse and Collagenase (Roche) in an incubated shaker. Samples 

were strained using a 70 micron filter (BD) and any residual red blood cells were lysed using 

ACK lysis buffer, stained, then fixed in 2% formalin solution. Cells were stained in three 

separate panels using: (1) FITC anti-Ly-6C clone AL21 (BD), PE anti-SigLecF clone E50-2440 

(BD), PETR anti-CD11c clone N418 (MP), PerCP anti-B220 clone RA3-6B2 (MP), PE-Cy7 

anti-Gr–1 clone RB6-8C5 (eBio), eF450 anti-CD11b clone M1/70 (eBio), APC anti-LCA clone 

30-F11 (eBio), APC-eF780 anti-MHC class II clone M5/114 (eBio) or (2) FITC anti-CD94 clone 

18d3 (eBio), PE anti-CD3Ɛ clone 145-2C11 (eBio), PETR anti-CD4 clone RM4-5 (MP), PerCP 

anti-CD8 clone 53–6.7 (BD), PE-Cy7 anti-CD49b clone DX5 (eBio), eF450 anti-LCA clone 30-

F11 (eBio), AF647 anti-CD19 clone 6D5 (Biolegend), APC-eF780 anti-B220 clone RA3-6B2 

(eBio), (3) BB515 anti-CD19 (BD), APC-R700 CD45R (BD), BV606 anti-IgD (BD), BV421 

anti-IgM (BD), PE anti-CD21 (BD), APC anti-CD138 (BD), BV737 anti-CD80 (BD), BV786 
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anti-CD5 (BD), APC-Cy7 anti-MHCII (BD). Samples were run in the UNC Flow Cytometry 

Core Facility on a Beckton Dickinson LSR II and analyzed in FlowJo, as previously described by 

our group (220). 

ADOPTIVE SERUM TRANSFER 

Whole blood was harvested from infected or mock-infected animals at various timepoints 

after infection and moved to EDTA serum tubes then centrifuged to remove cells and debris. 

Serum was collected, measured for volume, and pooled by harvest date and stored at -80oC. A 

1:1 volume (500uL) of serum was transferred to uninfected mice intraperitoneally one day prior 

to intranasal infection. Infection and subsequent mouse handling were performed as described 

above. 

GENE ANALYSIS AND NETWORK MODULES 

All infection response networks, network modules, and heat maps were generated and 

analyzed within our previous publication (28). 
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Supplementary Table 3.1. Heat map genes in order of display in Figure 1  

 
Probe Gene Description 

A_51_P1033

64 

ENSMUST0000010

3552 

Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1S12] 

[ENSMUST00000103552] 

A_51_P1047

68 

ENSMUST0000010

3498 

Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1S55] 

[ENSMUST00000103498] 

A_51_P1282

48 

Igh Mouse IgMk rearranged heavy-chain mRNA variable region 

(V-D-J) anti-DNA autoantibody [M20831] 

A_51_P1507

05 

Igj Mus musculus immunoglobulin joining chain (Igj), mRNA 

[NM_152839] 

A_51_P1507

10 

Igj Mus musculus immunoglobulin joining chain (Igj), mRNA 

[NM_152839] 

A_51_P1835

81 

Pou2af1 Mus musculus POU domain, class 2, associating factor 1 

(Pou2af1), mRNA [NM_011136] 

A_51_P2031

48 

AB017433 Mus musculus mRNA for anti-IL-18 IgG heavy chain, clone 

125-2H, partial cds. [AB017433] 

A_51_P2307

16 

Igh-VJ558 K0727F04-5N NIA Mouse Hematopoietic Stem Cell (Lin- 

[CA578712] 

A_51_P2708

07 

Tnfrsf17 Mus musculus tumor necrosis factor receptor superfamily, 

member 17 (Tnfrsf17), mRNA [NM_011608] 

A_51_P2723

41 

EG211331 BY724721 RIKEN full-length enriched, adult male aorta and 

vein Mus musculus cDNA clone A530011I23 5'. [BY724721] 

A_51_P2882

95 

ENSMUST0000010

3496 

Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1-7] 

[ENSMUST00000103496] 

A_51_P2988

02 

Bfsp2 Mus musculus beaded filament structural protein 2, phakinin 

(Bfsp2), mRNA [NM_001002896] 

A_51_P3282

75 

ENSMUST0000010

3505 

Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1S45] 

[ENSMUST00000103505] 

A_51_P3466

81 

A75Y090902 Mus musculus clone GN-2-M1 monoclonal anti-alpha-1,3-

galactosyltransferase IgM heavy chain mRNA, partial cds 

[AY090902] 

A_51_P4056

38 

LOC544905 601217727F1 NCI_CGAP_Lu29 Mus musculus cDNA clone 

IMAGE:3586566 5'. [BE371942] 

A_51_P4428

89 

LOC639988 PREDICTED: Mus musculus similar to Ig heavy chain V region 

VH558 A1/A4 precursor (LOC639988), mRNA [XM_916675] 

A_51_P4521

53 

2010001M09Rik Mus musculus RIKEN cDNA 2010001M09 gene 

(2010001M09Rik), mRNA [NM_027222] 

A_51_P4619

02 

L22886 Mus musculus rearranged IgH mRNA, V-region, cell line Cyd-

1. [L22886] 

A_51_P4767

57 

Igh-VJ558 Mus musculus adult male testis cDNA, RIKEN full-length 

enriched library, clone:1700110L11 product:immunoglobulin 

heavy chain, (J558 family), full insert sequence. [AK007163] 
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A_51_P5037

57 

Igl-V1 Mus musculus adult male small intestine cDNA, RIKEN full-

length enriched library, clone:2010004G10 

product:immunoglobulin lambda chain, variable 1, full insert 

sequence. [AK008094] 

A_51_P5137

70 

ENSMUST0000010

3535 

Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1S5] 

[ENSMUST00000103535] 

A_51_P5159

85 

U55685 Mus musculus anti-DNA immunoglobulin light chain IgG, 

antibody 452s.36, partial cds. [U55685] 

A_52_P1054

013 

AK041235 Mus musculus adult male aorta and vein cDNA, RIKEN full-

length enriched library, clone:A530093J23 

product:immunoglobulin heavy chain 4 (serum IgG1), full 

insert sequence. [AK041235] 

A_52_P1390

27 

Igh-VJ558 Mus musculus J558+ IgM heavy chain mRNA, hybridoma 

clone ME2B7, partial cds. [U39781] 

A_52_P1462

6 

Igk-V33 Mus musculus activated spleen cDNA, RIKEN full-length 

enriched library, clone:F830304C16 product:Ig kappa chain V-

VI region XRPC 44 homolog [Mus musculus], full insert 

sequence [AK157689] 

A_52_P1492

35 

Mel13 Mouse anti-idiotype antibody-resistant variant IgK (Vk-Ox1 

gene family) mRNA, VJ5 region [M57586] 

A_52_P1518

87 

Igh-VJ558 Mus musculus adult male testis cDNA, RIKEN full-length 

enriched library, clone:1700110L11 product:immunoglobulin 

heavy chain, (J558 family), full insert sequence. [AK007163] 

A_52_P1740

00 

AB070542 Mus musculus VH186.2-D-J-IgG1 mRNA, partial cds, 

sequence:kec-5. [AB070542] 

A_52_P2134

83 

Ighv1-77 PREDICTED: Mus musculus similar to Ig heavy chain V region 

VH558 A1/A4 precursor (LOC619994), mRNA [XM_138377] 

A_52_P2144

37 

EG668544 PREDICTED: Mus musculus similar to Ig heavy chain V region 

VH558 A1/A4 precursor (LOC668544), mRNA 

[XM_001002167] 

A_52_P2251

58 

NAP113251-1 Unknown 

A_52_P2382

30 

AF152371 Mus musculus kappa light chain of Mab7 mRNA, partial cds. 

