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MICROSCOPIC MORPHOMOLECULAR EVALUATION OF TRANSGENIC 

HUMANIZED ACE2 MURINE MODELS OF SARS-CoV-2 

ANNA TSENG 
 

ABSTRACT 
 

INTRODUCTION: SARS-CoV-2 is the causative agent for the ongoing pandemic that 

was first declared in 2020, taking the lives of almost six million people and disrupting 

communities worldwide. Although an impressive global effort from the scientific 

community has yielded multiple vaccines and therapeutics, more research is crucial for 

continued progress against SARS-CoV-2 and future emerging infectious diseases. 

Animal models have played a significant role in the development of many advancements 

throughout the pandemic, and better models are needed for more effective research.  

OBJECTIVE: Although many animals have been utilized for SARS-CoV-2 research, a 

model to recapitulate severe pulmonary disease is still lacking. Routinely utilized models 

have consisted of non-human primates, Syrian hamsters, and mice. Excluding ethical 

concerns, non-human primates are expensive and limited in supply, limiting the ability to 

execute more statistically powerful studies. Pneumonia caused by SARS-CoV-2 in non-

human primates is also very mild, with nearly all animals surviving, creating substantial 

skepticism surrounding the frequency of acute respiratory distress syndrome (ARDS) and 

diffuse alveolar damage (DAD) occurrence in these animal models. Syrian hamsters are 

also naturally permissive to SARS-CoV-2 and consistently display the most severe lung 

pathology of any existing animal model, but the lack of availability of species-specific 
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reagents and research tools makes studying this model difficult. Utilization of mouse 

model does not require development of new research tools, as mice have been classically 

utilized for preclinical research for decades. This work seeks to characterize and evaluate 

two human ACE2-expressing transgenic mouse models to provide the scientific 

community with knowledge on their translational relevance.  

METHODS: K18-hACE2 (K18) and Rosa26-hACE2 (Rosa26) mice were infected with 

SARS-CoV-2 and checked daily for temperature and weight. Plaque assays and qPCR 

were utilized to determine viral load. Tissues were stained with H&E for 

histopathological scoring and qualitative analysis. K18-HACE2and Rosa26-

hACE2tissues were fluorescently labeled using two different multiplex 

immunohistochemistry panels. Slides were digitized by a Vectra Polaris™ fluorescent 

whole slide scanner, unmixed using inFORMTM vxxx and digital analysis was completed 

using HALO™ vxxx. Statistical analysis was conducted using GraphPad Prism™ 9.0.1. 

RESULTS: Both transgenic models succumbed to SARS-CoV-2 infection, with 

neurodissemination and death/euthanasia corresponding with peak viral loads in both 

models. hACE2 mRNA and ACE2 protein anatomical distribution and expression levels 

was similar in both models as determined by RNAscope® ISH and IHC respectively. In 

brains, hACE2 was expressed sporadically in neurons, but consistently in blood vessels 

and choroidal epithelium. In the lungs, viral load peaked on day 2 and 4 while lung 

infiltrate steadily increased throughout the course of infection, peaking on day 7- 8. 

However, severe lung pathology was not observed in any animals and many of the 
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hallmarks of diffuse alveolar damage were absent, namely the formation of a hyaline 

membrane, hemorrhage, edema, alveolar fibrin polymerization and neutrophil influx. 

K18-HACE2 mice showed less lung infiltrate when compared to Rosa26-hACE2mice, 

which had more T-cell rich infiltrate. No significant difference exists between the two 

strains in terms of IBA1+ cells and CD11b+ cells in the lungs, though both cell 

populations increased throughout the course of infection. Both models demonstrated 

neuroinvasion as early as day 4, but neurodissemination in the Rosa26-hACE2infection 

was limited to ventral portions of the brain, while the K18-hACE2 showed severe and 

near global dissemination within the brain aside from cerebellar sparing which was 

observed in both models. K18-HACE2mice showed a significant decrease in neuronal 

density and an increase in microglial reactive processes consistent with SARS-CoV-2 

induced neuronal loss and microglial reactivity. Together, these findings show that 

neither hACE2 transgenic mouse model represents a model of severe lung disease for 

SARS-CoV-2 and that the main determinant of lethality is viral neuroinvasion and 

neurodissemination. Although hACE2 was under the control of the keratin 18 promoter 

in both models, the distinct insertion location resulted in distinct clinicopathological 

outcomes that are not easily explained but bring appreciation to the complexity of the 

central dogma of biology.  

