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CHARACTERIZATION OF MOUSE MODELS OF SEASONAL 

CORONAVIRUSES TO EVALUATE VACCINE EFFICACY   

TYLER LEBNER 

ABSTRACT 

INTRODUCTION: Seasonal human coronaviruses (HCoV) are endemic to the human 

population, regularly infecting and reinfecting humans while typically causing 

asymptomatic to mild respiratory infections. The human coronavirus OC43 (HCoV-

OC43) is one of the most common causes of the common cold but can lead to fatal 

pneumonia in children and the elderly. However, no vaccines or antiviral treatments are 

available against this virus. Animal models available to study HCoV-OC43 and test 

antiviral counter measures do not accurately recapitulate the respiratory symptoms and 

physiopathology observed in humans. These limitations impede our understanding of 

HCoV-OC43 pathogenesis and the development of efficient antiviral therapies or 

vaccines.  

 

Objective: Animal models are crucial for enhancing our understanding of HCoV-OC43 

pathophysiology and pathogenesis, and to enable the development of vaccines or 

therapeutics. In this study, we tested the susceptibility of various mice models to HCoV-

OC43 infection and identified type-I interferon signaling as an immune barrier that 

restricts HCoV-OC43 infection in mice. Utilizing mice defective for type-I interferon 

signaling (IFNAR -/ -mice), we established virological and histopathological readouts 

that could assist in identifying avenues for this model to be used for vaccines and 

therapeutic evaluations.  
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Methods:  C57BL/6, IFNAR -/-, and IFNAR -/- mice treated with anti-IFN-λ (antibodies 

blocking type-III Interferon cytokines) were infected with different doses of HCoV-

OC43. Nasal passages and lung tissues were analyzed at different time points during the 

course of the infection. Focus forming assay and RT-qPCR were utilized to determine 

viral titers and loads in the lung, respectively. Tissues were stained with Hematoxylin and 

eosin for histopathological evaluation and immunohistochemistry was performed for 

quantification of HCoV-OC43 spike protein via image analysis. Whole slide images were 

generated using a Vectra PolarisTM whole slide scanner and digital analysis with area 

quantification (AQ) was completed using HALOTM  v3.5.3.2577 The region of interests 

included the olfactory and respiratory epithelium of the nasal cavity. Algorithms to 

quantify the spike protein were designed specifically for each slide. Signal intensity was 

selected by pixel pigmentation and using the real-time tuning function in HALOTM 

v3.5.3.2577  allowing capture of accurate biological signal. Statistical analysis was 

conducted using GraphPad PrismTM 9.5.1. 

 

Results: IFNAR -/- mice intranasally inoculated with HCoV-OC43 displayed greater 

viral antigen in the olfactory epithelium compared to C57BL/6 mice at three-and-five 

days post infection. IFNAR -/- mice also displayed mild histopathological manifestations 

in the respiratory epithelium compared to infected C57BL/6 wild-type mice. Minor 

histological characteristics seen in the IFNAR -/- mice were characterized by mild rhinitis 

with neutrophilic and mononuclear influx including edema at the level of the respiratory 

epithelium, scarce numbers of denuded olfactory epithelium, and mild squamous 
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metaplasia at the level of the respiratory epithelium. No differences in lung viral loads 

were observed between the two models throughout the infection course, suggesting that 

additional immune barriers or absence of specific  human factors prevent viral 

dissemination to the lower respiratory tract in mice. Interestingly, treatment of IFNAR -/- 

mice with antibodies targeting type III interferon cytokines increased viral replication in 

the olfactory epithelium and extended viral dissemination to the respiratory epithelium of 

the nasal cavity compared to control IFNAR -/- mice. Altogether, our findings indicate 

that IFNAR -/-  mice represent a potential mouse model of HCoV-OC43 infection, albeit 

viral replication is restricted to the nasal cavity. More research is needed to identify 

additional immune barriers, including type III interferon signaling, restricting viral 

replication in the mouse respiratory epithelium. 

 

Conclusion: Combining virological, molecular biology, and histopathological 

techniques, our study identify type I and III interferon signaling as restriction 

mechanisms of HCoV-OC43 replication in the mouse nasal cavity. Our work highlights 

IFNAR -/- mice as a potential model to study early HCoV-OC43 pathogenesis, and open 

avenues for developing advanced mouse models enabling the evaluation of vaccine 

candidates.  
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INTRODUCTION 

Coronavirus Background and Epidemiology  

Coronaviruses are part of a large group of viruses originating from the order Nidovirales 

and the family Coronaviridae which contain four genera: Alphacoronavirus, 

Betacoronavirus, Gammacoronavirus, and Deltacoronavirus [1]. Common human 

coronaviruses are known as the endemic coronaviruses and are referred to as HCoV-

OC43, HCoV-229E, HCoV-NL63, or HCoV-HKU1 [2]. These viruses have infections 

that persist at steady rates in certain geographic regions [3].  

The earliest endemic coronaviruses causing common cold-like symptoms were identified 

in the early 1960s when scientists successfully isolated the first human coronavirus 

(HCoV, strain B814) from a nasal sample taken from a youth patient with mild upper 

respiratory tract symptoms [4]. Other coronaviruses such as HCoV-OC43 and HCoV-

229E were also isolated and identified in the early to mid-1960s. HCoV-OC43 was 

presumed to originate from bats, and cattle are known to be intermediate hosts [5],[6]. 

More recently, other endemic coronaviruses were discovered. In the early 2000s, HCoV-

NL63 and HCoV-HKU1 were also identified as endemic coronaviruses that can infect 

humans and cause disease [7], [8].  

These endemic coronaviruses account for nearly 15 - 20% of all seasonal mild upper 

respiratory tract infections seen globally [9].  HCoV-OC43 infections are heavily 

associated with direct contact via respiratory droplets and in some cases through fomites. 

These routes of transmission contribute to the difficulty in preventing the infection spread 

between humans [10]. Endemic coronaviruses can sometimes result in severe lower 
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respiratory tract diseases such as pneumonia. These cause hospitalizations, especially in 

vulnerable populations such as children, immunocompromised individuals, and the 

elderly [11]. 

The SARS-CoV-2 pandemic unveiled the global threat posed by coronaviruses [12]. 

Emerging coronaviruses have the potential to burden communities and result in hospital 

overflow [13].  In addition, there are currently only four vaccines authorized for 

emergency use or FDA-approved in the United States to prevent coronavirus infection 

against SARS-CoV-2. However, despite these vaccines, SARS-CoV-2 infections are still 

affecting many communities. [14].  

HCoV-OC43 and other endemic coronaviruses continue to have a global presence, and 

this highlights the urgency for endemic coronavirus research to address the threat posed 

by these viruses. Especially, there is today no vaccines or antiviral drugs against endemic 

coronaviruses, including HCoV-OC43. Research in endemic coronavirus has been 

challenged by our limited understanding of viral infection, pathogenesis, and by the lack 

of suitable in vivo models.  

HCoV-OC43 and other endemic coronaviruses predominantly infect humans. A cost-

effective and small animal model permissive to HCoV-OC43 and recapitulating human 

disease phenotype is lacking, which has significantly hampered the development of 

vaccines and therapeutics against HCoV-OC43.  
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HCoV-OC43 genomic and protein organization 

HCoV-OC43 human coronavirus is a single-stranded, positive sense RNA virus 

harboring an RNA genome of 30,000 nucleotides. Each individual viral transcript has a 

5’ -cap structure and a 30 poly (A) tail to provide stability during RNA processing [17].  

The viral RNA serves as the genome and messenger RNA (mRNA). Upon entry into host 

cells, the genomic RNA (gRNA) is translated by host cell ribosomes to produce 

nonstructural proteins (NSPs) from two of the thirteen open reading frames (ORFs), 

namely ORF1a and ORF1ab, which comprise two-thirds of gRNA sense. The ORF1a is 

closest to the 5’ region and produces polypeptide 1a (pp1a). Directly upstream of the stop 

codon of ORF1a and before ORF1ab there is a ribosomal frameshift [18]. This is 

essential for the translation of ORF1ab. Although, this frameshift favors pp1a and results 

in cleavage of 11 NSP whereas cleavage of pp1ab gives rise to NSP14, NSP15, and 

NSP16. These cleavages are mediated by cysteine proteases that are found inside NSP3. 

Additionally, the cleavage of pp1a and pp1ab also are processed into RNA-dependent 

RNA polymerase (RdRp) encoded from NSP12, which is essential for successful viral 

transcription and replication [19].  

The later of the RNA genome is closest to the 3’ end and is transcribed from the sub-

genomic mRNA (sgRNA) that encodes for accessory proteins and several structural 

proteins. Several accessory proteins have been identified and some of these proteins are 

known to assist the NSP with the replication cycle and evade host immune responses. 

ORF3a, ORF7a, and ORF7b are some accessory proteins that have functions that can 

inhibit interferon signaling [20]. It is suggested that ORF3a may have functions that 
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interfere with the activation of Janus-activated kinase (JAK) by inducing Suppressor of 

Cytokine Signaling 1 (SOCS1), which results in suppression of interferon (IFN) cytokine 

production. Additionally, ORF3b was reported to be another antagonist to inhibit IFN 

production through its C-terminus domain [21].    

In addition, the sgRNA also encodes several structural proteins [22]. The four major 

structural proteins comprise of a nucleocapsid protein (N) and three membrane-associated 

proteins: envelope glycoprotein, (E), membrane protein (M), and the spike glycoprotein 

trimer (S) [25]. The (S) protein is a highly glycosylated peplomer crown-like structure 

extending away from the virus body which binds cell surface host receptors, a critical 

step for virus entry into host cells[23], [24]. The (S) protein contains three segments 

comprising of an ectodomain, a single-pass transmembrane anchor, and a short 

intracellular tail [26]. The ectodomain contains the two functional subunit domains: S1 

and S2. The S1 subunit is responsible for attachment via the receptor binding domain 

(RBD) component and the S2 subunit is responsible for fusion with host cells. Because of 

the structure of the functioning subunits of the S protein, coronavirus overt the nickname 

for the “crown”- like structure, which is readily detected by electron microscopy [27]. In 

HCoV-OC43 infection, the virus utilizes its S protein to attach and enter host cells [28]. 