[AF152371] 

A_52_P2462

48 

AF240166 Mus musculus MRP3 mRNA, complete cds. [AF240166] 

A_52_P2597

79 

LOC631531 Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1S4] 

[ENSMUST00000103523] 

A_52_P3064

1 

Gm459 Immunoglobulin Kappa light chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGKV4-86] 

[ENSMUST00000103337] 

A_52_P3584

06 

ENSMUST0000010

3518 

Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1-47] 

[ENSMUST00000103518] 

A_52_P3831

14 

Igl-V1 Mus musculus anti-deoxynivalenol scFv lambda light chain 

variable region mRNA, partial cds. [AY151141] 

A_52_P3857

67 

BC055911 Mus musculus cDNA clone MGC:68301 IMAGE:3662102, 

complete cds. [BC055911] 
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A_52_P4492

14 

Gm1418 PREDICTED: Mus musculus gene model 1418, (NCBI) 

(Gm1418), mRNA [XM_357683] 

A_52_P4502

76 

Igl-V1 Mus musculus immunoglobulin lambda chain (IgL) mRNA, 

complete cds. [M94350] 

A_52_P4636

37 

AY895789 Mus musculus clone RLS1478F immunoglobulin heavy chain 

(Igh) mRNA, partial cds. [AY895789] 

A_52_P4690

09 

AY182513 Mus musculus clone BaFL-P40 immunoglobulin heavy chain 

variable region mRNA, partial cds. [AY182513] 

A_52_P4769

89 

AF210281 Mus musculus isolate B880 immunoglobulin heavy chain 

variable region mRNA, partial cds. [AF210281] 

A_52_P4778

6 

AB069910 Mus musculus V303-D-J-C mu mRNA, partial cds, 

sequence:R2-10. [AB069910] 

A_52_P4791

63 

NAP106724-1 Unknown 

A_52_P4800

19 

L48666 Mus musculus (cell line C3H/F2-15) chromosome 12 anti-DNA 

antibody heavy chain mRNA. [L48666] 

A_52_P4904

70 

NP614311 GB|AF459850.1|AAO59848.1 immunoglobulin heavy chain 

VDJ region [Mus musculus] [NP614311] 

A_52_P4925

32 

Gm189 Mus musculus single chain Fv antibody (E4(Fv)) mRNA, 

partial cds [AF025535] 

A_52_P5327

69 

Igh Mouse IgMk rearranged heavy-chain mRNA variable region 

(V-D-J) anti-DNA autoantibody [M20831] 

A_52_P5440

90 

AF218659 Mus musculus clone nMeV21 immunoglobulin heavy chain 

variable region mRNA, partial cds. [AF218659] 

A_52_P5595

66 

ENSMUST0000010

3527 

Immunoglobulin heavy chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGHV1-56] 

[ENSMUST00000103527] 

A_52_P5651

06 

NAP107273-1 Unknown 

A_52_P5656

36 

AY172876 Mus musculus clone BApecB1a-P3 immunoglobulin heavy 

chain variable region mRNA, partial cds. [AY172876] 

A_52_P5784

36 

Gm1418 PREDICTED: Mus musculus gene model 1418, (NCBI) 

(Gm1418), mRNA [XM_357683] 

A_52_P5820

68 

ENSMUST0000010

3351 

Immunoglobulin Kappa light chain V gene segment 

[Source:IMGT/GENE_DB;Acc:IGKV4-63] 

[ENSMUST00000103351] 

A_52_P5854

3 

Gm1524 AGENCOURT_10055965 NCI_CGAP_Co24 Mus musculus 

cDNA clone IMAGE:6479347 5', mRNA sequence 

[BQ937284] 

A_52_P6142

07 

BC080787 Mus musculus immunoglobulin kappa chain complex, mRNA 

(cDNA clone MGC:91220 IMAGE:4206216), complete cds. 

[BC080787] 

A_52_P6223

55 

Igl-V1 Mus musculus adult male small intestine cDNA, RIKEN full-

length enriched library, clone:2010007E08 

product:immunoglobulin lambda chain, variable 1, full insert 

sequence. [AK008145] 

A_52_P6381

00 

AB070552 Mus musculus V102-D-J-IgG1 mRNA, partial cds, 

sequence:lec-8. [AB070552] 

A_52_P6488

24 

X12388 Mouse hybridoma 10B10S mRNA for IgM(b) heavy chain 

variable region V(H)-J(H)2. [X12388] 
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A_52_P6729

03 

Igl-V1 Mus musculus adult male small intestine cDNA, RIKEN full-

length enriched library, clone:2010007E08 

product:immunoglobulin lambda chain, variable 1, full insert 

sequence. [AK008145] 

A_52_P6863

92 

Igh-VJ558 Mus musculus adult male testis cDNA, RIKEN full-length 

enriched library, clone:1700110L11 product:immunoglobulin 

heavy chain, (J558 family), full insert sequence. [AK007163] 

A_52_P8294

08 

Igl-V1 Mus musculus adult male small intestine cDNA, RIKEN full-

length enriched library, clone:2010007E08 

product:immunoglobulin lambda chain, variable 1, full insert 

sequence. [AK008145] 
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CHAPTER 4: RELATIVE IMPACTS OF DIET INDUCED OBESITY AND GENETICS 

ON SUSCEPTIBILITY TO SARS-CoV INFECTION IN THE MOUSE  

 

4.1 Introduction 

The recent Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and ongoing 

Middle East Respiratory Syndrome Coronavirus (MERS-CoV) outbreaks in 2003 and 2012, 

respectively, have caused high morbidity and mortality in patients. Severe SARS-CoV and MERS-

CoV infection oftentimes progresses to acute respiratory distress syndrome (ARDS), a life-

threatening, end stage lung condition in which alveolar damage, inflammation and edema 

oftentimes lead to death (7, 10, 16, 127). SARS-CoV and MERS-CoV cause ~14% and 36% 

mortality rates, respectively, according to the World Health Organization and several 

comorbidities like age, obesity and underlying lung disease predispose individuals to more severe 

disease outcomes (10, 16). Although these co-morbidities modulate severe disease outcomes, 

robust animal model development designed to phenocopy and study these disease-enhancing 

phenomena are lacking. To date, most studies have focused on the development of new animal 

models designed to identify the underlying immunologic mechanisms that regulate age-related 

disease enhancement or the impact of age on vaccine performance, leading to the discovery of 

serious deficiencies in our countermeasure design in these at risk populations. For example, the 

doubly-inactivated SARS-CoV vaccine (DIC) was developed and shown to be protective in 10 

week old mice against a subsequent SARS-CoV infection. However, the DIC vaccine was shown 

to be ineffective, and alarmingly, induced a Th2 immune mediated immune pathology in aged 
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mice following homologous and heterologous SARS-like virus challenge (125, 221, 222). Because 

numerous SARS-CoV-like viruses are circulating in bats that are preprogrammed to replicate to 

high titer in primary human lung cells, future CoV outbreaks seem inevitable (8, 9).  Thus, new 

model systems that mimic highly vulnerable populations and/or morbidity conditions are needed 

to evaluate pathogenic mechanisms and countermeasure performance. 

Obesity is defined as an individual with a body-mass index ≥ 30 and is associated with 

increased risk of heart disease and diabetes. Obesity rates are conservatively expected to rise to 

55% of US adults by 2030 and also are rapidly increasing around the world, with over 500 

million adults and 43 million children under the age of 5 effected as of 2008 (223).  In the 

Kingdom of Saudi Arabia (KSA) specifically, over 50% of adults are considered obese as of 

2017 (132). Unfortunately, conditions in the KSA mirror the rapidly expanding problem of 

obesity throughout the Arabian Peninsula (224). Importantly, diabetes and heart disease are 

comorbidities associated with severe disease outcomes in SARS-CoV infected patients and 

obesity is a significant comorbidity for severe disease after MERS-CoV infection (126, 128, 130, 

225, 226).  Although other metabolic-related diseases were linked to increased SARS 

pathogenesis, obesity was not considered a comorbidity during the SARS-CoV outbreak. This 

difference might reflect the variation in obesity definitions used in Asian and European 

countries, coupled with the discovery that the European BMI cutoffs do not accurately reflect the 

health state associated with obesity in Asian countries. For example, it is likely that Asian 

countries would more accurately be defined as “obese” at a lower BMI than 30, potentially 

skewing comorbidity analyses in CoV outbreaks in Asian countries (226, 227). Thus, genetic 

variation between populations may also regulate obesity related disease enhancing phenotypes. 
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Obesity is associated with dysregulated cytokine signaling, poor wound healing, and 

dysfunctional cell-mediated immune responses, and has been linked to poor outcomes following 

infection (135, 228). Specifically, obesity is correlated with poor outcomes for respiratory 

disease and respiratory infection patients. Stapleton et. al. determined that obesity correlates with 

a greater risk of developing ARDS and other organ failure (229). Specific to ARDS, obesity 

reduces chest wall and lung compliance and leads to lower lung function via increased airway 

resistance (230, 231). Obesity increases systemic leptin levels, which is both proinflammatory 

and serves as a neutrophil attractant (133, 229). Both in mice and in humans, high fat diet and 

obesity correlate with a large influx of proinflammatory neutrophils into the lung prior to any 

disease or infection event (144, 229, 232). This persistent proinflammatory state can lead to a 

dysregulation of both the innate and adaptive immune  responses associated with infection and 

disease. In the case of lung injury via asthma or allergic response, obesity correlates with 

increased lung fibrosis, endothelial collapse, airway hyper responsiveness, and proinflammatory 

cytokines associated with increased collagen deposition, rendering the lungs inflexible and 

impairing respiration (233-235).  