CONCLUSION: Using digital image analysis of immunohistochemistry paired with 

histopathological scoring and traditional molecular and virological techniques, this study 

demonstrates that although the transgenic hACE2 mouse models available to researchers 

result in lethal disease following SARS-CoV-2 infection, death/euthanasia is invariably 
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resulting of neurodissemination with mild pneumonia limiting their translational 

relevance of mirroring severe COVID-19 in humans.
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INTRODUCTION 
 

SARS-CoV-2 Background 
 

During the winter of 2019, a turning point in human history occurred with the emergence 

of an unknown coronavirus from the Hubei province of China. Quickly proliferating and 

spreading to new hosts, the virus known as severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) swept through the world, now having left nearly six 

million people dead (2-27-2022) and many more in critical condition [1]. Hospitals 

reached maximum capacity, with healthcare workers bearing much of the brunt of the 

pandemic and testing labs struggling with an overwhelming number of samples to result. 

As the most severe pandemic to occur during an age of social media and online 

communication, misinformation spread faster than the virus itself, leading to heightened 

anxiety, confusion, and astonishment [2]. Unleashed alongside the virus was a wave of 

xenophobia and racism, particularly against Asians and people of Asian descent, with 

physical attacks and harassment becoming all-too-frequent headlines [3]. China was 

heavily scrutinized for a seemingly inadequate response at the start of the pandemic and 

conspiracies of a cover-up along with more sinister ideas quickly circled around the 

globe. Many governments responded to the pandemic with mask mandates, social 

distancing orders, and business shut-downs to avoid congregations of unmasked groups 

of people, as the virus was shown to be spread through small droplets. In response, many 

protested these new regulations claiming infringement upon their rights, and several 

protests against masks took place while the death toll rose. Some of the complaints 

regarding masks ranged from asthma, acne, “the funk” inside a mask, and even Satanism 
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[4]. Despite the shock from the general public and questionable responses from 

governments, two other coronavirus-related health crises have occurred in the last decade 

and the SARS-CoV2 outbreak could have been better anticipated [5].  

Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) emerged in China in 

2002, infecting more than two thousand people and killing about four percent of patients, 

while Middle East Respiratory Syndrome (MERS) was initially discovered in 2012 and 

infected eighteen hundred with a case fatality of thirty-six percent [6][7]. Two other 

members of the coronavirus family, HCoV-OC43 and HCoV-229E, are estimated to 

cause around a third of common colds. The members of this virus family, Coronaviridae, 

are found in many different mammals and bird species and are thought to have spillover 

events from bats, mice, and domestic animals. Through phylogenetic studies, it is thought 

that SARS-CoV is of bat origin that then developed in civets as a secondary host, and 

MERS-CoV2 was shown to develop in dromedary camels, and a study showed that 90% 

of dromedary camels had antibodies against MERS-CoV2 [8][9]. SARS-CoV2 has been 

linked to many potential reservoir populations that ultimately led to the fateful zoonotic 

event in 2019; white-tailed deer, pangolins, snakes, mink, and perhaps the most widely 

accepted, horseshoe bats, were all considered possible origins [10][11][12][13][14][15]. 

Many farms of these animals were shut down and the animals culled for fear of outbreaks 

spreading to humans, with Denmark ordering the mass slaughter of seventeen million 

mink only for the corpses to resurface from mass graves and possibly contaminate the 

water supply [16][17]. Other naturally susceptible hosts include Syrian hamsters, which 

have been utilized in SARS-CoV2 research. Animal models have been crucial for the 
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success in developing multiple vaccines available to the public, two of which are the first 

mRNA vaccines ever approved. Several treatments are also available, including the 

antiviral remdesivir, and four antibody treatments: sotrovimab, casirivimab/imdevimab, 

bamlanivimab/etesevimab, and tocilizumab, the latter not targeting SARS-CoV2 itself 

but instead interleukin-6 (IL-6) to avert dangerous levels of inflammation [18]. Although 

the successes of the scientific community in response to the pandemic are deserving of 

apt pomp and circumstance, new variants of SARS-CoV2 are emerging rapidly and 

threaten the previously-seroconverted masses [19][20]. It is crucial that research 

continues at this breakneck pace to best prepare for an uncertain future.  