Human co-factor such as the 9-0-acyl-sialic acid (9-0-Ac-Sia) binds with the S protein 

which is then cleaved by furins such as transmembrane proteases like serine-2 

(TMPRSS2). HCoV-OC43 virions in fact produce sialate-O-acetylesterase protein (HE), 

that contains an O-acetylated sialic acid-binding domain and sialate O-acetylesterase 

domain that can recognize the human co-factor 9-0-Ac-Sia [29].  Since the entry is 
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facilitated through the (S) protein, it has resulted in being the main target of antibodies. 

As a result, the (S) protein is under constant evolutionary pressure and therefore is an 

important driver of viral evolution [30]. 

 

Human coronavirus replication and life cycle   

In the early phase of viral entry into host cells, HCoV-OC43 primarily enters through the 

caveolin-1-dependent pathway of endocytosis. The subunit domains (S1 and S2) will 

interact and bind to host cell surface molecules such as the 9-0-acytl-sialic acid (9-0-Ac-

Sia), present in many respiratory epithelial cells [4]. In addition to 9-O-Ac-Sia, it is also 

noteworthy that current literature has potentially recognized additional country factors for 

HCoV-OC43, such as Interferon-induced transmembrane protein 3 (IFITM3) and the 

human leukocyte antigen major histocompatibility complex (HLA MHC) class I 

molecules, although is the precise role has yet to be elucidated. 

IFITM3 is part of the IFITM family, which is heavily associated with antiviral functions 

[31].  Induced transmembrane proteins (IFITM) predominantly reside in the plasma 

membrane and in many cases, function by preventing viral adhesion by the viral 

membrane and the hosts’ membrane [32]. These proteins are important as they not only 

assist in antiviral response but play important roles in viral pathogenesis. On the contrary, 

it is known that HCoV-OC43 infection is enhanced via the interaction with IFITM3. This 

interaction also acts to facilitate fusion in to host cells [33].  Importantly, single 

nucleotide changes of IFTIM (polymorphism) define different levels of disease severity 
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upon infection by several common respiratory viruses, including the human coronavirus 

HCoV-OC43 [34].  

HLA is a family of proteins that regulate immune responses [35]. HLA are critical 

mediators of adaptive immune responses and of an individual’s ability to fight specific 

aggressions In the context of HCoV-OC43 infections, HCoV-OC43 can interact with 

HLA MHC class I molecules on the surface of host cells to facilitate fusion. MHC class I 

is present on all nucleated somatic cells whereas MHC class II is largely restricted to 

antigen-presenting cells or professional antigen-presenting cells as dendritic cells. MHC 

Class I molecules present endogenous peptides to CD8+ T- cells[36]. Specifically, the 

MHC class I-α2 chain is one potential factor that allows cleavage of the S1 and S2 

domains. In addition, previous in-vitro experiments provide ample evidence that HCoV-

OC43 has a strong binding affinity to HLA MHC class I and serves as an additional co-

factor for entry and viral infection in humans [37]. [38].  

Some of the NSP develop into the replicase-transcriptase complex (RTC), such as NSP2-

NSP16. These proteins assemble to promote optimal conditions for RNA replication and 

transcription of the sub-genomic RNAs [39].  NSP3, NSP4, and NSP6 contribute to RNA 

replication by promoting the development of cellular microenvironments defined by 

DMV (double membrane vesicle) formation, CMs (convoluted membranes), and DMSs 

(double membrane spherules). By generating a replication intermediate (negative-

stranded RNA), the viral RNA replication process will produce de novo genomic and sg 

RNAs, with the sgRNA serving as templates for translation of the structural and 

accessory proteins [40]. Following translation, structural proteins are inserted into the 
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endoplasmic reticulum (ER) where the proteins finally reach the endoplasmic reticulum-

Golgi intermediate compartment (ERGIC) and are encapsulated by the N protein 

enabling viral particle assembly [41]. As newly synthesized progeny are produced, 

virions are released primarily through budding by the mechanism of exocytosis. Once 

released from the infected cell, virions can infect other neighboring cells/or new hosts 

through respiratory droplets and aerosols. 

 

Host cell signaling response triggered by viral entry  

The innate immune response comprises of some of the initial responses towards 

microbial pathogens. This response utilizes pattern recognition receptors (PRR), which 

can detect molecular structures on pathogens known as pathogen-associated molecular 

patterns (PAMPs) [42]. PAMPS are conserved molecular motifs that are associated with 

the invading pathogen. Examples of PAMPs include nucleic acids such as dsRNA, DNA, 

ssRNA, and lipopolysaccharides [43]. These PRR consist of RIG-I-like receptors (RLR), 

toll-like receptors (TLR), and Nod-like receptors (NLR) [44]. TLR can also be found at 

the plasma membrane to recognize extracellular PAMPS [31].  They can also be present 

and detect an assortment of nucleic acids from the internalization or processing of 

pathogens inside endosomes [45]. TLR-7 and TLR-8 are examples of TLR present in the 

endosome and can recognize single-stranded RNA (ssRNA). While in the cytosol, NLR, 

RIG-I, and Cytosolic DNA sensors (CDS) can recognize bacterial cell walls, viral RNA, 

and microbial DNA. Protein adapters such as Myeloid differentiation primary response 

88 (MyD88), (TLR domain-containing adapter protein) TRIF, and TRIF-related adaptor 
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molecule (TRAM) are required for the innate immune signaling of TLR to proceed with 

the activation and regulation of the transcription factors NF-κB and the IRF complexes in 

addition to the MAPK signaling pathways [46].  

RLR is a group of RNA sensors that are crucial in viral infections, as they mediate the 

transcriptional factor of host antiviral genes to produce cytokines such as type-I 

interferon. Examples of RLR include RIG-I, melanoma differentiation-associated protein 

5 (MDA5), and laboratory of genetics and physiology 2 (LGP2) [47]. The structure of all 

RLR have a centralized helicase domain and a carboxy-terminal domain (CTD) and have 

primary functions to detect and stimulate a response towards viral RNA [48].  In addition, 

RLR are also localized to the cytosol and are effective at recognizing RNA viruses 

containing 5’ triphosphate (5’-ppp). As RIG-I recognizes the 5’-ppp of viruses such as 

HCoV-OC43 this results in the activation and recruitment of an adapter molecule known 

as mitochondrial antiviral signaling protein (MAVS). Once activated MAVS mediates 

downstream signaling of two pathways, tumor necrosis factor receptor-associated factors 

6 (TRAF6) and tumor necrosis factor receptor-associated factors 3 (TRAF3). TRAF6 

pathway results in the activation of NF-κB. The TRAF3 pathway leads to activating the 

TANK-binding kinase 1 (TBK1) complex, leading to the phosphorylation and 

dimerization of the interferon-interacting factors (IRF) IRF3 and IRF-7 [49]. Both NF-κB 

and IRF3/7 can translocate to the nucleus to activate/promote the production of type-I 

interferon cytokines.  
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Interferon cytokines responses to viral infections  

Interferons are secreted cytokines that are produced when cells are infected with a virus 

and undergoing stress. Interferon cytokines can activate host defense mechanisms to 

inhibit further viral infection and viral replication. The binding of type-I interferon to the 

interferon α/β receptor (IFNAR) at the cell surface of infected and bystander uninfected 

neighboring cells initiates the JAK/STAT pathway leading to the transcription of 

interferon stimulating genes (ISG). As a result, an antiviral response is induced to help 

prevent further viral replication or de novo infection 

In addition to RIG-I signaling to produce interferon cytokines, TLR-7 and TLR-8 also 

assist with interferon signaling and production. As the virus enters the cytosol and the 

ssRNA genome is released, through autophagy or receptor-mediated endocytosis, the 

ssRNA genome can enter the endosome. TLR-7 and TLR-8 can then interact with the 

ssRNA to induce signal transduction. In relation to RIG-I, TLR-7, and TLR-8 also signals 

through TRAF3 and TRAF6 to promote IRF7 which as stated above leads to the 

production of type-I interferons [50], [51].  

As described above, interferon cytokines can be produced by cells that are infected with 

either intracellular or extracellular pathogens [52]. There are several different cytokines 

that virally infected cells can produce in an attempt to stimulate a response. Examples of 

some cytokines include type-I interferons, type-II interferons, and type-III interferons. As 

a result, there are several different interferon ligand-binding receptors and pathways for 

their respective cytokines. In addition, interferon responses also provide a linkage to the 

adaptive immune response by activating professional antigen-presenting cells such as 
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dendritic cells (DC). In an innate immune response plasmacytoid DC (pDC) are known as 

“professional IFN-α/β” and contain few PRR that can recognize viral nucleic acid and 

produce cytokines in response to numerous viruses.  

pDC also expresses TLR7 and has a high expression of IRF-7 [53].  In particular, they 

can produce high levels of type-I interferons when TLR7 interacts with viral RNA. pDC 

can be found in various compartments in the body such as the thymus, lymph nodes, 

spleen, and Peyers patches which can contribute to the enhancement of antigen 

presentation. Upon pDC processing and presentation of viral RNA, they present the 

antigen to T lymphocytes [54]. As a result of providing strong antigen presentation, this 

additionally enhances the antiviral functions of other immune cells such as monocytes, B-

cells, and natural killer cells (NK) [55], [56], [57].  

Type I interferon response  

The type-I interferon signaling initiates with interferon cytokines, produced by virally 

infected cells, binding to their respective ligand. In a type-I interferon response, these 

cytokines bind to cell surface receptors known as IFNAR1 and IFNAR2 [58],  [59]. 

Inside the cytosol, IFNAR1 is associated with a tyrosine kinase 2 (TYK2) and IFNAR2 is 

associated with a Janus activating kinase 1 (JAK1) protein. In a physiological response, 

the IFN α/β binding to IFNAR1 and IFNAR2 ligand initiates IFNAR1 and IFNAR2 

heterodimerization and the phosphorylation of JAK1 and TYK2. This allows for the 

phosphorylation of STAT1 and STAT2 which forms a complex with IRF9 known as 

interferon-stimulated gene factor-3 (ISGF3). ISGF3 then translocates into the nucleus and 

binds to interferon-stimulatory responsive elements (ISREs), resulting in ISG 
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transcription and translation. Type-1 interferon can also induce activation of 

proinflammatory transcription factors and genes [60].  