Evidence of increased disease burden of obese patients in lung infection is born out 

through human and mouse studies of influenza as well. O’Brien et. al. found that obesity 

predisposes mice to increased morbidity and mortality in H1N1 and H3N2 influenza infection 

(139). Additionally, mice showed decreased epithelial cell proliferation and wound healing in the 

lung after primary influenza infection. Infected obese mice also displayed high levels of protein 

and albumin in bronchial alveolar lavage fluid (BALF), indicative of increased pulmonary 

barrier permeability and edema. In the days following infection, the lungs of obese mice retained 



82 
 

high levels of inflammatory cells such as neutrophils, monocytes, effector T cells, and NK cells, 

indicative of an extended illness and inflammatory period (139).  

Evidence of obesity increasing respiratory disease burden as well as obesity comorbidity 

studies in MERS-CoV infections suggests a critical need to generate high fat diet induced obesity 

(DIO) models for emerging coronavirus infections. Although comorbidities are important 

determinants of SARS-CoV outcomes, host genetic variation also likely plays a vital role in 

obesity related comorbidities. Variability in SARS-CoV disease is seen in both human patients 

and in genetically distinct mouse models. A thorough study of SARS-CoV susceptibility loci in 

the Collaborative Cross (CC) by Gralinski et. al. showed the impact of genetic variability on 

SARS-CoV disease outcomes (117). The CC is a large panel of recombinant inbred (RI) mouse 

strains derived from both lab-inbred and wild-derived mouse lines. CC RI lines are diverse and 

mappable, intending to mimic the genetic diversity seen in human populations (112, 115). In this 

study, we not only develop new obese mouse models of severe emerging coronavirus lung 

disease, but also evaluate the impact of host genetic variation on obesity related comorbidities 

using genetically distinct CC lines before and after SARS-CoV infection. Our data demonstrate a 

clear association between genetics, obesity, and susceptibility and resistance to emerging 

coronavirus infection, providing a panel of new animal models for mechanistic studies, genetic 

susceptibility mapping studies, and countermeasure evaluation.  
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4.2 Results 

4.2.1  Obesity Increases morbidity and mortality in the mouse model of SARS-CoV 

infection.  
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0.1Fig 4.2 Obesity impairs lung function and increases lung 
injury in SARS-CoV infection. 
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In order to determine the impact of diet induced obesity (DIO) on SARS-CoV infection, 4 week 

old C57BL/6J mice were weaned and maintained on a Research Diet high fat diet (HFD) chow, 

while control mice maintained a standard lean diet chow (CD). Animals were measured via 

magnetic resonance imaging (MRI) for body composition by MRI.  At 20 weeks of age, the 

C57BL6 mice were infected with a sublethal dose of 104 PFU of mouse adapted SARS-CoV 

(MA15), intranasally (201). Only mice over 30% body fat were considered “obese” and used in 

the study (Fig 4.1). While lean mice displayed a normal ~10% weight loss phenotype and 

0.2Fig 4.3 Chemokine and monocyte markers in the lung after SARS-CoV infection. 
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recovered quickly after infection, obese mice were significantly different in terms of increased 

weight loss and mortality (Fig 4.1), as about 80% of the obese animals died prior to 7 dpi.  

4.2.2 Obesity impairs lung function and increases lung injury in SARS-CoV infection.  

During the first week of infection, mice were measured daily for respiratory function 

using BUXCO plethysmography. For measurements, mice are moved into individual 

plethysmography chambers and allowed to acclimate for 30 minutes before a 5 minute recording 

time. A derived measurement of lung function is PenH, measuring airway resistance that is 

highly correlated with debris in the airway (236). Consonant with increased morbidity and 

mortality phenotypes, SARS-CoV infected obese mice displayed significantly higher levels of 

PenH during infection as compared to lean controls. In addition, EF50 measures respiratory flow 

at 50% of lung volume, indicative of a “wheeze” like state, or lung distress. SARS-CoV infected 

obese mice also showed significantly higher levels of EF50 during infection as well (Fig 4.2). At 

7 days postinfection, surviving mice were assessed visually for hemorrhage on a 0-4 scale based 

on the totality of lung involvement. Obese mice displayed significantly higher levels of 

hemorrhage in the lung than infected controls, providing an additional marker of increased lung 

injury and/or reduced wound healing in the obese infected mice (Fig 4.2).  

4.2.3  Obesity impacts immune responses to SARS-CoV infection.  

After infection with 104 PFU of MA15, obese infected mice and controls were sacrificed 

on either 2 dpi for cytokine and chemokine analysis or 7 dpi for flow cytometry analysis (Fig 

4.3, S4.3). SARS-CoV infected obese mice retained high levels of M1 precursors, Ly6Chi 

monocytes, at late timepoints after infection, indicating a prolonged proinflammatory response 

when compared to lean controls (Fig 4.3, S4.3). These findings are supported by Bioplex 

cytokine and chemokine analysis of homogenized lung tissue at 2dpi. The Bioplex 23-plex panel 
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is an ELISA-based immunoassay measuring levels of 23 cytokines and chemokines (Eotaxin, G-

CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3,  IL-4,  IL-5,  IL-6,  IL-9, IL-10, IL-12 (p40), IL-

12 (p70), IL-13, IL-17A, KC, MCP-1 (MCAF), MIP-1α, MIP-1β, RANTES, TNF-α). As 

compared to controls, we saw elevated levels of several cytokines in both the obese and lean 

SARS-CoV infected animals (Fig 4.3, S4.1, S4.2).  

4.2.4    Differential response in recombinant outbred mouse lines to high fat diet and 

SARS-CoV infection.  

Underlying host genetics predispose individuals to obesity and obesity related 

comorbidities (237). To evaluate the impact of underlying host genetics on obesity and SARS-

CoV disease severity, nine CC RI lines were divided into three groups of ten mice each. All 

groups underwent the same feeding and infection parameters, but were divided for experimental 

ease (Group A: CC012, CC061, CC041; Group B: CC030, CC003, CC001; Group C: CC035, 

CC046, CC010). Each line was divided into 5 mice per diet (HFD v CD), At weaning (appx. 4 

weeks of age), each group of mice were maintained on the HFD or CD diets and evaluated for 

weight and body fat percentage using MRI (Fig 4.4). Lines CC041, CC030, CC003, CC001, 

CC035, and CC046 gained significantly more body fat on high fat diet when compared to their 

chow diet controls (Fig 4.4). Among these CC001 exceeded body fat percentages seen in the 

C57BL6 mice (Fig 4.1). Surprisingly, the remaining lines, CC012, CC061, and CC010 did not 

gain significantly more body fat when on the HFD diet. Among these, CC061 showed lower 

body fat on high fat diet compared to chow diet controls at 15 and 20 weeks of age – however, 

CC061 mice on high fat diet visibly moved high fat diet chow from the food holder to the cage 

litter and may have had putative intestinal distress as evidenced by soft stools. Measurements of 

food intake were not recorded in individual cages during this study. For all downstream studies, 
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all mice were used regardless of body fat percentage at the time of infection, as many lines did 

not meet the standard C57BL/6J criteria for obesity, >30% body fat (135, 140) (Fig. 4.4C). 

At 20 weeks of age, each group of mice were then infected intranasally with 104 PFU of 

MA15 and the animals were monitored for weight loss and mortality through 7 dpi. (Fig 4.4). At 

7 dpi, surviving mice were sacrificed assessed visually for hemorrhages previously described in 

Fig. 4.4C. Lines CC061, CC041, CC001, CC035, CC046, and CC010 continually lost weight or 

succumbed to illness during the study, showing high susceptibility to MA15 infection in both 

high fat and chow diet groups. While lines CC001, CC041 and CC046 had demonstrated 

significant BF gain under high fat diet conditions, CC001 HFD and CC046 HFD mice lost 

weight more slowly than controls fed on standard chow. More animals and repeat experiments 

will be needed to achieve statistical significance.  All mice in Line CC061 succumbed to 

infection, with high fat diet mice succumbing 3 dpi, and chow diet mice succumbing 4 dpi. Lines 

CC010, CC012, and CC003 showed minimal weight loss followed by recovery of weight after 

MA15 infection, indicating low susceptibility to infection in both high fat and control groups. 