Structure and Function of SARS-CoV2 

The family name, coronaviridae, comes from the spike protein, which reflects the distinct 

crowned outer surface of virions when viewed ultrastructurally by electron microscopy. 

Coronaviruses are considered group IV within the Baltimore classification system, 

meaning they are enveloped, non-segmented, single-stranded sense RNA viruses, and 

SARS-CoV2 is one of seven coronaviruses known to infect humans [21]. Coronaviruses 

have some of the largest genomes of all viruses, and certainly the largest among RNA 

viruses, and are helical in capsid structure. SARS-CoV1, SARS-CoV2, and MERS are all 

beta coronaviruses, and are further classified in sublineage A, B, C, or D. Common cold-

causing coronaviruses belong to lineage A, SARS-CoV1 and 2 belong to B, and MERS is 

the first lineage C betacoronavirus known to infect humans [22][23]. Coronaviruses share 

a similar virion shape, with a highly glycosylated trimer spike (S) protein projecting out 
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from the membrane component which is used to bind host receptors and induce clathrin-

mediated endocytosis [24] [25]. Each of the monomers have an S1 and S2 domain, with 

the S1 domain from the three monomers entangling to form the ectodomain and the S2 

domains comprising the stalk, transmembrane, and small intracellular domains [34]. The 

receptor binding domain (RBD), a component of S1, binds and opens another cleavage 

site on S2 [26]. The nucleocapsid protein (N) forms complexes with the gRNA and 

interacts with other virus proteins to allow for efficient assembly. N has three domains, 

known as the N terminal domain (NTD), the C-terminal domain (CTD), and the RNA-

binding domain; all three domains have been demonstrated to bind viral RNA. It has been 

proposed that the NTD is able to act in a hand-like manner, with positively charged 

“fingers” that neutralize RNA phosphate groups and a hydrophobic “palm” to hold the 

base moieties [27]. In SARS-CoV2 infection, host receptor angiotensin converting 

enzyme 2 (ACE2) binds with the S protein and the S protein is cleaved by furins, or other 

transmembrane proteases like serine 2 (TMPRSS2), to expose the S2 subunit containing 

hydrophobic fusion peptides [28][29][30]. This furin activity seems to play a crucial role 

in disease susceptibility, as it has been demonstrated that the cleavage of S by furins or 

furin-like proteins is essential for viral entry into lung cells, and dysregulation of these 

proteolytic proteins contributes to disease severity in certain populations, like smokers or 

people with psoriasis [31][32][33] Several other host receptors have been implicated in 

cell entry, including neuropilin 1 (NRP1) and basigin [34][35]. Fusion of the virus 

membrane with the endosomal membrane is triggered by a drop in pH or host proteolytic 

cleavage, and the genome is released into the cytoplasm [30].  
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The genomic sense RNA, which has thirteen ORFs, is then translated into two 

polyproteins, pp1a and pp1ab, due to a frameshift that happens between ORF1a and 

ORF1b.  This frameshift favors ppla, leading to 1.4–2.2 times more protein than pplb 

[36]. Between the two polypeptides, sixteen viral proteins are cleaved via cysteine 

proteases inside NSP3. ORF1a and ORF1b makeup the first two thirds of the genome, 

and the last third is transcribed to form a nested set of antisense subgenomic mRNAs that 

encode structural proteins, similar to class V viruses. These sgRNAs are created as a 

result of a template switch from a body transcription regulatory sequence (TRS-B) to the 

leader sequence (TRS-L) at the end of the 5’ of the template strand. Since this switch can 

occur with any of the TRS-Bs, a nested set will result from transcription.  

These subgenomic RNAs code for structural and accessory proteins. The roles of many of 

the 29 SARS-CoV-2 proteins have yet to be determined. Of the eleven accessory 

proteins, ORF3b, ORF6, ORF7a, and ORF8a have been demonstrated to be potent 

interferon antagonists [37][38][39][40]. ORF3a is a viroporin that may promote virus 

release and shares 72.7% of its protein identity with the SARS-CoV ORF3a [41][42][43]. 