Type III interferon response  

Type-III interferon (IFN-λ or Interleukin-28) response signaling occurs through IL28Rα 

and IL10Rβ with the outcome activating proinflammatory genes similarly to the type-1 

interferon alternative signaling pathway. There have been four type-III interferons 

identified; IFN-λ1 (IL-29), IFN-λ2 (IL-28A), IFN-λ3 (IL-28B), and IFN-λ4 and all are 

encoding on the 19th chromosome of the human genome [61], [62]. Type-III interferon 

interactions with IL28Rα and IL10Rβ initiates the receptor heterodimerization and the 

phosphorylation of JAK1 and TYK2. This leads to the phosphorylation of STAT1 and 

STAT2. While type I and III interferon signaling employ similar signaling pathways to 

drive antiviral responses, they induce a different pattern of ISG upon infection [64]. The 

molecular mechanisms behind these differences remain poorly understood [65]. 

However, it is recognized that unlike type I IFN signaling, JAK2 contributes to type III 

IFN signaling and is necessary for STAT1 phosphorylation [66].  

A key feature of type III IFN signaling is the specific tissue distribution of the type III 

IFN receptors and the preferential ability of this antiviral mechanism to protect the 

epithelial barrier and induce localized antiviral responses, unlike type I IFN which are 

more systemic and inflammatory. Indeed, type III IFN signaling is critical in mediating 

antiviral responses in the respiratory epithelium and other surface barriers such as the 

gastrointestinal mucosa, the skin, or the vagina [67].  IFN-λ cytokine has been shown in 
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the literature to be a protective response in vitro and in vivo against many respiratory 

viruses such as norovirus, cytomegalovirus (CMV), rotavirus, and coronaviruses [68]. 

 

HCoV-OC43 pathogenesis  

Before notable outbreaks and pandemics were caused by coronaviruses, HCoV-OC43 

was one of the few Coronaviridae that was known to be pathogenic in humans [69].  

HCoV-OC43 can cause a variety of symptoms ranging from mild upper respiratory tract 

illnesses to severe histopathology and inflammation of the lower respiratory tract. 

Common symptoms include a headache, runny nose, fever, and sore throat. In younger 

populations, elderly, and immunocompromised individuals, infections often are more 

severe and cause bronchitis, pneumonia, and even death [70]. HCoV-OC43 and the 

endemic coronaviruses predominantly replicate in the upper respiratory tract in epithelial 

cells, whereas SARS-CoV-2 can more extensively disseminate to the lower respiratory 

tract and lungs. Unlike SARS-CoV-2, endemic coronaviruses are not known to cause 

acute respiratory distress syndrome (ARDS) and diffuse alveolar damage (DAD) [71]. 

HCoV-OC43 can also invade the central nervous system (CNS) [72].  

As the virus enters host cells, infection triggers a cell-intrinsic response that can recruit 

an assortment of immune cells such as dendritic cells and macrophages to the site of 

infection. Cellular infiltration, along with antigen presentation by infected cells and by 

subsequent infiltrated cells, initiates local inflammation aimed at protecting the tissues 

from further viral spread. While inflammation is associated with rhinitis and nasal 

congestion,  dysregulation of such response can drive a more severe disease. 
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S is also an important driver of HCoV-OC43 pathogenesis. As a major determinant of 

virus entry and target of host-mediated neutralizing responses, S antigenic divergence 

over time can drive immune evasion and/or alter cellular tropism; which can significantly 

impact the course of infection and/or disease.  [73]. 

 

Coronavirus Vaccines and Therapeutics  

There are currently no other vaccines or treatments available for coronaviruses other than 

SARS-CoV-2. Vaccines are crucial for communities to assist with preventing the spread 

of illnesses, particularly, respiratory viruses. Recent advances in vaccine development 

over the past few decades, including mRNA vaccines, have uniquely positioned us to 

devise effective vaccines against coronaviruses, as demonstrated by the vaccines against 

SARS-CoV-2,[74],[75],[76]. The first-ever vaccines developed for coronaviruses were in 

light of the SARS-CoV-2 (COVID-19) pandemic [77]. Notably, the vaccines developed 

for the SARS-CoV-2 target the (S) protein.  When the mRNA is released into the cytosol 

of cells, ribosomes will translate and produce the (S) protein. When the immune system 

recognizes the spike protein, this triggers an adaptive immune response that produces 

antibodies against S, allowing it to block virus entry if the virus is encountered. 

Vaccination against SARS-CoV-2 has been instrumental in reducing hospitalization and 

severe disease[75]. In the United States, there are currently four U.S. Food and Drug 

Administration (FDA) approved vaccines and several other vaccines that are authorized 

for emergency use. Two of the FDA-approved vaccines are mRNA-based (Pfizer 

BioNTech and Moderna NIAID). The third vaccine is a viral vector (Johnson and 
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Johnson’s Janssen) and the fourth vaccine is a subunit protein vaccine (Novavax) 

[4],[78],[79]. [80]. However, S-based vaccines present limitations as they can be 

outpaced overtime by S antigenic divergence and the emergence of novel variants, 

requiring constant vaccine updates. [80].  

An important limitation of current vaccine approaches against coronavirus also involves 

their inability to prevent infection and community spread.  For this reason, researchers 

have been identifying alternative coronavirus vaccines strategies such as live attenuated 

vaccines, inactivated vaccines, and subunit vaccines [81]. While a live attenuated vaccine 

can produce a more robust immune response there are potential risks associated. This 

includes the potential of reversion to the fully virulent form and the suboptimal suitability 

of live vaccines for vulnerable populations such as immunocompromised and elderly 

individuals [82].  Unlike the current vaccination route which uses intramuscular injection, 

the development of mucosal vaccine strategies -using current or novel vectorization 

methods (mRNA and subunit vaccine)- is now heavily considered as the right path 

forward to increase the ability of coronavirus vaccine to protect from infection. The 

knowledge gained from the development of SARS-CoV-2 vaccines can help guide 

vaccine development for endemic coronaviruses.  It is likely that the development and 

evaluation of vaccine strategies against SARS-CoV-2 will benefit the design of effective 

vaccines against endemic coronaviruses such as HCoV-OC43.   
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Small animal models for the study of respiratory viruses 

Due to the widespread distribution of endemic human coronaviruses, there is an urgent 

need for research surrounding these viruses. Researchers have faced barriers attempting 

to study the endemic coronaviruses [83]. Viruses such as the HCoV-OC43 have a narrow 

species tropism and not all animals such as laboratory mice are susceptible to infection. 

Mouse represents a cost-effective and highly convenient animal model to study viruses, 

evaluate vaccines, and understand antiviral immune responses. However, conventional do 

not recapitulate the human infection or disease course of many human coronaviruses, 

including HCoV-OC43. For HCoV-OC43 specifically, infection of current mouse models 

either results in neurotropism, lack of human manifestations of disease and or are not 

permissive to viral infections [84]. One hypothesis for the inability of conventional mice 

to support infection and/or recapitulate human disease is that they mount different 

antiviral responses compared to humans which makes them refractory to infection. 

Alternatively, they may also lack certain viral co-factors that are essential for human 

coronavirus infection of human host cells. Altogether, this underscores the inability of 

current mouse models to serve as a platform to develop and evaluate vaccines against 

HCoV-OC43.  This exemplifies the need for developing novel mouse models of HCoV-

OC43 infection. 

Type-I interferon and STAT1 as an RSV model 

Mice defective for the expression of IFNAR (IFNAR -/-) are readily used in research to 

investigate the contributions of the type I IFN signaling pathways during viral infection 

or other disease context. The Respiratory Syncytial Virus (RSV) is another common 
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respiratory virus widespread across human populations, and similarly to HCoV-OC43, it 

can cause severe lower respiratory tract disease in children and immunocompromised 

individuals [85]. Mice defective for STAT1 expression are more susceptible to RSV 

infection. IFNAR -/- mice challenged with RSV are also more permissive to viral 

replication in the nasal passages compared to wild-type mice but did not display an 

increasing susceptibility to infection to the same extent as STAT1 -/- mice. suggesting 

that defect in type-III IFN signaling through STAT knock-out may increase infection 

susceptibility.[86].  

Type-III interferon responses as a model  for respiratory viruses  

In addition to designing animal models utilizing IFNAR -/- mice, type-III IFN has also 

been leveraged to develop models of influenza. In literature, it is suggested that type-III 

IFN assists in antiviral responses against respiratory viruses such as influenza. The role of 

this cytokine pathway has been contemplated for instance in transgenic mice models 

overexpressing Mx1. Mx1 is a gene known as the influenza resistance gene. Mx1and 

GTPase and are heavily studied in influenza research [87],[88]. Induced by type-I and 

type-III IFN, this GTPase is highly associated with innate immune responses toward viral 

infections. The function of MX1 is primarily to inhibit the viral replication of influenza 

[89].  Mx1-overexpressing  mice infected with influenza strains and treated with IFN-λ 

intranasally were more extensively protected from severe lung disease compared to those 

not treated with IFN- λ  [90], [91].  
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HCoV-OC43 animal models 

In literature, few animal models have been developed to study endemic human 

coronaviruses. BALB/c mice inoculated intracerebrally with HCoV-OC43 exhibited 

severe disease and viral neurotropism. Severe disease was characterized by detrimental 

effects on the central nervous system (CNS) including encephalitis and neuronal 

degeneration, which led to low survival rates. Hippocampal changes were also observed. 

However, the inability of BALB/c mice to recapitulate respiratory tract infection is a 

severe limitation. This model also falls short to provide clinically relevant readouts that 

could serve vaccine evaluations (see table 1) [93].  Alternatively,  HCoV-OC43 animal 

models relying on intracranial inoculation of suckling  C57BL/6 wild-type mice mount 

severe disease phenotype and show viral neurotropism. While this model relies on a 

mouse-adapted strain harboring mutations in S, it still carries the same limitation as the 

BALB/c model (absence of respiratory tract infection and disease) also making it 

unsuitable for vaccine evaluation. The goal of this study is to establish a novel mouse 

model for HCoV-OC43 infection that recapitulates human disease. C57BL/6 mice were 

challenged intranasally with HCoV-OC43 and displayed low permissiveness to viral 

infection and did not recapitulate a human disease phenotype. These results ultimately 

provided directions to explore models with increased susceptibility to HCoV-OC43 

infections, which could ultimately serve as platforms for vaccines and antiviral drug 

evaluations.  