The only lines showing a significant difference in weight loss between high fat and control diet 

groups were CC012 at 4 dpi. However, both diet groups resolved infection similarly. Based on 

our data, pathogenesis as measured by weight loss and hemorrhage after infection was correlated 

highly with genetic line and did not directly correlate with diet. 
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0.3Fig 4.4 SARS-CoV infection outcomes in 9 Collaborative Cross lines comparing high fat and control diets. 
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4.3  Discussion 

Obesity is a disorder impacting over 500 million people globally. Obese populations have 

more than doubled since 1980, reaching 13% of adults worldwide(3). Obesity is associated with 

poor health outcomes in respiratory disease, including delayed and over-active inflammation, 

dysfunctional immune responses, and increased pathogenesis after virus emergence (128, 136-
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140). Increasing obesity rates coupled with poor health outcomes in these patient populations 

justify the need for a better mechanistic understanding of the relationship between obesity, 

inflammation, adaptive immunity and the progression of infectious disease. 

Obesity was shown to be a comorbidity and predictor of disease severity in human MERS 

cohorts. Additionally, obesity is known to increase the risk of developing ARDS during lung 

infection leading to longer hospital stays and increased pathology in obese patients (137, 232). 

Obesity was not been directly linked to SARS-CoV disease severity. One confounding factor is a 

low rate of obesity in the areas of SARS-CoV outbreaks, primarily in Asia.  Secondly, the 

definitions of obesity and related metabolic syndromes apply primarily to western populations, 

whereas Asian populations most likely require an alternate criteria (226). Robust and highly 

reproducible small animal models are desperately needed to not only study the pathogenic 

mechanisms regulating increased disease severity but to provide a platform for evaluating 

vaccine and antiviral drug performance in extreme risk populations.  Moreover, novel model 

platforms are desperately needed to map host genes and alleles which regulate increased disease 

severity after viral infection of the lung.   

We developed a new mouse obesity model of SARS-CoV pathogenesis. Our model 

primarily replicates the research of the Beck lab, which identified that obesity results in 

increased morbidity and mortality in an influenza mouse model (140). Our obesity model relies 

on feeding animals on a high fat diet to C57BL/6 DIO mice for 15 weeks, starting at the time of 

weaning. At 20 weeks, any mice at or over 30% body fat are considered to be obese and can be 

included in our research cohorts. Lean control mice were taken from the same litters as obese 

mice and housed in the same room, but were fed a chow diet to retain low body fat percentage. 

Our SARS-CoV uses sublethal doses of mouse-adapted SARS-CoV (MA15) inoculated into 20 
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week aged mice (117). In this study, we show that C57BL/6 DIO mice are highly susceptible to 

SARS-CoV pathogenesis when compared to lean controls. DIO mice show increased weight 

loss, high levels of mortality, and decreased lung function throughout infection. Additionally, 

increased levels of proinflammatory markers MCP-1 and G-CSF were noted as compared to lean 

controls. During severe SARS-CoV infection in humans, IL-6 is significantly increased, while 

TGF-B and IL-8 are significantly decreased (238). In studies of obese patients, serum levels of 

IL-10, IL-6, and TNFa are significantly increased when compared to lean patients (239, 240). 

MCP-1, or monocyte chemoattractant protein, is implicated in pathogenesis of several diseases 

characterized by monocytic infiltrates (241). After SARS-CoV infection, activated monocyte 

infiltration is a hallmark of increased pathogenesis (242). GCS-F, or granulocyte-colony 

stimulating factor, is produced by endothelium, macrophages, and other immune cells. G-CSF 

stimulates the survival, proliferation, differentiation, and function of neutrophil precursors and 

mature  neutrophils (243). Obesity and high fat diet were characterized by increased neutrophilia 

in the lungs and denotes a proinflammatory state in obese compared to lean mice (S4.3) (229, 

233). Neutrophilia is a common marker of pathogenesis in viral respiratory disease and ARDS; 

neutrophils increase in the respiratory tract during influenza infection, and during severe 

influenza pneumonia, the number of neutrophils is positively correlated with disease severity 

(244). Together, immune regulators and infiltrating immune cells point toward a 

proinflammatory state in obese infected mice characterized by high levels of proinflammatory 

cytokines and a skew toward M1 proinflammatory monocytes. Surprisingly, other inflammatory 

factors associated with severe lung disease, such as TNFa, IFN-a, and IFN-b, were not 

significantly increased in high fat compared to control diet infected mice (S4.2). It is possible 

that these proinflammatory cytokines would be seen at varying levels at a different times after 
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infection not tested here. SARS-CoV pathogenesis is largely an issue of inflammation 

temporality; an early robust immune response or completely diminished immune response is 

associated with better survival in the mouse model, but a delayed immune response is associated 

with high morbidity and mortality (242). It is also possible that the dynamics of high fat diet 

MA15 infection display different cytokine patterning than other respiratory infections.  

While the mechanism of increased pathogenesis is unknown, future studies will focus on 

a few likely pathways. For example, IFN-α/β functions to increase innate cellular defenses and 

activate immune cells to protect against infectious virus. IFN is secreted and recognized by 

secondary cells and, through a Jak/STAT signaling pathway, activates interferon stimulated gene 

(ISG) transcription, establishing an antiviral state in the host, and leads to the transcription of 

inflammatory cytokines including tumor necrosis factor alpha (TNF-α), interleukin-12 (IL-12), 

and IL-6 (76, 77, 245). However, increased adipose tissue in obesity secretes high levels of 

systemic leptin, which in turn upregulates suppressor of cytokine signaling 3 (SOCS3).  SOCS3 

is thought to inhibit IFN response by blocking the Jak/STAT signaling pathway, and thereby 

downregulating ISGs and inhibiting the host anti-viral response (133, 246). As an example, in 

DIO mice infected with the influenza virus, IFN-α/β transcripts were significantly reduced 

relative to lean mice 3 days post infection, suggesting dysfunctional viral sensing and IFN 

induction (136). IFN-α/β inhibits SARS-CoV replication both in vitro and in vivo (33, 63, 76, 77, 

189, 247). Recent evidence has shown that a delayed IFN-α/β response early in infection will 

lead to increased lung injury and mortality in SARS-CoV infected mice (76). Therefore, altered 

IFN signaling and secretion via aberrant leptin signaling is a possible mechanism for increased 

SARS-CoV pathogenesis in obese mice. A second possible mechanism involves monocyte 

infiltration into the lung and resolution of infection. Macrophages play an important role in the 
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inflammatory response and resolution of ARDS (248). Transition from an M1 polarized “pro-

inflammatory” to M2 polarized “anti-inflammatory” macrophage state is correlated with debris 

clearance and wound healing in the lung (76). During ARDS, M1 macrophages function in 

inflammatory cytokine secretion; monocyte, macrophage, and neutrophil recruitment; and tissue 

damage. M2 macrophages trigger tissue repair and a cessation of cell recruitment (249-252). One 

hallmark of poor outcomes in SARS-CoV infection in humans and mice is a high inflammatory 

monocyte count in the lung late in infection (76, 79).  

Obesity is correlated with increased basal levels of inflammation, as well as an increase 

in M1 versus M2 polarization systemically. Increased SOCS3 is also thought to prevent M2 

polarization (253).  In influenza-infected mice, levels of monocytes in the lung are significantly 

increased though 13 days post infection in obese compared to lean mice (139). Our data shows 

that M1 precursors, Ly6Chi monocytes, are increased at late time points in obese SARS-CoV 

infected mice. Recently, high levels of M1 macrophages late in infection correlate with increase 

mortality after SARS-CoV infection, perhaps by prolonging lung injury due to and prolonged 

inflammatory immune state and an inability of the host to promote an anti-inflammatory, wound 

healing state (242). It is likely that this prolonged proinflammatory state in the obese lung may 

be responsible for increased morbidity and mortality in obese SARS-CoV infected mice, 

contributing to a dysfunctional immune responses to infection and dysregulated wound healing 

response seen in other respiratory disease models of obesity. 

Currently, MERS-CoV is circulating on the Arabian Peninsula where over half of the 

population is obese. Several groups have developed mouse models for studying MERS-CoV 

pathogenesis, although none have evaluated the impact of obesity on viral infection.  In our 

laboratory, gene editing was used to introduce two human codons into the mouse dipeptidyl 
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peptidase 4 receptor, converting it into a functional receptor for entry (45).  Using the standard 

HFD described for C57BL/6 mice, this model should be readily available for evaluating the 

impact of HFD on MERS-CoV disease severity (128, 137). However, without understanding this 

mechanism, treatment approaches currently developed for controlling MERS-CoV infection in 

young mice may prove inappropriate or detrimental for the population. Moreover, obese patients 

often suffer from secondary ailments, including type II diabetes, metabolic syndrome, or 

hypertension (135, 254, 255). Diabetes as a comorbidity has been shown to enhance disease 

severity following MERS-CoV infection (256). Not only can these disease states add additional 

layers of risk, but the medications used to treat these symptoms come with unknown impacts on 

infectious disease outcomes. Various common medications have been shown to impact SARS-

CoV disease in humans, such as use of corticosteroids (11, 257). However, most medications and 

disease states have not been studied as comorbidities. Research aims to model respiratory virus 

research on the human disease state in order to improve patient health and test patient treatments. 