ORF9b may interact with Tom70, a mitochondrial import receptor, to inhibit type I 

interferon (IFN) synthesis [44]. The nucleocapsid protein (N) serves an important role in 

virion assembly as it contains an RNA binding domain and a domain that dimerizes the 

protein when in solution but how N interacts with viral RNA and self assembles into 

helical filaments or globular viral RNP complexes has yet to be elucidated [45]. Several 

viral-induced changes can be seen in infected cells, with electron micrographs revealing 

altered features such as convoluted membranes (CMS), double-membrane bound vesicles 
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(DMVs), zipper rough endoplasmic reticulum (ZRER), and variable stages of viral 

particle development including those with peplomers and cross-sections of nucleocapsid 

aggregates.  

Most viruses hijack host cytoskeleton during infection cycle, and coronaviruses are no 

exception; it has been demonstrated that these viruses can be seen “surfing” the filapodia 

by altering actin filament (AF) polymerization, using actin for clatharin-mediated uptake, 

SARS-CoV-2 M protein binding AFs to thicken beneath membrane surface as to 

potentially provide the force required for budding [46]. As SARS-CoV-2 and other 

ssRNA viruses utilize a membrane in their virion structure, budding is an essential aspect 

of viral assembly to acquire host membrane. Nucleocapsid is incorporated into the viral 

membrane by budding through the intermediate compartment between the ER and the 

golgi. The M protein is most expressed on the viral membrane, and its presence retains 

the spike protein within the endoplasmic reticulum [47]. Host cells have anti-budding 

mechanisms in place, such as tetherin, and SARS-CoV-1 has been demonstrated to 

inhibit tetherin by blocking its glycosylation with ORF7a. SARS-CoV-2 has been shown 

to downregulate tetherin, but independent of ORF7a.  

Several other mechanisms have been implicated in immune suppression, since 

understanding SARS-CoV-2 effects on the immune system are crucial for gaining a 

complete story of the disease as host immune dysregulation is a key characteristic of 

severe cases. Altering function of the endothelial throws off the immune response, as 

endothelial cells (ECs) are known to coordinate immunological homeostasis, with 
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expression of viral, cytokine, and toll-like receptors to further aid the EC response. The 

endothelial also helps present antigen to CD4 and CD8 cells, though more limited than 

other professional-presenting cells. The EC also modulates transendothelium migration 

by upregulating key proteins to allow for myeloid and lymphoid cells to roll until they 

reach the site of infection, where they can be activated and undergo endothelial 

transmigration into tissues. ECs also help memory CD8 cells mature into cytotoxic cells 

and the differentiation of TH17 cells in response to IL-6. In severe SARS-CoV-2 

infection, a “cytokine storm” characterizes later stage infection, and ECs play a critical 

role in signal amplification with cytokine production and attracting immune-cells to 

further inflammation [48].  

Monocytes are also highly recruited to inflammation during SARS-CoV-2 infection, and 

many differentiate into dendritic cells (DCs) or macrophages. Large numbers of CD16+ 

monocytes infiltrate tissue, and classical CD16-CD14+ monocytes only return to normal 

numbers in recovering patients. Classical monocytes have been shown to have increased 

expression of IL1β and a pattern of IFN-activation, which undoubtedly contributes to the 

“cytokine storm”. Data from COVID patients regarding monocyte-secreted cytokines is 

scarce and conflicting, but type 1 IFN response was consistent in most studies. 

Monocytes are crucial to recovery from SARS-CoV-2 and have been shown to be 

protective in some animal models, but some evidence also shows that monocytes can be 

permissive to SARS-CoV-2 infection themselves as they express ACE2. Studies show 

that SARS-CoV-2 can efficiently infect monocytes but the infection yields an 

unproductive replication cycle. It has been proposed that SARS-CoV-2 uses this as an 
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advantage, inducing immunoparalysis since infection was associated with 

immunoregulatory cytokine secretion and the induction of a macrophagic specific 

transcriptional program characterized by the upregulation of M2-type molecules. 

Decreased numbers of monocytes are observed concurrently with the upregulation of 

immunoregulatory molecule CD163 in patients [49]. Post-mortem analysis of patients 

who died of COVID-19 revealed infected CD169+ macrophages in lymph nodes and 

spleen. Infection and exposure to live and heat-inactivated virus resulted in a cytokine 

profile of IL-6, IL-10, TNF, IL-1, TGF-B, but a lack of IFN supporting the finding that 

SARS-CoV-2 is able to inhibit interferon response.  