IFNAR -/-  mice are partially immune deficient. Dr. Edward E. Schmidt, Montana State 

University, developed the IFNAR -/- mice model by breeding IFNAR1fl mice with 
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SOX2-Cre mice and then removing the SOX-Cre alleles resulting in the creation of mice 

lacking expression of IFNAR1. [95]. While this mouse model retains the functionality of 

many arms of the immune system, it displays enhanced permissiveness to viral infection 

(96). Despite ample evidence for this mouse model to be more permissive to many viral 

infections, the susceptibility of IFNAR -/- mice to HCoV-OC43 infection is unknown 

[97]. 

In this work, we hypothesize that mice defective for type I and/or type III IFN signaling 

could potentially be more permissive to HCoV-OC43 infection. IFNAR -/-  mice were 

evaluated through classical molecular, virological, and pathological approaches with the 

goal to identify a novel mouse model of HCoV-OC43 infection and pathogenesis. 

Especially, we aim to identify whether such a model recapitulates infection of the 

respiratory tract as observed in humans, and can potentially serve as a platform for the 

evaluation of vaccines and therapeutics 
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Table 1. Comparison of various animal models for common respiratory viruses and endemic human 

coronavirus HCoV-OC43. 
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METHODS 

Biosafety  

All aspects of this study were approved by the Institutional Biosafety Committee and the 

office of Environmental health and Safety at Boston University prior to study initiation. 

All work with HCoV-OC43, in vivo and in vitro, was performed in an animal biosafety 

level-2 (ABSL2) laboratory or biosafety level-2 (BSL2) by qualified personnel equipped 

with appropriate personal protection equipment (PPE). Following euthanasia and 

necropsy in the ABLS2, all remaining work was done in a biosafety level-2 (BSL2) 

laboratory. Tissues were either stored in RNAlater to preserve viral load for 

quantification or chemically inactivated for a minimum of 72 hours before being 

processed for histopathology.  

Cell lines 

The Rhabdomyosarcoma (RD),  CACO2, THP1, and (PBMCs) were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS, 

ThermoFisher Scientific, Waltham, MA, USA), 1% penicillin and streptomycin, and 

incubated at 37 degrees Celsius and 5% CO2 humidified incubator. 

HCoV-OC43 and HCoV-NL63 virus stock preparation and titration 

HCoV-OC43 strains of coronavirus were kindly provided from industry partners 

(Moderna Inc.) Viruses were propagating on rhabdomyosarcoma cells (RD cells) for 

HCoV-OC43. 
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Mice 

Mice were maintained in a facility accredited by the Association for the Assessment and 

Accreditation of Laboratory Animal Care (AAALAC). Animal protocols were approved by 

Boston University Institutional Animal Care and Use Committee. Homozygous IFNAR -/-  

mice of both sexes were obtained from the Jackson Laboratory (Jax, Bar Harbor, ME) and 

bred in the laboratory. For breeding, homozygous IFNAR -/- mice male and female were 

paired.  Mice were housed at the Animal Science Core (ASC, 670 Albany Street, Boston, 

MA) before being transferred over to the National Emerging Infectious Diseases 

Laboratories (NEIDL) for experiments. Animals were grouped together based on sex and 

kept in ventilated cages prior to and during experiments.   

Intranasal inoculation with HCoV-OC43 and HCoV-NL63 

At 5 –15 weeks of age, IFNAR -/- and wild type C57BL/6 mice of both sexes were 

intranasally inoculated with either a low dose of 1.00E+4 FFU, a high dose of 1.00E+6 

FFU, and an increased dose of 1.00E+7 FFU of HCoV-OC43 in 50µL of sterile 1 x PBS 

(n=117 [n=60 male and n=57’ female], or sham inoculated with 50µL of sterile 1 x PBS 

(n=4; 2 male, 2 female). Mice were euthanized at the designated endpoints of either 2- or 

7-days post-infection (low and high dose) or 1-, 3-, 5-, and 7-days post-infection for 

1.00E+7 FFU.  Decalcified whole heads were grossed accordingly and sagittal sections of 

the nasal turbinates were processed for histopathology. Blood was collected from the 

heart and serum was separated. In addition, the lungs were also collected. Nasal 

turbinates from the animals were stored in a 50mL Falcone tube with 10% neutral 

buffered formalin (NFB). Blood was collected in a 2mL Eppendorf tube. Upon collection 
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of the blood samples, they were immediately centrifuged for 10 minutes at 13,000 rpm 

and plasma from the blood samples was extracted. E Each bronchiole of the lungs was 

separated and placed into 1.5mL tubes containing 600µl of RNA Later to allow for 

subsequent viral quantification via FFA and qPCR. 

Intranasal treatment with anti-IL28β in IFNAR -/- mice 

IFNAR -/- mice of both sexes were either treated intranasally with a recombinant mouse 

anti-IL28β (Cat # mil28b-mab9-1, Invitrogen) (n=5) or IgG1 (n=5), 1 day prior to 

infection and 8 ours post-infection. Included in this cohort were mice infected but with no 

antibody treatment (n=3) and mice that were uninfected and had no antibody treatment.  

HCoV-OC43 viral stocks were generated by propagating the virus in RD cells, and the 

viral titer obtain was 3.6x108 FFU/mL. The virus was administered intranasally in mice 

in 50µL of sterile 1 x PBS (see previous infections above). Three days post-infection, all 

mice were euthanized, and organs were harvested to observe and determine key factors 

that assisted or prevented infection or disease.  
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Table 2. Study plan for HCoV-OC43 infection in IFNAR -/- and C57BL/6 

Viral doses for infection include a low dose, 1.00E + 4,  and a medium dose, 1.00E + 6 FFU, with 

endpoints of  2- and 7-days post-infection.  
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Table 3. Study plan for HCoV-OC43 infection in C57BL/6 wild-type mice only. 

Mice were inoculated with 1.00E + 7 FFU and euthanized at either 1, 2, 3, 5, or 7, days post-infection.  
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Table 4. study plan for HCoV-OC43 infection in IFNAR -/- mice only.  

Mice were inoculated with 1.00E + 7 FFU and euthanized at either 1, 3, or 5,  days post-infection  
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Table 5. study plan for HCoV-OC43 infection in IFNAR -/- mice only.  

Mice were inoculated with  1.00E + 7 FFU and euthanized at either  3, 5, or 7, days post-infection  
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       Table 6. study plan for HCoV-OC43 infection in IFNAR -/-  with anti-IFN-λ treatment 
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Clinical monitoring 

Animals included in the low and high-dose infection were checked daily and on the day 

of the takedown. Additionally, animals included in the low and high dose (n = 48, sham = 

0) were intraperitoneally implanted with an RFID temperature-monitoring microchip 

(Unified Information Devices, Lake Villa, IL, USA) 48-72 hours prior to inoculation. An 

IACUC-approved clinical scoring system was utilized to monitor disease progression and 

establish humane endpoints (Table 7). Categories evaluated included body weight, 

general appearance, responsiveness, respiration, and neurological signs for a maximum 

score of 5. Animals that were considered moribund were humanely euthanized in the 

event of the following: a score of 4 or greater for 2 consecutive observation periods, 

weight loss greater than or equal to 20%, severe respiratory distress, or lack of 

responsiveness.  

 

  Category      Score = Criteria  

 

  Body weight           1 = 10-19% loss 

  Respiration      1 = rapid, shallow, increased effort 

  Appearance                                             1 = ruffled fur, hunched posture 

  Responsiveness            1 = low to moderate unresponsiveness  

  Neurological signs     1 = tremors 

 
Table 7. Clinical scoring criteria  

This scoring system was used for clinical monitoring of HCoV-OC43-infected IFNAR -/- and wild type 

C57BL/6 mice. 
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Tissue processing and viral RNA isolation  

Tissues were collected from mice and placed in tubes containing 600µL of RNAlater 

(Sigma-Aldrich; # R0901500ML) and stored at -80 °C. For processing of lung tissues, 30 

– 75 mg of tissue were weighted on a high precision balance scale and placed into a 2 mL 

Eppendorf tube with 600µL of RLT buffer and a 5 mm stainless steel bead (Qiagen, 

Valencia, CA)Tissues were homogenized using a Qiagen TissueLyser II (Qiagen; 

Germantown, MD) by two dissociations cycles (two-minutes at 1,800 

oscillations/minute) with a one-minute rest in between. Samples were centrifuged at 

17,000 X g (13,000 rpm) for 10 minutes and supernatant was transferred to a new 1.5 ml 

tube. Viral RNA isolation was performed using a Qiagen RNeasy Plus Mini Kit (Qiagen), 

according to the manufacturer’s instructions. RNA was finally eluted in 50μl of 

RNase/DNase-free water and stored at -80 °C until used. 

Quantification of infectious particles by focus forming assay. 