In order to do this thoroughly, it is important to generate a disease model that mimics the 

complexity and common health states of patients.  

 Genetics also plays a vital role in disease response and outcomes. Obesity itself has a 

strong genetic link, with a 40-70% genetic component in body weight heritability, shown in both 

human studies and in the collaborative cross (237, 258, 259). Traditional studies of obesity 

genetics have focused on rare homozygous alterations in leptin pathway genes. However, the 

advent of genome-wide association studies (GWAS) and single nucleotide polymorphism (SNP) 

mapping have allowed for a more dynamic approach to human heritability studies. Genome wide 

complex trait analysis – analyzing the impact GWAS SNPs in aggregate rather than individually 

– has shown that 16% of obesity heritability in humans can be attributed to genetics (237). 
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Environment and diet also exacts a strong impact on the obesity phenotype. Diet and exercise 

have been associated with differential methylation of genes, providing a mechanism for gene-

environment interactions, including the ability to counteract acquired or imprinted epigenomic 

patterns regulating obesity-related genes. Overall, genetics and heritability add complexity to 

obesity as a disease state. Atamni et. al. studied high fat diet in CC mice in conjunction with type 

II diabetes, finding that diet-induced type II diabetes is a complex trait controlled by multiple 

genetic factors and sex (260). This supports our finding wherein weight gain and body fat 

composition was highly dependent on genetic factors, and not primarily influenced by diet. 

Importantly, these findings mirror human studies of obesity genetics, both supporting our 

findings and supporting the hypothesis that CC genetic variability can be used to mimic human 

genetic variability. In particular, lines CC001 and CC061 show dramatically divergent responses 

under HFD, and an F1 cross study of these lines may provide a unique model system to map 

genes that regulate differential susceptibility to HFD in mice.  Two other lines should be noted: 

CC012 and CC061, which remained at low weights in both the high fat and control diet cohorts. 

CC012 seemed to simply be incapable of gaining significant amounts of weight, as all animals 

remained a low body weight throughout the study. This points to a genetic involvement in weight 

gain, and would be an unusable line in high fat diet studies of obesity. CC061, alternately, 

showed low chow intake and putative gastric upset via lose stool and inflamed-looking rectum. 

This likely resulted from poor intestinal response to the high fat diet, and should be taken into 

consideration when interpreting their results.  

Gralinski et. al. identified SARS-CoV susceptibility loci using the CC, finding various 

host genes that could be attributed to pathogenesis phenotypes in infection (116, 117). In our 

study of 9 divergent CC lines, genetics was far more predictive of disease outcome than diet. 
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Due to the importance of genetics in infectious disease susceptibility and the variation of SARS-

CoV susceptibility seen in Gralinski et. al., it is not surprising that genetic lineage was an 

important arbiter of disease outcomes. However, the degree to which genetics as opposed to diet 

determined outcomes was surprising in light of the dramatic impact of diet and obesity on SARS 

morbidity and mortality seen in C57BL/6J mice. After HFD and infection, two potentially 

promising lines are a cross of CC041 and CC001 lines. CC041 did not gain significantly more 

weight or body fat on a high fat compared to control diet, with both high fat and control diet 

mice remaining within a “normal” weight range. CC001, alternately, showed close grouping of 

weights on control diet and a very high body fat percentage on high fat diet. An F2 cross of these 

lines with similar genetic profiles but opposing weight gain profiles might allow for a closer 

pinpointing of the genes responsible for differential fat gain on high fat diet. However, it is clear 

from studies in the CC that longer durations of HFD and larger cohorts of animals will be needed 

to circumvent the heterogeneous disease phenotypes seen in these animals. 

As an alternate approach, because C57BL/6J mice reliably become obese on HFD, and 

are one of the eight founder lines of the CC, it is possible to map the relative impact of the 

C57BL/6J genome on weight gain and obesity in a larger panel of CC lines or crossed with HFD 

resistant lines to map disease regulating traits. The 9 CC lines study here cover approximately 

80% of the B6 genome by SNP mapping, leaving approximately 34 areas of non-B6 coverage 

(Fig 1.2). Dr. Martin Ferris analyzed this coverage and queried the remaining CC lines in order 

to determine which lines could be best used to acquire complete coverage of the B6 genome, 

finding 9 additional lines (CC011, CC031, CC023, CC074, CC020, CC057, CC065, CC076, 

CC018, CC026, CC037, and CC075) that would effectively cover the remainder of the B6 

genome.  



99 
 

The data described herein demonstrate a critical need for alternative animal model 

development allowing for detailed mapping of host susceptibility genes that regulate disease 

outcomes, when coupled with diet, obesity, host genetic variation and aging.  Such model 

systems provide new opportunities for investigating vaccine and therapeutic interventions, while 

potentially revealing fundamental new insights into viral pathogenesis. 

 

4.4 Methods 

ETHICS STATEMENT AND BIOSAFETY 

Mouse studies were carried out in accordance with the recommendations for the care and 

use of animals by the Office of Laboratory Animal Welfare at the NIH. IACUC at UNC-CH 

approved the animal studies performed under IACUC protocol 15-155. All virus work was 

performed in a certified biosafety level 3 (BSL3) laboratory containing redundant exhaust fans 

while wearing personal protective equipment including HEPA filtered powered air purifying 

respirators, Tyvek suits, hoods, and boots; work was additionally confined to a class II biological 

safety cabinet. 

CELL CULTURE AND VIRUS 

Recombinant mouse-adapted SARS-CoV (MA15) was generated, passaged once, and 

tittered on Vero E6 cells. For viral titering, the right bottom lobe of each mouse was 

homogenized then serially diluted to assess plaque forming units (PFU) in Vero E6 cells, with a 

detection limit of 100 PFU.  

ANIMALS AND INFECTIONS 

C57BL6/J mice were obtained from the Jackson labs (jax.org), housed and bred in 

pathogen free conditions in accordance with guidelines established by the Department of 
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Laboratory Animal Medicine at UNC-CH. Collaborative Cross (CC) strains were selected with 

the help of the CC and Dr. Martin Ferris, UNC, and were bred at UNC. At 5 weeks of age, CC 

mice were transferred to the Baric Lab and put on high fat or lean control diets. All mice were 

matched by age and litter in this study. All mice in this study were female unless otherwise 

stated. High fat diet mice were fed a 60% fat pellet diet (Research Diets) while control lean mice 

were fed a standard chow diet. Animals began their selective diets at 4-5 weeks of age and 

continued through their infection and harvest at 20 weeks of age. Prior to infection, they were 

monitored visually, by weight, and by MRI scan for body fat percentage. Only mice exceeding 

30% body fat prior to infection were included in the “obese” cohorts for B6 mice. All mice on 

the 15 week high fat diet were included in the “high fat diet” cohort for all CC strains because 

standards have not been developed for these animals..  

During infection, mice were maintained in SealSafe ventilated caging system in a BSL3 

laboratory, equipped with redundant fans as previously described by our group. Before viral 

infection, mice were anesthetized using isofluorane. Mice were infected with 103 PFU MA15, 

104 PFU MA15, 105 PFU MA15, or PBS for mock controls. Following sedation and infection, 

mice were monitored daily for weight loss and survival, as well as for signs that the animals were 

moribund (including labored breathing, lack of movement and lack of grooming). Mice that 

reached 20% weight loss were placed under exception and monitored at least twice daily. Mice 

that approached 30% weight loss were euthanized immediately. Mice deemed moribund were 

euthanized at the discretion of the researcher. Mice were euthanized with an isoflurane overdose 

followed by a secondary thoracotomy, at various time points, to collect lung tissues. In the 

absence of a thoracotomy, cervical dislocation was used as a secondary euthanasia method. All 
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are approved methods of the Institutional Animal Care and Use Committee (IACUC) at the 

UNC-CH. 

HISTOLOGICAL ANALYSIS AND LUNG SCORING 

Lung samples were fixed in 10% phosphate-buffered formalin for >7 days, then moved to 

new formalin solution at 4oC before removal from BSL3. Fixed samples were them placed in 

cassettes, rehydrated, and moved to ethanol solution prior to submission to the Lineberger 

Comprehensive Cancer Center Animal Histopathology Core for processing and sectioning. 

Histophathology tissue sections were boiled in Tris-EDTA buffer for antigen retrieval, then 

SARS-CoV stained using anti-SARS-S antibody and HRP-conjugated secondary antibody. HRP 

was developed using DAB (Thermo Scientific Metal Enhanced DAB Substrate Kit), then 

counterstained. Gross hemorrhage of lung tissue was observed immediately after euthanasia and 

scored on a scale of 0 (no hemorrhage in any lobe) to 4 (extreme and complete hemorrhage in all 

lobes of the lung). 