Lymphopenia and especially drops in CD4 and CD8 T-cells are a characteristic of SARS-

CoV-2 infection, with severe cases showing an even more substantial drop than mild 

cases. B and NK depletion has also been observed but the drop is less significant (~1.5 

fold). The mechanism for SARS-CoV-2 induced lymphopenia remains unknown, but it 

may be due to hyperactive T-cells leading to a pro-apoptotic state. However, the role of T 

cells in severe disease remains relatively unknown. Some studies showed a correlation of 

a lack of robust T-cell response in deceased patients, and others showed stronger T-cell 

response correlated with severe disease. B-cell response also varied, with patients 

demonstrating a high heterogeneity of antibodies, with up to a third showing very low 

titers and a range of neutralizing antibody activity. What research has revealed is that the 

immune response to SARS-CoV-2 is diverse and different between patients and more 

studies are undoubtedly necessary to clear up the conflicting data documenting immune 

response. 
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Pathogenesis in humans  

SARS-CoV, MERS, and SARS-CoV2 can manifest as acute pneumonia and potentially 

cause death, but many cases consist of flu-like symptoms that resolve in a couple days. 

SARS-CoV-2 hospitalization may involve the use of ventilators and oxygen tanks due to 

the destruction of lung tissue, and many people have reported still being affected months 

after discharge, with reports of at least one organ function impairment three months post 

infection [50]. It is spread between people by small droplets or direct contact, although 

the latter is less common. Disease presents symptoms on average 6.4 days post exposure, 

with the most common symptom being fever followed by cough [51]. Cases are classified 

by mild, moderate, and severe and the induced pneumonia is categorized into two stages: 

early and late phase. In the early phase, the virus targets the respiratory system and 

causes damage directly by virus-mediated tissue damage. In the late phase, the host 

immune system is activated and secretes a variety of cytokines to organize and mount an 

effective response. However, in severe COVID-19, hyperinflammatory cytokines, 

including interleukin (IL)-6, tumor necrosis factor-alpha (TNF-a), and IL-1b can reach 

extremely high levels and cause systemic inflammation dubbed a “cytokine storm”. 

Diffuse alveolar damage (DAD) is a pathological finding observed in severe disease, 

characterized by bilateral neutrophil recruitment and infiltrate, edema, and the formation 

of a hyaline membrane [52]. Gas exchange is disrupted and patients become hypoxic. 

Severe cases progress approximately 8-9 days following symptom onset and can continue 

to acute respiratory distress syndrome (ARDS) where more aggressive treatment with 

ventilators and oxygen may be necessary. 
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Disease varies greatly among individuals, but consistent trends of several comorbidities 

and health equity considerations play a vital role in predicting outcome. A classic 

computed tomography (CT) scan for a SARS-CoV-2 patient shows bilateral ground-glass 

opacity in sub-pleural regions of the lungs and widespread inflammation. Air sacs fill 

with fluid, limiting oxygen absorption and leading to classic symptoms of a respiratory 

virus. Blood workup reveals leukocytosis and can show several abnormalities, including 

hypolobation, toxic granules in neutrophils, atypical granules in lymphocytes, granulation 

of chromatin in monocytes, giant platelets and thrombocytopenia and normocytic 

normochromic anemia [53]. 

Several other organs have been implicated in SARS-CoV-2 infection, including the heart, 

gastrointestinal tract (GI), liver, kidney, and central nervous system (CNS). Myocardial 

injury is a common finding of SARS-CoV-2 cardiovascular manifestation and one study 

found that 8% of all patients involved had myocardial injury defined as high-sensitivity 

cardiac troponin (hs-cTn) above the 99th percentile of its upper limit of normal or 

evidence of myocardial injury in an electrocardiogram. Severe cases had a 13-fold higher 

risk of myocardial injury, and it was found that hs-cTn was an excellent predictor for 

disease severity and mortality even after adjusting for comorbidities. ACE2 expression 

has been demonstrated on myocardial cells, suggesting direct infection is feasible but yet 

to be proven, on top of the numerous cytokines that can cause vascular inflammation, 

myocarditis, and cardiac arrhythmias. Acute coronary syndrome has also been linked to 