Quantification of OC43 infectious particles were performed by focus forming assay 

(FFA). After euthanizing mice, tissues were collected in 600 µL of RNAlater 

(ThermoFisher Scientific) and stored at - 80 °C until used. One day prior to the 

experiments, a 96-well plate containing 3.0 x 104 cell/well of  RD cells in DMEM, 10% 

fetal bovine serum (FBS), and 1% HEPES were plated. Virus (HCoV-OC43) was diluted 

in 50µL and placed into each well for the infection and the 96-well plate was incubated at 

37°C for 1 hour. 150µL of 1500cP (high viscosity) methylcellulose (MEM, 2% FBS, 1% 

HEPES was then added to each well and the plate was incubated for 26 hours. For 

staining after incubation, the methylcellulose layer was carefully removed and 200µL of 
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4% PFA/PBS (paraformaldehyde solution Cat #15713-S) was added and incubated for 15 

minutes at room temperature. PFA was removed and disposed of appropriately. The plate 

was washed with 100µL solution containing .1% tritone, .1% BSA in PBS. 50µL of 

primary antibody targeting HCoV-OC43 nucleocapsid protein (rabbit IgG polyclonal, 

Sino Biological, Cat # 40643-T62, 1:6000) was then added and incubated for 2 hours at 

room temperature. 100µL of ELISA wash (PBSTween 0.005%) was then added. A 

secondary antibody (goat anti-rabbit-HRP, 1:1000) was then applied and incubated for 45 

minutes at room temperature. 100µL of ELISA was then added and 60µL of TrueBlue 

HRP (KPL TrueBlue peroxidase substrate, SeraCare, Cat # 5510-0030) was added for 

and protected from light for 15 minutes. Finally, the 96-well plate was washed with 

distilled water and set to dry. Foci were then counted using a light source. Viral titers can 

be determined by counting the number of foci present in each well of the 96-well plate.  

RNA isolation from serum.  

Upon collection of the blood samples from a heart puncture procedure, they were 

immediately centrifuged for 10 minutes at 13,000 rpm and plasma from the blood 

samples were extracted and transferred to a new 1.5mL Eppendorf tube and stored at - 

80°C until used.  

HCoV-OC43 reverse transcription quantitative polymerase chain reaction 

(RT-qPCR). 

Viral RNA was isolated using Qiagen RNeasy Plus Mini Kit (Qiagen) as described 

above. A standard curve was developed with a serial dilution of known standard curve 

RNA.  A master mix containing primers (10uM of forward and 10uM of reverse) were 
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mixed with LOW ROX 2X solution, and a 10uM probe, all targeting HCoV-OC43 was 

used in order to perform RT-qPCR.  RT-qPCR was preformed using an Applied 

Biosystems QuantStudio (ThermoFisher Scientific) and the following cycling conditions: 

reverse transcription for 10 minutes at 55 degrees Celsius, an activation step at 95 

degrees Celsius for 3 minutes followed by 45 cycles of denaturation at 94 degrees Celsius 

for 15 seconds combined annealing/extension at 58 degrees Celsius for 30 seconds. For 

each sample, QuantStudioTM Design and Analysis Software v1.3.1 (ThermoFisher 

Scientific) provided an amplification curve constructed by relating the fluorescence 

signal intensity to the cycle number.  

H&E histopathologic evaluation  

5μm sections were prepared from FFPE (formalin-fixed, paraffin-embedded) decalcified 

whole heads and insufflated whole lungs, and transferred to positively charged glass 

slides. Tissue samples were deparaffinized and stained with hematoxylin and eosin 

(H&E) using a combined Leica Autostainer-coverslipper unit ST5010-CV5030 (Leica 

Microsystems, Wetzlar, Germany). Slides were qualitatively analyzed by Dr. Nicholas 

Crossland, a board-certified veterinary pathologist, in order to determine key pathological 

features within the tissue (see table below).  

Brightfield immunohistochemistry  

Immunohistochemistry (IHC) was preformed using a Ventana BenchMark Discovery 

Ultra Autostainer (Roche Diagnostics, Indianapolis, IN, USA). OC43 spike (S) protein 

was semiquantitatively scored as follows: 0, no immunoreactivity observed; 1, rare single 

cell immunoreactivity; 2, multifocal small sporadic aggregates of immunoreactive cells. 
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Antigen retrieval was conducted using a Citrate based buffer-Cell Conditioning 2 (CC2). 

The HCoV-OC43 spike antibodies were rabbit derived and thus required a secondary 

goat derived anti- rabbit antibody HRP-polymer (Vector Labs, Burlingame, CA). 

Brightfield slides were then exposed to a DAB (3,3’ Diaminobenzidine) kit to form a 

brown precipitate in proximity to primary and secondary antibody complexes that 

contained the HRP conjugate. Slides were then counterstained with hematoxylin,  

dehydrated, and cleared using a combined Leica Autostainer-coverslipper unit ST5010-

CV5030 (Leica Microsystems, Wetzlar, Germany). Coverslips were applied and slides 

were set aside to dry before observing under the microscope. Polyclonal and monoclonal 

antibodies from the same manufacture were compared. Changes from the polyclonal 

antibody to the monoclonal antibody include the removal of primary heat incubation and 

the addition of a pre-primary protein block with shortened antigen retrial. Table 8 

highlights the details of each antibody. Figure 1 and figure 2 highlight the optimized 

protocols used for staining with the polyclonal and monoclonal antibodies specific for the 

spike protein of HCoV-OC43. 
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Antibody Polyclonal Monoclonal 

Manufacture Cell Signaling 

Technologies 

Cell Signaling 

Technologies 

Clone N/A MWP10017-1 

Species derived Rabbit Rabbit 

Pretreatment CC2-91°C CC2-91°C 

Duration 32 min 24 min 

Primary antibody 

dilution 

1:100 1:600 

Incubation 

duration 

40 min 32 min 

 

 

Table 8. Optimized polyclonal and monoclonal antibodies used for immunohistochemistry staining  

 







 

 

36 

 

Digital whole slide image scanning and analysis of chromogenic  

immunohistochemistry 

Chromogenic immunohistochemistry labeled slides were imaged using a Vectra Polaris 

Quantitative Pathology Imaging System (Akoya Biosciences). H&E slides and 

immunohistochemistry slides were scanned using a 20x brightfield protocol. 

Immunohistochemistry images and files were then transferred to HALOTM (Indica Labs, 

Inc., Corrales, NM). A  midline sagittal section of a mouse head with the olfactory 

epithelium annotated for image analysis (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Whole slide scan of a full mouse head with annotations  

Representative image from uninfected C57BL/6 wild-type mice. The solid yellow line represents the 
olfactory epithelium (to be analyzed), whereas the dashed yellow line denotes areas within the 
olfactory epithelium to be excluded from the analysis. 
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Statistical analysis of brightfield histopathology 

Descriptive statistics and graphics were performed using GraphPad Prism V9.5.1 

statistical analysis software (GraphPad, Sand Diego, CA). Total percent of pixels were 

captured for 1.00E+4, 1.00E+6, and 1.00E+7 FFU and were utilized to accurately capture 

HCoV-OC43 viral spike protein and signal of the Immunohistochemistry. Quantitative 

pathology results were analyzed using either Mann-Whitney independent t-test and one-

way or two-way ANOVA to determine the presence of statistical significance between 

each group. Tukey’s multiple comparison tests were used to determine the differences 

between groups.  

 

         

 

Figure 4. Visual output of area quantification module in HALO™.  

(A) Raw nasal turbinate with nuclei shown in blue (I.e., hematoxylin counter stain) and spike 

immunoreactivity in brown.  

(B) Correlating positive pixel analysis output of HCoV-OC43 spike area quantification (AQ) with nuclei 

shown in blue and spike immunoreactivity in yellow. 
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IFNAR -/- mice display increased pathology in nasal passages upon HCoV-

OC43 infection 

 
Histopathology of the nasal passages were examined in C57BL/6 and IFNAR -/- mice 

following HCoV-OC43 infection. Minimal findings irrespective of mice genotype and 

viral dose were observed with the exception of rare, localized rhinitis and edema at the 

level of the squamous epithelium at seven days post-infection. IFNAR -/- mice inoculated 

with high doses displayed a higher frequency of histopathology (five out of the twelve 

mice)compared to the C57BL/6 at day 7 post-infection as seen in Table 9.  Only two of 

the C57BL/6 inoculated with the low virus dose displayed histopathology while none of 

the mice inoculated with the high dose displayed histopathology (Figure 6). 

 

  

 

Table 9. frequencies of mice challenged with a high dose of 1.00E +6 FFU of HCoV-OC43 displaying 

histopathology.  

 

 

Mice Strain: C57BL/6 (n = 12) IFNAR -/- (n = 12) 

Endpoints in DPI (Days post-

infection)  

2 DPI 7 DPI 2 DPI 7 DPI 

No histopathology observed in 

nasal passages 

6 6 6 1 

Histopathology observed in 

nasal passages  

0 0 0 5 
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Figure 6. H&E and anti-Spike staining in the nasal passages of IFNAR -/- and C57BL/6 mice 

following HCoV-OC43 infection at day 7 post-infection.  

C57BL/6 mice and IFNAR -/- mice were inoculated with 106 FFU of HCoV-OC43. H&E staining (Left 

panels) and anti-Spike immunohistochemistry (Right panels) in the nasal passages were performed.  

No significant histopathological differences were seen between the two models at that viral dose with 

exceptions of mild edema at 7 days post-infection.  
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Table 10. Histopathology summary of the nasal passages of IFNAR-/- and C57BL/6 mice infected 

with different doses of HCoV-OC43.  

 

 

 

Sex STRAIN VIRUS DOSE DPI Histologic findings Morphologic diagnosis Spike IHC

M
C57BL/6 HCoV-OC43 1.00E+04 PFU 7 Mild focal neutrophilic infiltrate of respiratory epithelium 

with segmental squamous metaplasia

Rhinitis, neutrophilic, mild, segmental, with 

squamous metaplasia

0

M C57BL/6 HCoV-OC43 1.00E+06 PFU 2 NSF 0

M C57BL/6 HCoV-OC43 1.00E+06 PFU 2 NSF 0

F C57BL/6 HCoV-OC43 1.00E+06 PFU 2 NSF 0

F C57BL/6 HCoV-OC43 1.00E+06 PFU 2 NSF 0

M C57BL/6 HCoV-OC43 1.00E+06 PFU 7 NSF 0

F

C57BL/6 HCoV-OC43 1.00E+04 PFU 7 Minimal submucosal neutrophilic infiltrate at the level of 

squamous epithelium with rare denuded squamous 

epithelium and minimal edema in adjacent meatus.