CYTOKINE PROFILING 

Sections of lung were frozen in PBS at -80oC until use. Sections were homogenized, then 

supernatant was used for cytokine profiling, assessed by the Bio-Plex Cytometric Bead Array 23-

Plex (Bio-Rad), according to the manufacturer's instructions. Cytokines assayed were Eotaxin,    

G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-

12 (p70), IL-13, IL-17A, KC, MCP-1 (MCAF), MIP-1α, MIP-1β, RANTES, and TNF-α. IFN-

alpha and IFN-beta assays were run separately though Bio-Rad Bio-Plex arrays according to 

manufacturer instructions. The concentrations of individual cytokines were expressed as the 

mean ± standard deviation (SD) from duplicate samples. 

FLOW CYTOMETRY 
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The right lung of selected mice were used for flow cytometric staining of inflammatory 

cells. Mice were perfused with PBS through the right ventricle before harvest, lung tissue was 

dissected and digested in RPMI (Gibco) supplemented with DNAse and Collagenase (Roche). 

Samples were strained using a 70 micron filter (BD) and any residual red blood cells were lysed 

using ACK lysis buffer. Cells were stained in three separate panels using: (1) FITC anti-Ly-6C 

clone AL21 (BD), PE anti-SigLecF clone E50-2440 (BD), PETR anti-CD11c clone N418 (MP), 

PerCP anti-B220 clone RA3-6B2 (MP), PE-Cy7 anti-Gr–1 clone RB6-8C5 (eBio), eF450 anti-

CD11b clone M1/70 (eBio), APC anti-LCA clone 30-F11 (eBio), APC-eF780 anti-MHC class II 

clone M5/114 (eBio) or (2) FITC anti-CD94 clone 18d3 (eBio), PE anti-CD3Ɛ clone 145-2C11 

(eBio), PETR anti-CD4 clone RM4-5 (MP), PerCP anti-CD8 clone 53–6.7 (BD), PE-Cy7 anti-

CD49b clone DX5 (eBio), eF450 anti-LCA clone 30-F11 (eBio), AF647 anti-CD19 clone 6D5 

(Biolegend), APC-eF780 anti-B220 clone RA3-6B2 (eBio), (3) BB515 anti-CD19 (BD), APC-

R700 CD45R (BD), BV606 anti-IgD (BD), BV421 anti-IgM (BD), PE anti-CD21 (BD), APC 

anti-CD138 (BD), BV737 anti-CD80 (BD), BV786 anti-CD5 (BD), APC-Cy7 anti-MHCII (BD). 

Samples were run in the UNC Flow Cytometry Core Facility on a Beckton Dickinson LSR II and 

analyzed in FlowJo. 
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0.4SFig 4.1.  Full Bioplex 23-Plex Cytokine and Chemokine Panel Analysis of High Fat and Control Diet MA15 or mock Infected C57BL/6J mice. 
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0.5SFig 4.2.  Bioplex IFN Panel Analysis of High Fat and Control Diet MA15 or mock Infected C57BL/6J mice. 
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0.6S4.3.  Lymphocyte and Monocyte flow cytometry panels of High Fat and Control Diet MA15 or mock infected C57BL/6J mice. 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS  

 

Coronaviruses are rapidly evolving, emerging viruses that cause considerable disease in 

humans, mammals and birds. Many of these viruses are pneumoenteric pathogens that cause 

severe disease in the lungs and gut of humans and animals. The genetic variation across 

coronaviruses is vast, leading to novel virus-host interaction networks. Research on emerging 

pathogens requires training in diverse techniques including reverse genetics, animal model 

development, virus-host interactions, pathogenesis, and immunity. My research program has 

spanned these diverse disciplines and sought to cover the disparate aspects of immunological 

response, disease comorbidities, and non-human and human emerging coronavirus. Therefore the 

discussion of each chapter and its larger significance to both this work and the field are 

discussed, separately, below. 

5.1  The icPEDV system 

Historically, reverse genetic systems for emerging animal coronaviruses have trailed far 

behind human studies. The primary goal of the studies in Chapter 2: Characterization of a 

Pathogenic Full Length cDNA clone and Transmission Model of Porcine Epidemic Diarrhea 

Virus Strain PC22A, was to develop a cDNA plasmid based cloning system for PEDV strain 

PC22A. By building recombinant viruses capable of replication and fluorescent protein 

expression in vitro, we developed a robust replication, disease, and transmission model in vivo 

using the gnotobiotic pig model. These studies pioneered new strategies and genetic approaches 

to study swine coronavirus pathogenesis and transmission in vivo (48), and were followed by the 
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development of molecular clones by other groups (168, 261-264). In more recent studies, the 

PEDV molecular clone was used to map attenuating mutations in the S glycoprotein and other 

genes, resulting in a genetically defined candidate live virus vaccine (265).   

 Will live attenuated, genetically defined recombinant viruses have a role in PEDV 

disease control? PEDV has been circulating throughout Europe and Asia for decades, but was 

not a serious concern for livestock in the U.S. until its outbreak in 2013. It quickly killed over 8 

million piglets, or 10% of the U.S. farm pigs within the first year of outbreak (22, 26). In China, 

novel vaccine resistant PEDV strains have emerged, resulting in cyclic outbreaks of severe 

disease (266, 267). PEDV is plastic, highly virulent and transmissible, creating massive problems 

in farm isolation, procedural cleanliness, and piglet rearing in U.S. farms. In the years since the 

publication of our manuscript, treatments and better farming practices have been researched, and 

three vaccines are now available. In the US, the first vaccine conditionally licensed in 2013 was 

developed by Harrisvaccines, and is based on a truncated form of the PEDV spike in a 

Venezuelan Equine Encephalitis Virus (VEE) vector (152). This was used primarily to immunize 

weanling and weaned piglets intramuscularly. However, because newborn piglets are the most 

at-risk population, a series of immunizations for piglets is not practical. The second and third 

vaccines, developed by Zoetis and the Vaccine and Infectious Disease Organization (InterVac) in 

Canada, respectively, are instead administered to the pregnant or milking sow, and work via 

lactogenic immunity (27, 28). These both reduce mortality in infected piglets and open avenues 

to not only protect large losses of piglets, but also to prevent infection and therefore transmission 

in older animals. However, outbreaks generating massive loss of piglets are still occurring in the 

U.S. and Canada. Farmers must halt piglet influx into their farms, decontaminate facilities, and 

vaccinate animals. This is still a major burden on pork farming in the U.S. (268). Therefore, as a 
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pathogenic virus, PEDV is still an important disease to understand in the U.S. today. Our model 

of icPEDV allows for the genetic manipulation and study of PEDV, including analyses of 

candidate live attenuated viruses (265). 

 Beyond the disease state, PEDV and icPEDV offer aspects of research unique among 

coronaviruses. First, PEDV is one of the few coronaviruses with a transmission model of 

infection. Both wildtype and icPEDV are capable of transmitting between infected piglets while 

retaining high titer and mortality. For this reason, genetic studies of viral transmissibility can be 

conducted that have the potential to identify transmission factors for coronaviruses. Importantly, 

PEDV is a biosafety level 2 (BSL2) agent without a human host, meaning that transmission 

studies could be more readily performed on this coronavirus as opposed to human respiratory 

coronaviruses. Secondly, PEDV is distinct from other coronaviruses in its age dependency. 

While SARS-CoV and MERS-CoV show greater mortality in elderly populations, PEDV is 

primarily lethal in newborn populations. Therefore, icPEDV may additionally lend a tool for 

understanding the genetic mechanisms of age-dependent pathogenicity among coronaviruses. 

 Despite the benefits, there are various difficulties and drawbacks inherent in this study 

and the icPEDV system. First, while wildtype PEDV-PC22A replicates to high titer and is highly 

lethal in vivo, the virus does not replicate well in vitro. Because of this, generating and 

recovering icPEDV is difficult, time consuming, and frustrating. Infectious clone coronaviruses 

are distinctly difficult to generate due to their large genome that must be transcribed prior to 

electroporation into cells. Generation and electroporation of the full length RNA genome in a 

poorly-replicating virus proved to be problematic. A second difficulty in icPEDV is the expense 

and difficulty of the model. Gnotobiotic pig studies offer the advantage of studying PEDV in its 

host. However, the expense, time to raise and rear gnotobiotic piglets, and relatively small 
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animal cohorts make large genetic studies difficult to achieve. Despite this, the system has many 

advantages. Researchers in the Wang lab have passaged PEDV through cell culture in order to 

generate a better cell-adapted virus and have had some success. While this may reduce 

pathogenicity in vivo, passage experiments and acquired mutations can also allow for 

identification of SNPs and genetic mutations that attenuate PEDV. Ideally, a better tissue culture 

adapted model will abrogate the difficulties of the icPEDV system while retaining its benefits. 