SARS-CoV-2, and has many possible factors influencing its prevalence, including 

hypercoagulability, proinflammatory cytokines, stress, and altered endothelium.  
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Gastrointestinal dysfunction is another common finding of SARS-CoV-2 with symptoms 

including diarrhea, anorexia, and nausea occurring in 2-10% of cases [54]. The 

mechanism by which SARS-CoV-2 causes GI symptoms remains unknown, but ACE2 

has also been shown to be expressed throughout intestinal mucosa, and pro-inflammatory 

cytokines have been shown to cause gastric distress. Hepatic injury is observed in many 

SARS-CoV-2 patients in the form of deranged liver enzymes. Declining liver function is 

associated with worse prognosis and a prolonged hospital stay and seems to be caused by 

direct viral cytopathic effects, medication, and anoxia [55]. Congruent findings for the 

cause of renal injury point to similar mechanisms, with the resulting manifestation as 

increased serum creatinine, variable degrees of proteinuria and hematuria, and 

radiographic abnormalities of the kidneys [56]. Infection of neurons have also been a 

concern throughout the pandemic, with many research groups claiming the virus is 

capable of neuroinvasion. Case reports of mood changes shortly before hospitalization 

and viral RNA in the brain are toted as evidence of neuroinvasion, but conclusive 

evidence of viral proteins in the brain is very limited. Studies have demonstrated that the 

virus is capable of infecting neurons from experiments showing a colocalization of viral 

proteins inside neurons and the classic COVD-19 symptom of losing smell and taste [57]. 

It is clear that multifactorial injury of organs outside of the respiratory system should 

provide a new perspective on respiratory illness. 

Common medical conditions that place a person at higher risk of severe illness from 

SARS-CoV-2 infection include cancer, chronic kidney disease, chronic liver disease, 

chronic lung disease, dementia or other neurological conditions, type 1 or 2 diabetes, 
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down syndrome, heart conditions, HIV and other immunocompromising conditions, 

mental health conditions, overweight and obesity, pregnancy, sickle cell or thalassemia, 

smoking, organ or stem cell transplantation, substance use disorders, tuberculosis, and 

high blood pressure. Other studies have begun to shed light on health equity playing a 

significant role on SARS-CoV-2 outcome, with several factors such as race, education, 

occupation, income, and housing investigated as being associated with more cases, 

hospitalizations, and deaths. Unintended consequences of mitigation strategies also can 

disproportionately affect mental health, bereavement, food insecurity, unemployment, 

housing instability, and healthcare services in general for people in minority groups. 

Several studies documenting homelessness demonstrate that people experiencing 

homelessness make up a disproportionate 2% of the total SARS-CoV-2 hospitalizations, 

despite making up less than .2% of the US population [58]. 

Therapeutic options and vaccine development 

Research and pharmaceutical companies were able to generate several vaccine options 

for the general public in a matter of a few months following the outbreak. Healthcare 

workers were able to receive their first dose of vaccine within a year of the pandemic 

onset, with the general public following shortly after. This impressive feat was partly due 

to an established body of knowledge about coronaviruses from SARS, MERS, and other 

common cold coronaviruses. Many different platforms of vaccine technology are utilized 

to create an effective vaccine against SARS-CoV-2, often with the goal of preventing 

severe illness. Most vaccines that have proceeded to and past clinical trials focus on the 

spike protein to elicit an effective antibody generation. Currently, there are three FDA 
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approved vaccines in the US approved for SARS-CoV-2 in the general public: Pfizer, 

Moderna, and the Janssen vaccines. The former two are the first FDA-approved mRNA 

vaccines, relying on lipid nanoparticles (LNP) to protect and carry the mRNA to muscle 

cells and produce spike protein, which is presented on major histocompatibility complex 

I (MHC I). The immune system reacts and generates antibodies against the spike protein 

[59]. These vaccines were designed to be given in two doses, and an additional booster is 

now available for the public. The Pfizer and Moderna vaccines are approved for use in 

most other countries, either by emergency use or have been fully authorized at this point. 

The Janssen vaccine is an adenovirus-vector vaccine, which utilizes a viral vector 

expressing the spike protein of SARS-CoV-2 to generate an immune response. With all 

current adenovirus-vector vaccines, the adenovirus is altered by replacing the E1 gene to 

eliminate replication competency by inserting the full-length SARS-CoV-2 spike gene. 