Rhinitis, neutrophilic, mild, with denuded 

squamous epithelium and edema

0

M C57BL/6 HCoV-OC43 1.00E+04 PFU 7 NSF 0

M C57BL/6 HCoV-OC43 1.00E+04 PFU 7 NSF 0

M C57BL/6 HCoV-OC43 1.00E+04 PFU 7 NSF 0

M C57BL/6 HCoV-OC43 1.00E+06 PFU 7 NSF 0

M C57BL/6 HCoV-OC43 1.00E+04 PFU 2 NSF 0

M C57BL/6 HCoV-OC43 1.00E+04 PFU 2 NSF 0

F C57BL/6 HCoV-OC43 1.00E+06 PFU 7 NSF 0

F C57BL/6 HCoV-OC43 1.00E+06 PFU 7 NSF 0

F C57BL/6 HCoV-OC43 1.00E+06 PFU 7 NSF 0

F C57BL/6 HCoV-OC43 1.00E+04 PFU 2 NSF 0

F C57BL/6 HCoV-OC43 1.00E+04 PFU 2 NSF 0

F C57BL/6 HCoV-OC43 1.00E+04 PFU 2 NSF 0

M C57BL/6 HCoV-OC43 1.00E+06 PFU 2 NSF 1 (Olfactory epithelium)

F C57BL/6 HCoV-OC43 1.00E+06 PFU 2 NSF 2 (Olfactory epithelium)

F

IFNAR -/- HCoV-OC43 1.00E+06 PFU 7 Mild neutrophilic and lymphocytic infiltrate of the 

submucosa at the level of the squamous epithelium with 

localized denuding of squamous epithelium into 

adjacent meatus with edema.

Rhinitis, neutrophilic and lymphocytic, 

mild, with denuded squamous epithelium 

and edema

0

M

IFNAR -/- HCoV-OC43 1.00E+06 PFU 7 Mild neutrophilic and lymphocytic infiltrate of the 

submucosa at the level of the squamous epithelium with 

localized denuding of squamous epithelium into 

adjacent meatus with intralesional edema.

Rhinitis, neutrophilic and lymphocytic, 

mild, with denuded squamous epithelium 

and edema

0

F C57BL/6 HCoV-OC43 1.00E+04 PFU 7 NSF 0

F C57BL/6 HCoV-OC43 1.00E+04 PFU 7 NSF 0

M

IFNAR -/- HCoV-OC43 1.00E+06 PFU 7 Mild neutrophilic and lymphocytic infiltrate of the 

submucosa at the level of the squamous epithelium with 

localized denuding of squamous epithelium into 

adjacent meatus with intralesional edema.

Rhinitis, neutrophilic and lymphocytic, 

mild, with denuded squamous epithelium 

and edema

0

M IFNAR -/- HCoV-OC43 1.00E+04 PFU 7 NSF 0

M IFNAR -/- HCoV-OC43 1.00E+04 PFU 7 NSF 0

M IFNAR -/- HCoV-OC43 1.00E+04 PFU 7 NSF 0

M IFNAR -/- HCoV-OC43 1.00E+04 PFU 2 NSF 0

M IFNAR -/- HCoV-OC43 1.00E+04 PFU 2 NSF 0

M IFNAR -/- HCoV-OC43 1.00E+04 PFU 2 NSF 0

F IFNAR -/- HCoV-OC43 1.00E+04 PFU 2 NSF 0

F IFNAR -/- HCoV-OC43 1.00E+04 PFU 2 NSF 0

F IFNAR -/- HCoV-OC43 1.00E+04 PFU 2 NSF 0

F IFNAR -/- HCoV-OC43 1.00E+04 PFU 7 NSF 0

F IFNAR -/- HCoV-OC43 1.00E+04 PFU 7 NSF 0

F IFNAR -/- HCoV-OC43 1.00E+04 PFU 7 NSF 0

F

IFNAR -/- HCoV-OC43 1.00E+06 PFU 7 Mild neutrophilic and lymphocytic infiltrate of the 

submucosa at the level of the squamous epithelium with 

localized denuding of squamous epithelium into 

adjacent meatus with intralesional bacteria and edema.

Rhinitis, neutrophilic and lymphocytic, 

mild, with denuded squamous epithelium, 

edema, and intralesional bacteria

0

M

IFNAR -/- HCoV-OC43 1.00E+06 PFU 7 Mild to moderate neutrophilic and lymphocytic infiltrate 

of the submucosa at the level of the squamous and 

respiratory epithelium with localized denuding of 

squamous epithelium into adjacent meatus with 

intralesional edema. Focal luminal proteinaceous fluid 

accumulation in ethmoidal turbinate meatus with low 

numbers of intralesional neutrophils and denuded 

olfactory epithelium. Adjacent ON is multifocally 

vacuolated and disorganized (presumed degeneration).

Rhinitis, neutrophilic and lymphocytic, 

mild, with denuded squamous epithelium 

and edema; Olfactory epithelial 

degeneration (presumptive), mild, 

localized, with mild luminal neutrophilic 

exudate, and denuded OE

0

M IFNAR -/- HCoV-OC43 1.00E+06 PFU 2 NSF 0

F IFNAR -/- HCoV-OC43 1.00E+06 PFU 7 NSF 0

M IFNAR -/- HCoV-OC43 1.00E+06 PFU 2 NSF 1 (Olfactory epithelium)

F IFNAR -/- HCoV-OC43 1.00E+06 PFU 2 NSF 1 (Olfactory epithelium)

F IFNAR -/- HCoV-OC43 1.00E+06 PFU 2 NSF 2 (Olfactory epithelium)

F IFNAR -/- HCoV-OC43 1.00E+06 PFU 2 NSF 2 (Olfactory epithelium)

M IFNAR -/- HCoV-OC43 1.00E+06 PFU 2 NSF
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In addition to the low and high infectious doses, we also inoculated mice with a viral 

dose of 107FFU. Interestingly, minimal histopathological manifestations of infection 

were observed only in IFNAR -/- mice at day 5 post-infection (Table 11). These 

manifestations were characterized by localized rhinitis, edema, and mild inflammation at 

the level of the respiratory epithelium (Tables 12 and 13). Figure 7 highlights the 

detectable immunoreactive cells for the spike antigen in the nasal passages. However, no 

spike immunoreactivity was observed in the respiratory epithelium.  

  

Table 11. frequencies of mice challenged with a high dose 1.00E+7 FFU of HCoV-OC43 displaying 

histopathology in the nasal passages.  

IFNAR -/-mice have a higher frequency of displaying histologic hallmarks at a higher dose than the 

C57BL/6 wild type. Control mice inoculated with sham/PBS and C57Bl/6 wild-type mice from 2 days 

post-infection display no histological hallmarks and were excluded from this table as no INFAR -/- has an 

endpoint of 2 dpi.  

 
 
 

 

Mice strain C57BL/6 (n=12) IFNAR -/- (n = 34) 

Endpoints in DPI 
(Days post-infection)   

1 

DPI 

3 

DPI 

5 

DPI 

7 

DPI 

1 

DPI 

3 

DPI 

5 

DPI 

7 

DPI 

No histopathology 
observed in nasal 

passages 

4 4 4 4 4 10 4 7 

Histopathology 
observed in nasal 

passages  

0 0 0 0 0 1 6 0 
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Figure 7. H&E and anti-Spike staining in the nasal passages of IFNAR -/- mice following HCoV-

OC43 infection (107 FFU) at day 5 post-infection.  

IFNAR -/- mice were inoculated with 107 FFU of HCoV-OC43. H&E staining (Top panels) and anti-Spike 

immunohistochemistry (Bottom panels) in the olfactory (left panels) and respiratory (right panels) 

epithelium were performed. Black arrows indicate spike-positive cells.  
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Table 12. Histopathology summary of the nasal passages of IFNAR-/- and C57BL/6 mice infected 

with 107 FFU of HCoV-OC43. 

 

 

 

 

 

 

 

 

 

ANIMALID Sex STRAIN VIRUS DOSE DPI Nasal passage 

histologic findings

Morphologic 

diagnosis

Spike IHC Lung histologic findings Spike IHC

1-3DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

2-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NSF 0

3-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) Scant focal interstitial mononuclear infiltrate 0

4-3DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) Scant perivascular mononuclear infiltrate 1 (scant rare single pneumocyte)

5-3DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

6-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

7-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

1-5DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Mild neutrophilic 

and mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, mild

2 (Olfactory epithelium) NSF 0

2-5DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Mild neutrophilic 

and mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, mild

1 (Olfactory epithelium) NSF 0

3-5DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Moderate 

neutrophilic and 

mononuclear 

infiltrate, edema, 

and ectasia of 

submucosal 

glands in 

respiratory 

epithelium

Rhinitis, 

neutrophilic and 

mononuclear, 

moderate with 

edema, and 

ductular 

degeneration

1 (Olfactory epithelium) NSF 0

4-5DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Mild neutrophilic 

and mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, mild

2 (Olfactory epithelium) NE NE

5-5DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Moderate 

neutrophilic and 

mononuclear 

infiltrate, edema, 

and ectasia of 

submucosal 

glands in 

respiratory 

epithelium

Rhinitis, 

neutrophilic and 

mononuclear, 

moderate with 

edema, and 

ductular 

degeneration

1 (Olfactory epithelium) NE NE

6-5DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI NSF 1 (Olfactory epithelium) NE NE

1-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 Mild perivascular and peribronchiolar 

mononuclear infiltrate

0

2-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

3-7DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 Scant perivascular and peribronchiolar 

mononuclear infiltrate

0

4-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 Scant perivascular mononuclear infiltrate 0

5-7DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

6-7DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

7-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

Sham/MOCK F IFNAR -/- Mock non-nfected 5 DPI NSF 0 NE NE
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Table 13. Histopathology summary of the nasal passages of IFNAR-/- mice infected with 107 FFU of 

HCoV-OC43 (second cohort). 