For example, a passage 200 PEDV capable of high titer replication in vitro but incapable of 

transmission in vivo has the potential to lead to identification of genetic predictors of 

transmission. Because of the icPEDV clone, these mutations could be introduced into a wild-type 

genetic backbone and studied individually. This is one of the primary advantages of the 

infectious clone model, and we hope that it offers a tool to more easily research and manipulate 

PEDV genetics.  

5.2  Humoral Immunity in primary SARS-CoV infections 

Emerging coronavirus usually cause acute infections and in most individuals infectious 

virus is rapidly cleared, although viral genomic RNA may persist for months. In 

immunosuppressed individuals, however, MERS-CoV infections can persist for months in some 

individuals. Virus persistence in bats is common and critical for strain maintenance in natural 

populations.  Chapter 3: Critical role for B-cells in SARS-CoV clearance during acute infection 

was initiated in order to study host genetic factors associated with early virus clearance and to 

follow up on curious results from Rag-/- immune deficient mice in previously published studies 

of MA15 SARS-CoV infection. In one study, Rag-/- mice lost no weight but retained high titer 

virus in the lung long term; in another, Rag-/- mice lost weight equivalent to control mice but 

still retained titer in the lung (71, 119). Because Rag-/- mice lack functional lymphocytes, this 
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pointed to a role for pathogenicity and/or clearance in either B or T cell populations. At this time, 

most of the field focused on the role of various T cell populations in virus clearance (76, 85, 86, 

88-91, 93, 269). What began as research into minor T cell populations quickly became an interest 

in the role of early B cell responses in SARS-CoV infection. We concluded that B cells 

significantly contribute to SARS-CoV clearance during acute infection, and determined that 

adoptive transfer of serum from 7dpi mice was capable of preventing mortality when given 

prophylactically. These findings are novel to the SARS-CoV field and offer interesting 

applications for future coronavirus outbreaks. 

 Primarily, this work is a novel look into the role of B cells within the first week of SARS-

CoV infection. B cells and humoral immunity has been well studied in the context of SARS-CoV 

infection memory and long term antibody generation. Surviving SARS-CoV patients generated 

robust IgG responses to SARS-CoV antigens that peaked in titer within the first year after 

infection (81, 97). However, B cells and antibodies have been rarely studied in the context of 

acute CoV infection. Primarily, T cells are thought to be responsible for viral clearance during 

acute infection. SARS-CoV infects the airway epithelium where dendritic cells are able to 

capture viral antigen via MHC-peptide complexes. These dendritic cells migrate to the draining 

lymph node where they activate effector T cells that can migrate to the lung (86). Once at the site 

of infection, effector T cells clear virus and stimulate immune response via cytokine, chemokine, 

and cytotoxic molecule excretion, direct cell killing, and secondary immune cell activation. 

During this time, helper T cells can activate B cells to begin antibody generation (270). In a 

sublethal C57BL/6 model, we were surprised to find that B cell activation early in infection is 

capable of producing high titers of SARS-CoV specific antibody capable of neutralization at 7 

dpi similar to that seen at 15 and 30 dpi. This primarily serves the coronavirus community in 
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opening an avenue into the role of B cells in acute viral infection. The mechanisms of viral 

neutralization, specific Ig subtypes, and a thorough timeline of neutralizing antibody 

development are have yet to be described, and will ideally be addressed in future studies. Based 

on our findings, it is likely that a broadly neutralizing early IgM response is responsible for 

SARS-CoV neutralization by 7 dpi serum, due to the high titer of anti-SARS-CoV IgM present 

early infection. Future studies should isolate or ablate IgM function in order to confirm this 

finding. One option is the addition of 2-betamercapoethanol into serum samples prior to in vitro 

neutralization assay to deplete IgM (271) in order to assess the relative neutralization of IgM 

versus IgG and other serum factors. 

Similarly, confirmatory studies using alternate methods of B cell analysis would be 

useful to the field. Adoptive B cell transfer or serum transfer of isolated antibody subclasses 

would allow for a more thorough view of B cell function in acute infection. Similarly, the use of 

a CD40-/- mouse model or T cell function analysis in the absence of B cells during acute 

infection would begin to elucidate the interactions of helper T cells, effector T cells, and B cells 

during the early days of SARS-CoV infection. Ideally, the use of CD40-/- mice in conjunction 

with HELMET mice could provide a clearer image of the role of CD4T cells and B cell 

activation in early virus clearance. Based on the results here and ongoing studies in lab, 

HELMET mice, lacking the ability to generate robust antigen specific antibody, do not clear 

virus by 7dpi, but do clear by 15 dpi. OTII mice show a similar clearance dynamic, but lack the 

ability to develop a CD4TCR specific to antigen. Both of these results support a hypothesis of 

early clearance by B cells activated by CD4T helper cells – ie: viral infection initiates very early 

CD4T help to B cells, which upon activation can generate virus specific IgG antibodies. Though 

IgG is low early in infection, these results suggest that it is the IgG and not IgM that is 
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responsible for early viral clearance in the immune competent mouse model of MA15 infection. 

CD40-/- mice lack CD40/CD40L, and as a result, CD4T cells are not able to activate B cells in 

response to antigen. A similar delay in clearance in this mouse line would lend further support to 

the idea that early IgG responses are responsible for early viral clearance in the immune intact 

model. Ideally, this would be followed up with isolation and adoptive transfer of 7dpi IgG sera 

isolate. However, our abilities to generate adequate amounts of sera, isolate IgG in adequate 

concentrations, and return this solution into mice safely in a BSL3 environment is likely beyond 

current capabilities. However, isolation of IgG and IgM at 2, 4, 7, and 15 dpi in tandem with 

neutralization assays would tell us whether IgG, even at low early concentrations in vivo, is the 

responsible party for clearance. Ig free serum should be run as a control for complement and 

other serum factors in these neutralization assays. 

 A more thorough understanding of these early lymphocytic processes is vital for future 

coronavirus outbreaks. For example, a surprising study from Ho et al. evaluated SARS patients 

for serum antibody titers within the first weeks of illness, finding that “early responder” patients 

who developed SARS-CoV neutralizing antibody within the first two weeks of infection were far 

less likely to have survived than those patients who seroconverted 3 or more weeks after 

infection (98). These findings point to a complex relationship of B cell activation, Ig subclass 

development and neutralization, and patient survival that might be better understood through 

both this and future work.  

In this work, we show a protective potential for early serum transfer in vivo. Serum 

transfer from 7 dpi control mice to experimental mice one day prior to SARS-CoV infection 

conveyed protection from lethal disease in 12 and 20 week old mice. In previous research, 

patient polyclonal antibodies generated in the first year of infection or monoclonal antibodies 
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developed against SARS-CoV antigen were capable of protecting prophylactically in the mouse 

model and have been used in compassionate care cases of SARS-CoV infection in humans to 

successfully treat patients and clear virus (200, 272). Our studies have determined that, though 

transfer of convalescent serum from later days post infection better inhibited disease and weight 

loss in mice, serum antibody is capable of neutralizing virus even in the early days of SARS-

CoV infection. However, it is unknown whether convalescent serum given therapeutically or 

during recovery would be equally beneficial. Previous studies have pointed toward a therapeutic 

use for antibody therapy in SARS-CoV infection (273), wherein Syrian hamsters infected with 

SARS-CoV recovered from illness after therapeutic treatment with monoclonal antibody. One 

possible benefit of early serum antibody transfer, as opposed to monoclonal antibody transfer, is 

mitigation of viral escape mutants. While SARS-CoV has been shown to “escape” from 

monoclonal antibody neutralization (274), neutralization via two non-competing monoclonal 

antibodies controls immune escape and extends the breadth of protection (275) – a similar 

outcome is likely with early polyclonal serum antibody therapy. However, both therapeutic use 

and viral escape in convalescent sera transfer should be addressed in future studies. 