The E3 gene is also removed [60]. The Janssen clinical trial was praised for being one of 

the most inclusive, prioritizing diversity and different backgrounds for its study, and 

eliminating participants who already had antibodies to SARS-CoV-2. It requires only one 

dose, but numerous cases of thrombosis with thrombocytopenia syndrome and Guillain-

Barre syndrome have been reported and the Centers for Disease Control and Prevention 

(CDC) recommends mRNA vaccines over the Janssen vaccine. Johnson and Johnson, the 

parent company, has since suspended production of the vaccine. Other viral vector 

vaccines either in clinical trials or approved for use include the Oxford-AstraZeneca 

vaccine (Oxford University and AstraZeneca collaboration), Sputnik V (Gamaleya 

Research Institute of Epidemiology and Microbiology in Russia), Sputnik Light 
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(Gamaleya Research Institute of Epidemiology and Microbiology in Russia), and 

Convidecia [61]. Other platforms for vaccine development include: DNA plasmid-based 

vaccine ZyCoV-D (Cadila Healthcare) which is approved in India, inactivated virus 

vaccines such as Sinopharm BIBP (Sinopharm), CoronaVac (Sinovac), Covaxin (Bharat 

Biotech), Sinopharm WIBP (Sinopharm), and CoviVac (Chumakov Centre), and subunit 

vaccines like Novavax (Novavax), Abdala (Center for Genetic Engineering and 

Biotechnology in Cuba), EpiVacCorona (VECTOR center of Virology), ZifiVax (Anhui 

Zhifei Longcom in collaboration with the Institute of Microbiology at the Chinese 

Academy of Sciences), and Soberana 02 (Finlay Institute). Some concerns regarding 

inactivated virus vaccines include the inactivation step altering S protein confirmation 

and even causing the S1 component to detach. Many of these vaccines rely on the 

adjuvant aluminum hydroxide to further stimulate the immune system.  

SARS-CoV-2 therapeutics have also advanced substantially throughout the pandemic, 

with monoclonal antibodies and small molecule antivirals aiding many SARS-CoV-2 

patients. There are many targets for COVID-19 therapeutics, including viral structural 

proteins, nonstructural proteins, accessory proteins, and host genes, epigenetics, and other 

host pathways [62].  Remdesivir was the first COVID-19 treatment approved by the FDA 

for hospitalized patients at least 12 years of age. It works as an adenosine nucleoside 

triphosphate analog, which interferes with the viral RNA-dependent RNA polymerase, 

usually leading to a premature and irreversible chain termination [63]. It was originally 

developed as a drug for hepatitis C and studied in the context of filoviruses before being 

utilized in COVID-19 infections [64]. Other antivirals are approved for emergency action 
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use (EAU), including Pfizer’s Pazlovid and Merck’s molnupiravir. Monoclonal 

antibodies are also used, including Actemra, Bebtelovimab, Evusheld, Casirivimab, 

Imdevimab, Etesevimab, and Sotrovimab [65][66]. Convalescent plasma is also used in 

COVID-19 patients, as it is blood plasma from people who had recovered and produced 

antibodies against the virus. Many other treatments are still under development as the 

scientific community continues tirelessly.  

Non-human primate and human models 
 
With their similarity to humans, non-human primates (NHPs) are ideal models for 

biomedical research. There are many research tools available to NHP research, as most 

human tools cross react with NHP targets. However, their high demand and ethical 

concerns regarding their role make a stable supply difficult. With SARS-CoV-2 research, 

obtaining NHPs became increasingly challenging and the cost of these animals continues 

to carry a hefty price. The husbandry of NHPs is also complicated, and together, these 

factors make reaching sufficient numbers for powerful studies exceedingly expensive 

[67]. SARS-CoV-2 infection in NHPs has also proven to be mild in almost all cases, with 

almost none developing ARDS. Both rhesus and cynomolgus macaques rarely show 

clinical signs, and minimal pathological changes with minimal amounts of lung 

consolidation observed in most animals [68]. Multifocal to coalescing areas of 

pneumonia was observed in lung parenchyma, with some alveolar necrosis and alveolar 

type II (AT2) pneumocyte hyperplasia. Edema was found in many alveolar spaces, along 

with some fibrin, neutrophils, alveolar macrophages, and lymphocytes. In bronchioles, 

denudated epithelium along with plump AT2 pneumocytes representing regeneration are 
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noted in some animals. By day 15, animals show only small areas of consolidation and an 

increase of bronchial-associated lymphoid tissue (BALT) in some animals. Similar 

findings were observed in other NHPs, including African green monkeys (AGM) [69]. 