 

 

 

 

 

 

 

 

 

 

 

ANIMALI Sex STRAIN VIRUS DOSE DPI Nasal passage histologic 

findings

Morphologic diagnosis Spike IHC Lung histologic findings Spike IHC

1-3DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

2-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NSF 0

3-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) Scant focal interstitial mononuclear infiltrate 0

4-3DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) Scant perivascular mononuclear infiltrate 1 (scant rare single pneumocyte)

5-3DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

6-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

7-3DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (3 DPI) 3 DPI NSF 2 (Olfactory epithelium) NE NE

1-5DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Mild neutrophilic and 

mononuclear infiltrate in 

respiratory epithelium 

submucosa

Rhinitis, neutrophilic and 

mononuclear, mild

2 (Olfactory epithelium) NSF 0

2-5DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Mild neutrophilic and 

mononuclear infiltrate in 

respiratory epithelium 

submucosa

Rhinitis, neutrophilic and 

mononuclear, mild

1 (Olfactory epithelium) NSF 0

3-5DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Moderate neutrophilic and 

mononuclear infiltrate, edema, 

and ectasia of submucosal 

glands in respiratory epithelium

Rhinitis, neutrophilic and 

mononuclear, moderate with 

edema, and ductular 

degeneration

1 (Olfactory epithelium) NSF 0

4-5DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Mild neutrophilic and 

mononuclear infiltrate in 

respiratory epithelium 

submucosa

Rhinitis, neutrophilic and 

mononuclear, mild

2 (Olfactory epithelium) NE NE

5-5DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI Moderate neutrophilic and 

mononuclear infiltrate, edema, 

and ectasia of submucosal 

glands in respiratory epithelium

Rhinitis, neutrophilic and 

mononuclear, moderate with 

edema, and ductular 

degeneration

1 (Olfactory epithelium) NE NE

6-5DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 5 DPI NSF 1 (Olfactory epithelium) NE NE

1-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 Mild perivascular and peribronchiolar mononuclear infiltrate 0

2-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

3-7DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 Scant perivascular and peribronchiolar mononuclear infiltrate 0

4-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 Scant perivascular mononuclear infiltrate 0

5-7DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

6-7DPI F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

7-7DPI M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (5 DPI) 7 DPI NSF 0 NE NE

am/MO F IFNAR -/- Mock non-nfected 5 DPI NSF 0 NE NE
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Figure 9. HCoV-OC43 spike antigen is detectable within the olfactory epithelium 

Spike antigen present in the absence of overt cytopathic effect at 2 days post-infection in IFNAR -/- mice 

intranasally inoculated with 106 FFU of HCoV-OC43. 

C57BL/6 and IFNAR -/- mice were inoculated with 107 FFU of HCoV-OC43. H&E staining (Left panels) 

and anti-Spike immunohistochemistry (Right panels) was performed on day 2 post-infection. Black arrows 

indicate spike-positive cells.  

Quantification of Spike immunoreactive cells supported evidence that IFNAR -/- mice 

have elevated levels of spike antigen in the olfactory epithelium at two days post-

infection compared to the C57BL/6 mice. Additionally, at seven days post-infection, both 

genotypes contained little to no immunoreactive cells. Figure 10 highlights these trends 

with representative images 
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Interestingly, anti-Spike immunohistochemistry using an anti-Spike monoclonal antibody 

(developed as a follow-up of our polyclonal antibody by our industry partner) provided a 

stronger appreciation of the increased susceptibility of IFNAR -/- mice to HCoV-OC43 

infection (Figure 13). Quantification of spike immunoreactivity using this novel antibody 

on tissue sections from IFNAR -/- nasal passages (107  FFU infectious dose)  resulted in a 

near 10-fold signal increase when compared to the polyclonal chromogenic staining. 

Immunoreactivity quantification following staining with this novel antibody provided 

overall a more robust validation of the increased susceptibility of IFNAR -/- mice to 

HCoV-OC43 infection. Our results also confirmed the viral replication kinetics 

previously observed with the polyclonal antibody in the nasal passages of IFNAR -/- 

mice infected with 107 FFU, characterized by a peak of viral replication at day 3 post-

infection prior to viral clearance at day 7 post-infection.  
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In addition, whole lungs were inflated using a low melting point of 1 x agarose in sterile 

PBS (phosphate-buffered saline). Slides were stained for hematoxylin and eosin (H&E) 

in order to observe key histopathologic characteristics and immunohistochemistry for the 

HCoV-OC43 spike protein was performed. Lung histopathology analysis showed that 

very few IFNAR -/- mice displayed scant or mild perivascular and peribronchiolar 

monocular infiltrates. at 7 days post-infection. (images not shown) Additionally, only one 

IFNAR -/- mouse displayed rare scant immunoreactivity for spike in the lungs 

(representative images not shown). Altogether this data is consistent with our viral load 

quantification findings and suggest that viral replication in IFNAR -/- is restricted to the 

nasal passages and does not spread to the respiratory tract.  
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Interestingly, albeit histopathological manifestations of disease were overall between the 

different experimental conditions IFNAR -/- mice, IFNAR -/- treated with anti-IFNλ2 

showed more peracute inflammation in the nasal passages. Furthermore, 

immunohistochemistry staining showed that  anti-IFNλ2 treatment led to Spike 

immunoreactivity extending into the respiratory epithelium. Qualitatively, anti-IFN λ2 

treatment also appears to result in a more abundant viral antigen that extends more 

proximally in the nasal passages and is observed with the submucosal inflammatory 

infiltrates (and rarely with the respiratory epithelium) as seen in Figure 16. No viral 

antigens were however detected in the lower respiratory tract. Altogether, these findings 

represent preliminary evidence that type III IFN signaling contributes to restricting 

HCoV-OC43 dissemination into the respiratory tract.  
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Figure 16. IFNAR -/- mice treated with anti-IFNλ2 are more permissive to HCoV-OC43 replication 

in the nasal passages 

(A) Ordinal scoring of immunohistochemistry targeting HCoV-OC43 spike in the nasal passages of IFNAR 

-/- mice untreated or treated with IgG or with an anti-IFNλ2 (107 FFU dose., day 3 post-infection). (no 

treatment; n = 3, IgG; n = 5, anti-λ; n = 5) 

Scoring was as follows; 0 = no immunoreactivity observed, 1 = rare single cell immunoreactivity, 2 = 

multifocal small sporadic aggregates of immunoreactive cells.  

H&E and corresponding IHC representative images display an increased propensity for spike 

immunoreactivity in the olfactory epithelium with spike antigen protruding into the respiratory epithelium  

 

(B) Representative pictures of histopathological manifestations (H&E, top) and anti-Spike 

immunohistochemistry (bottom) of the olfactory (left) and respiratory (right) epithelium of IFNAR -/- mice 

at day 3 post-infection following infection with 107 FFU of HCoV-OC43 and treatment with an anti-IFNλ2. 

A 

B 
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Table. 14. Histopathology summary of the nasal passages of IFNAR-/- infected with 107 FFU of 

HCoV-OC43.  

Mice were euthanized at day 3 post-infection and treated or not with IgG or with an anti-IFNλ2 (107 FFU 

dose., day 3 post-infection). (no treatment; n = 3, IgG; n = 5, anti-λ; n = 5) 
 

 

 

 

Sex STRAIN VIRUS Group DPI Nasal passage 

histologic 

findings

Morphologic 

diagnosis

Spike IHC Lung histologic findings Spike IHC

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (Infected only) 3 DPI Mild 

neutrophilic 

and 

mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, 

mild

TBD NSF 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (Infected only) 3 DPI NSF 2 (Olfactory epithelium) NSF 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (Infected only) 3 DPI NSF 2 (Olfactory epithelium) NSF 0

F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (IgG1 control,infected) 3 DPI NSF 2 (Olfactory epithelium) NSF 0

F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (IgG1 control,infected) 3 DPI NSF 2 (Olfactory epithelium) Minimal perivascular and peribronchiolar mononuclear infiltrate 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (IgG1 control,infected) 3 DPI NSF 2 (Olfactory epithelium)-rescan needed NSF 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (IgG1 control,infected) 3 DPI NSF 2 (Olfactory epithelium) Minimal perivascular and peribronchiolar mononuclear infiltrate 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (IgG1 control,infected) 3 DPI NSF 2-3 (Olfactory epithelium) Minimal perivascular and peribronchiolar mononuclear infiltrate 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (anti-IFN lamda, infected) 3 DPI Mild 

neutrophilic 

and 

mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, 

mild

3 (Olfactory and respiratory epithelium) NSF 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (anti-IFN lamda, infected) 3 DPI Mild 

neutrophilic 

and 

mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, 

moderate with 

edema, and 

ductular 

degeneration

3 (Olfactory and respiratory epithelium) NSF 0

M IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (anti-IFN lamda, infected) 3 DPI Mild 

neutrophilic 

and 

mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, 

mild

2-3 (Olfactory epithelium) NSF 0

F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (anti-IFN lamda, infected) 3 DPI Mild 

neutrophilic 

and 

mononuclear 

infiltrate in 

respiratory 

epithelium 

submucosa

Rhinitis, 

neutrophilic and 

mononuclear, 

moderate with 

edema, and 

ductular 

degeneration

2 (Olfactory epithelium) NSF 0

F IFNAR -/- HCoV-OC43 IFNAR -/- 1E7 (anti-IFN lamda, infected) 3 DPI NSF TBD NSF 0

F IFNAR -/- HCoV-OC43 IFNAR -/- uninfected 3 DPI NSF 0 NSF 0
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DISCUSSION 

Mice lacking Type-1 Interferon receptor (IFNAR -/-) display increased 

susceptibility to HCoV-OC43 infection  

Coronaviruses pose a considerable global threat worldwide. With the potential for 

additional coronaviruses with pandemic potential to emerge, it is imperative to develop a 

robust arsenal of countermeasures against these pathogens. Animal models are crucial in 

this process as they provide platforms to characterize viral pathogenesis and can serve as 

vaccine efficacy models that are less associated with ethical considerations. While mice 

stand as ideal platforms for such purposes, they remain refractory to infection by endemic 

coronaviruses or poorly recapitulate the human disease induced by these viruses. For 

HCoV-OC43 especially, mouse models developing disease upon infection display severe 

viral neurotropism and rely on intracranial inoculation routes, which is a far deviation 

from the natural transmission or exposure route seen in humans. Therefore, there is today 

a critical unmet need to identify novel mouse models of HCoV-OC43 infection that can 

foster our understanding of this virus and enable the evaluation of antiviral 

countermeasures against it. Our goal in this study was to identify and characterize novel 

mouse models of HCoV-OC43 infection. Using virological and histopathological 

approaches, our work ultimately shows that type-I and type-III interferon signaling drive 

the restriction of HCoV-OC43 infection in mice.  