In the case of future coronavirus outbreaks, patient-derived convalescent serum antibody 

might be used to lower viral titers and prevent mortality in the case of compassionate care or 

infected patients not responding to treatment. These findings become particularly important in 

light of recent studies regarding pre-emergent SARS-like bat coronaviruses (31). SHC014-CoV, 

despite its genetic similarity to SARS-CoV, was not neutralized by monoclonal SARS-CoV 

antibodies (9). This suggests that future coronavirus outbreaks may not respond to current 

antibody therapy or vaccine models, and instead, quick patient serum-derived treatments may 

become significant. To expand on this idea, the use of outbreak convalescent patient sera may 



114 
 

not even be required. A recent publication by Gardner et. al. outlines a practical application for 

neutralizing polyclonal sera in patient treatment (276). Generally, antibody-based therapeutics 

fall into three categories: human polyclonal antibody, non-human derived polyclonal antibody, 

or monoclonal antibody made in vitro (276, 277). Human polyclonal antibody is ideal for 

protection against or treatment for infectious disease, however, this not readily available, and 

only then in small quantities (278). Non-human derived polyclonal antibody can be isolated in 

larger quantities and more easily, however immunoreactivity becomes a major problem. 

Monoclonal antibodies can be “humanized” and generated en masse, but only bind a single target 

of a virion, making them less potent and creating a potential for escape mutants (274, 275).  

Gardner et. al., however, developed a strategy to immunize transchromosomic bovines, which 

can produce potent neutralizing human antibodies in response to hyperimmunization, and have 

used the resultant purified polyclonal antibody effectively as a prophylactic and therapeutic 

treatment against high and low dose Venezuelan Equine Encephalitic Virus (276). This strategy 

may be applied similarly to coronavirus infection, and potentially in a more robust way. Using 

metagenomic data, diverse clusters of SARS- and MERS-like CoV have been identified (21, 

198). Menachery et. al. exhibited the potential of generating these CoV using reverse genetics 

systems, effectively creating infectious CoV used in infection and neutralization assays (8, 198). 

In preparation for emergent CoV outbreaks, it may be invaluable to create these phylogenetically 

diverse CoV to use as immunogens in the transchromosomatic bovine model, effectively 

generating polyclonal antibody serum pools to treat novel CoV outbreaks. This method could 

additionally be applied during the early days of a novel outbreak in order to generate anti-CoV 

polyclonal antibody to use in the affected population both prophylactically and therapeutically. 

The possible applications for polyclonal antibody treatment are vast, but require that research 
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continues into antibody development and neutralization capacity. Of concern, at least three 

polyclonal and eight monoclonal antibody products have been evaluated in influenza virus 

clinical trials, yet efficacy results have been mixed and inconclusive (279)). Thus, early 

administration is likely key to product success. 

5.3  Diet Induced Obesity in the SARS-CoV mouse model and collaborative cross 

During both the SARS and MERS coronavirus outbreaks, comorbidities were an 

important determinant of patient outcomes. In the case of human respiratory coronaviruses, 

comorbidities which effected pathogenesis and survival included aging, chronic organ failure, 

diabetes, chronic obstructive pulmonary disorder, metabolic disease, and body mass index (12, 

81, 126, 128). In the case of obesity, many metabolic, immunologic, and wound healing 

pathways are dysregulated prior to respiratory viral infection (255, 280). Obesity decreases 

respiratory function, gas exchange efficiency, and wound healing, while simultaneously 

increasing chronic inflammation (229, 231, 281). This chronic inflammation leads to 

dysregulated immune responses in the event that infection does occur. Notably, in respiratory 

disease, obesity increases both hospital stay and severity of illness in ARDS patients (137, 138). 

An important contribution herein is the development of new obese mouse models that enhance 

SARS-CoV pathogenesis. In other mouse models of respiratory disease, obesity causes increased 

vascular permeability in the lungs, poor T cell responses, higher mortality rates, and an extended 

duration of proinflammatory cells in the lungs after influenza virus infection (134, 136, 139, 

140). Because of human comorbidity data and studies of respiratory disease and obesity, an 

obesity comorbidity model of SARS-CoV infection provides new insight into viral pathogenesis 

and vulnerable models for evaluating vaccine and antiviral drug performance.  
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As a model for the study in Chapter 4, we used C57BL/6J mice on a high fat diet for >15 

weeks. This model has been established previously in both obesity models and comorbidity 

models of infectious disease. The high fat diet is advantageous in that the control, or lean diet 

mice, are genetically identical to the obese mice. Other mouse models of obesity include leptin 

knockout mice or other genetically distinct mouse lines. Previous research in the field of obesity 

and influenza by Milner et. al. compared leptin deficient mice, mice deficient in leptin only in 

the hypothalamic neurons, high fat diet mice, and two lean control diets to determine the impact 

of diet versus obesity on the model of infectious disease (135, 140). Importantly, they found that 

though diet may synergize with obesity to impact disease outcome, obesity alone was sufficient 

to increase susceptibility to influenza infection. Additionally, Kennedy et al. determined that 

while leptin knockout mice did become obese, the global lack of leptin, an important metabolic 

and immune regulator, confounds the effects of obesity and, presumably, viral infection .  

We first found that high fat diet induced obesity dramatically increased morbidity and 

mortality in SARS-CoV infected mice. Obese mice showed poor respiratory function and failed 

to resolve illness. The value of this finding in coronavirology and infectious disease in general is 

an expansion of the field of comorbidity research. Obesity is a single variable that is studied 

here, however, research into the impact of diabetes or chronic respiratory distress syndrome on 

SARS or MERS outcomes can improve our understanding of coronavirus respiratory disease and 

patient health. Furthermore, research into the mechanisms of obesity-induced SARS-CoV 

susceptibility and mechanisms of alternate comorbidities may highlight new and novel pathways 

and targets for patient treatments that may otherwise be undiscovered. Future studies and 

retrospectives should consider addressing the impact of patient medication schedules on disease 

as well – the consequences of insulin injection, chronic corticosteroid use, or inhalers, for 
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example, are not well understood in the context of human coronavirus infection, despite being 

common medications for chronically ill patients.  

In order to determine whether obesity consistently increased SARS-CoV pathogenesis, 9 

lines of CC mice were fed a high fat diet, monitored for weight and body fat, then infected with a 

sublethal MA15 dose. While some research has been conducted on CC mice and metabolic 

outcomes, none have focused on these lines in the context of viral infection and diet. We 

observed that genetics were a major factor on the impact of high fat diet prior to infection. While 

some mouse lines (CC001, CC035, CC046, CC010) gained body fat and became obese on high 

fat diet, others did not show significant increases in body fat (CC012, CC041, CC030, CC003) or 

lost weight oh HFD (CC061). In line with this finding, disease susceptibility followed with 

genetics as opposed to diet or obesity. Genetic lines, despite their diet, tracked in weight loss and 

mortality with their diet controls. These findings were surprising for various reasons. The genetic 

component of obesity in response to high fat diet was staggering. Whether this is attributable 

particularly to genetics or to the development of a high fat diet in classic inbred lab mouse strains 

is an important question for future work in both nutrition and obesity. It has been observed even 

in similar inbred lab strains that mice can exhibit highly differential susceptibility to SARS-CoV 

infection (unpublished observations). It follows that similar genetic determinants may impact 

susceptibility to obesity on a specific diet. Because of the scope of this study, it is not possible to 

track the specific metabolic outcomes of high fat versus control diet in each of the lines. 

However, future studies of diet in the CC mice should focus not only on obesity as an outcome 

but leptin levels, blood sugar, hormone signaling, and other metabolic markers. Similarly, the 

scope of the study does not allow for genetic mapping of obesity determinants. However, genetic 
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mapping of determinants of diet outcomes is likely to be a fascinating and illuminating study in 

the future.  

The study of comorbidity in viral disease is relatively new. Virology research has been 

historically conducted in the least complex systems available, whether that be cell lines or inbred 

mice. This allows for targeted manipulation and control of viral genetics, host factors, or 

pathways of interest, and has been an invaluable tool to understand both virology and virus-host 

dynamics during infection. However, studying an infectious disease in an uncomplicated system 

also avoids the realities of human disease – patients are commonly affected by one or more 

additional diseases or medical issues, come from complex social and living environments, vary 

greatly in nutrition, and are genetically disparate. For any individual disease, these factors will 

impact outcomes to greater or lesser degrees, and are complicated to study. However, 

introducing dynamic host systems is important in order to better grasp the biological reality of a 

disease state and better address human medical needs. 

5.4  Conclusion 

Coronaviruses encompass a wide range of hosts, disease phenotypes, and outcomes. 

While some molecular coronavirology remains the same in each case, the dynamic between 

coronavirus and host is complicated and variable. Individual coronavirus species differ 

considerably in sequence, size, and non-structural gene makeup. Similarly, receptor binding, 

species (or even class), permissible cell type, disease state, and immune response vary massively 

between coronavirus hosts. Due to virus and host complexity, an interplay between viral 

evolution and host resilience refines and bolsters each in the push and pull of viral infection. 

Though this relationship is infinitely complex and difficult to grasp, small works such as these, 
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and great people such as our scientific leaders and PIs help us whittle away at the truth and come 

closer to understanding the elegance of life.  
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