Based on our findings, infection of IFNAR -/- mice is characterized by increased viral 

replication in the olfactory epithelium compared to C57BL/6 mice. However, viral 

replication did not extend to the respiratory epithelium and no viral dissemination was 
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observed. These findings were especially apparent upon the use of a 107 viral dose, 

suggesting that other immune barriers may be overcome upon infection with a high viral 

inoculum.  

C57BL/6 wild-type mice showed only a few anti-Spike immunoreactivity in the olfactory 

epithelium and less frequent histopathology even at a 107 viral dose. 

Our model depicts viral kinetics where the highest level of viral replication in the nasal 

cavity of IFNAR -/- mice is reached at 3 days post-infection, prior to viral clearance at 7 

days post-infection. While no infectious viral particles were recovered from the lung of 

both C57BL/6 and IFNAR -/- mice through the entire infection course, viral RNA could 

be amplified from the lung of IFNAR -/- between day 1 and day 7 post-infection and 

persisted throughout at similar levels. This is in contrast with C57BL/6 mice, which 

displayed incrementally decreasing viral RNA copies over time in the lung. We conclude 

that type-I interferon is one major restriction barrier of HCoV-OC43 infection in mice 

and that there are other barriers likely playing a role in restricting viral dissemination 

through the respiratory tract. 

 

 The contribution of type I IFN signaling in restricting HCoV-OC43 infection 

in mice and governing viral tropism 

Our results provide evidence that type-I IFN signaling restrictsHCoV-OC43 infection in 

the nasal cavity. However, unlike mice, HCoV-OC43 can establish infections in humans 

in the context of function type I IFN responses, suggesting an ability of this virus to 

specifically evade these responses in a human-specific manner.  
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Consistently, many studies have reported the ability of  SARS-CoV-2 evade innate 

immune response in the early stage of infection, which is an important driver of viral 

pathogenesis. Many of the proteins encoded in the viral RNA genome of coronaviruses, 

such as the NSP in HCoV-OC43 and SARS-CoV-2, not only assist with replication but 

aid in inhibiting host immune responses. An important immune evasion mechanism is 

preventing the translation of host mRNA for antiviral responses. By inhibiting 

translation, this results in preventing host antiviral responses [20]. NSP1 in SARS-CoV-2 

is a known type-I interferon antagonist and therefore can restrict interferon signaling and 

production. Additionally, it is highlighted in literature that NSP1 inhibits IRF3 

phosphorylation, therefore impairing ISG synthesis. NSP1 can also degrade TYK2, 

disrupting JAK/STAT signaling and ISG production[99]. Importantly, HCoV-OC43 like 

SARS-CoV-2 is also Betacoronavirus and could use similar mechanisms to inhibit type I 

IFN responses in humans. On the contrary, HCoV-OC43 is likely unable to evade some 

or all of these mechanisms, preventing extensive infection and disease. We can 

hypothesize that genetic differences between human and mouse effectors of the type I 

IFN responses may affect the ability for HCoV-OC43 to inhibit or degrade immune 

mediators in mouse cells. Alternatively, this virus may also encounter an antiviral 

mechanism not found in humans. A clearer understanding of the mouse-specific 

mechanisms restricting HCoV-OC43 infection in mice could prove critical to developing 

mouse models recapitulating human disease upon infection by this virus and that would 

be amenable for evaluating antiviral countermeasures.    
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The lack of dissemination of HCoV-OC43 in mice suggest the existence of 

other immunological barriers  

Immunohistochemistry staining depicted little to no spike immunoreactivity in the lungs 

of IFNAR -/- mice upon HCoV-OC43 infection, suggesting that other mouse-specific 

immune barriers may restrict HCoV-OC43 dissemination to the respiratory tract. Type-III 

IFN signaling has been identified to play a major role in preventing the dissemination of 

respiratory viruses to the lower respiratory tract. Indeed, mice intranasally treated with 

IFN-λ display increased protection against respiratory viruses such as influenza and 

SARS-CoV-2. IFNAR -/- mice challenged with influenza A virus and intranasally 

administered with IFN-λ exhibited reduced viral dissemination to the lungs and lower 

respiratory tract. The well-established SARS-CoV-2 K18-hACE2 transgenic mouse 

model also corroborated these findings and showed decreased histopathology in the lungs 

when treated with IFN-λ following SARS-CoV-2 challenge, compared to untreated, 

infected mice.  

Consistent with the literature, we found that IFNAR -/- mice treated with anti-IFNλ 

displayed increased viral replication in the nasal passages, which is associated with 

possible dissemination of the virus to the respiratory epithelium.  

Therefore, our findings suggest that both type-I and type-III interferon signaling restrict 

HCoV-OC43 infection in mice and underscore the inability of HCoV-OC43 to overcome 

these immune barriers in contrast to their human counterpart. However, no Spike 

immunoreactivity was found in the lung upon anti-IFNλ treatment, highlighting that more 

work is required to evaluate more precisely the contribution of type-III interferon 
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signaling in restricting HCoV-OC43 dissemination. As our antibody directly targets IFNλ 

and not the type III IFN receptor, this may limit its efficacy in preventing effective type 

III IFN signaling as IFNλ are rapidly and sustainably secreted following infection while a 

receptor can be effectively saturated prior to viral challenge. The use of mice knock-out 

for the type III IFN receptor, or of antibody targeting this receptor, should allow to better 

capture the role of type III IFN signaling in the restriction of HCoV-OC43 infection and 

dissemination. 

 

The potential of IFNAR -/- to serve as platform for testing antiviral 

countermeasures against HVoV-OC43 

To be suitable for the evaluation of vaccines and therapeutics against viruses, mouse 

models need to be robustly permissive to viral infection. The ability of mouse models to 

develop human-like diseases and pathologies upon infection provides another layer of 

readouts that extend our ability to characterize vaccine and antiviral drug efficacy.  

IFNAR -/- mice inoculated with HCoV-OC43 present certain advantages in evaluating 

vaccines. Indeed, effective viral in the nasal passages and mild histopathology in the 

respiratory epithelium of the nasal passages could serve as valuable readouts to evaluate 

the efficacy of a protective vaccine. However, this model still carries important 

limitations for such a purpose. When infected, irrespectively of the viral dose, we 

observed a rapid viral clearance in the nasal passages. This may render challenging to 

discriminate vaccine-induced viral clearance and host-mediated clearance.  
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While effective in protecting from severe disease, SARS-CoV-2 vaccines have 

highlighted the limitations of vaccination approaches against respiratory pathogens in 

preventing infection. Therefore, a mouse model supporting only infection and not severe 

disease may not allow to capture the potential efficacy of a vaccine against HCoV-OC43. 

Furthermore, the lack of viral replication and dissemination in the lung of IFNAR -/- also 

limits the potential for vaccine efficacy readouts.  

Nevertheless, IFNAR -/- mice may still be useful to test mucosal or nasal vaccines 

against HCoV-OC43. IFNAR -/- mice may also provide insight into whether 

conventional intramuscular vaccination may restrict viral replication in the nasal cavity – 

at least for this specific pathogen.  

To overcome some of these limitations observed with the IFNAR -/- mice, the disruption 

of type-III interferon is a promising path forward. While our observations with IFNAR -/- 

mice treated with anti-IFNλ displayed elevated levels of spike in the olfactory epithelium 

with mild protrusions into the respiratory epithelium, a broader and more sustained 

disruption of the type-III IFN signaling may further enhance permissiveness to HCoV-

OC43 infection, making this model more suitable for testing vaccines. 

However, it is also worth noting that, disrupting type-I interferon signaling may affect the 

development of accurate vaccine responses. While the adaptive immune response drives 

humoral responses and neutralizes antibody production, the innate and adaptive immune 

compartments congruously work together to induce robust vaccine-induced immune 

responses. This is particularly exemplified by the live attenuated Yellow Fever 17D 

vaccine, which is one of the most effective vaccines to date. 17D vaccine can provide 
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lifetime protection against yellow fever virus. The high efficiency of the vaccine is driven 

by the induction of both innate and adaptive immune responses upon vaccination, which 

include the type I IFN response [98]. Therefore, disruption of type I IFN signaling via 

genetic strategies (e.g., knock-out) could negatively impact the development of vaccine-

induced responses and bias vaccine efficacy characterization.  

However, antibody treatment targeting type I and/or type III IFN signaling could 

overcome some of these limitations. Indeed, antibody treatments abrogating IFNAR 

and/or IFNLR-mediated signaling at the time of infection only, but not at the time of 

vaccination, could enhances render temporarily a mouse model permissive to infection 

without negatively impacting the establishment of effective vaccine-induced immune 

responses upon vaccination.  

Taken together, the development of robust antibody treatment protocols would help with 

increasing the suitability of IFN signaling-defective mice for evaluating vaccines against 

HCoV-OC43. 

 

Future directions 

Our work is a considerable leap forward in modeling HCoV-OC43 infection in a small 

animal model. While previous mouse models were refractory to HCoV-OC43 infection in 

the nasal cavities and respiratory tract, we show for the first time that a mouse model can 

sustain significant HCoV-OC43 replication in the nasal passages upon disruption of 

specific antiviral signaling pathways. Through collaborations between several different 

NEIDL laboratories and industry partners, this thesis delves into the many elements 



 

 

66 

behind the early-stage development of novel animal models of virus infection.  While the 

mouse model developed during this work does not constitute a comprehensive platform 

yet to evaluate vaccines and antiviral drugs against HCoV-OC43, our work opens 

avenues for better understanding the immune barriers restricting HCoV-OC43 replication 

in mice. Such knowledge will ultimately pave the way for developing refined mouse 

models that could prove instrumental for evaluating antiviral countermeasures against 

HCoV-OC43. Especially, investigating how type-III IFN signaling regulates HCoV-

OC43 infection and replication (but also other human coronavirus infections) in the 

mouse respiratory tract appears as a critical step toward better mouse models of HCoV-

OC43 infection and disease. The multidisciplinary nature of our study, from 

histopathology and virology to immunology and animal model development, underscores 

how the synergy of multiple expertise and scientific concepts can benefit virus research 

and ultimately, the  development of clinical interventions and public health strategies 
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