Since the disease is transient and mild in macaques and AGMs, this recapitulates most 

human disease but does not offer researchers insight into severe disease. For this reason, 

many vaccine and therapeutic studies relied on antibody generation instead of 

development of clinical symptoms. A model of severe disease is still desperately needed 

to evaluate therapeutics intended for hospitalized COVID-19 patients. 

Human challenge studies have been highly debated throughout the pandemic, as 

historically, these studies have had major impact in vaccine and therapeutic development. 

A dark connotation goes along with these types of experiments, as German and Japanese 

experiments during World War II, the Tuskegee Study, Willowbrook hepatitis 

experiments, and more taint the benefits a more ethically designed experiment could reap. 

Debate around how to design such a study has continued throughout the debate, with 

concerns that such studies will contain a sample bias of willing participants and that 

compensation could take advantage of certain populations. United Kingdom COVID-19 

challenge trials are currently underway, interested in immune responses that protect 

people from re-infection [70]. Participants are compensated financially, medical care 

provided, and the study claims to have adequate mechanisms for informed consent. The 

high payment may be attractive to those less privileged, but the study was widely 

advertised and not intended to target any marginalized groups. In any case, the study will 

serve as a precedent for future human roles in infectious disease studies, perhaps paving 
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the way for future ethical academic human experiments.  

Small animal models  

Since NHPs present their challenges to researchers particularly in the economic burden, 

small animal models are essential for modern research. Their simple housing and 

husbandry, as well as rapid breeding, allow researchers ease designing studies with 

sufficient power. The Institutional Animal Care and Use Committee (IUCUC) outlines 

how laboratory animals are to be treated, and rodents are simpler to use in research for 

this reason as well. Several small animals have been utilized in SARS-CoV-2 research, 

but the most common are mice and Syrian hamsters. The latter is naturally susceptible to 

SARS-CoV-2, but is relatively new to the world of infectious disease research, with few 

research tools developed. Syrian hamsters are now commonly used in many SARS-CoV-

2 studies, ranging from elucidating the role of viral proteins to effects of COVID-19 on 

testicle size[71].  Most hamsters show mild-to-moderate disease with some weight loss, 

and after about two weeks, the animals nearly invariably recover. Pneumonia is most 

severe around 5-7 dpi with peak viral load around day 2 [72]. Subsequent immune 

infiltrate with monomorphonuclear cells and neutrophils and congestion of blood vessels 

accompany these pathological changes. Pneumonia can be seen as patchy lesions that 

affect both lungs, with some marked perivascular cuffing. Hyaline membranes, a key 

finding of DAD, are not seen in hamsters and animals rarely succumb to disease. 

Differences in sex and age seen in humans are also replicated in Syrian hamsters [73]. 

For these reasons, Syrian hamsters are considered the best current animal model to 
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recapitulate moderate to severe self-limiting lung disease. 

However, due to a lack of research tools for hamsters, a mouse model for severe disease 

is still highly sought. Unlike Syrian hamsters, mice are not naturally permissive to the 

virus, with the exception of some VOC (beta and gamma), and further alterations to the 

model must initially take place to confer permissibility. The viral S protein does not have 

a high affinity for mouse ACE2, so several different approaches to this dilemma have 

been developed; these include a mouse adapted SARS-CoV-2 strain, an adenovirus-

associated-virus (AAV)-transduced or knock-in mouse, a fetal lung xenograft (fLX) 

model, and the focus of this study, the transgenic (tg) mouse expressing human ACE2 

(hACE2) [73]. The mouse-adapted virus model can be created from passing SARS-CoV-

2 through mouse lung tissue. Mutations in the viral RNA genome will make any mutant 

virions that can infect mouse ACE2 advantageous as they will have higher levels of 

replication. Another approach is to modify the binding domain of the virus to be able to 

bind mouse ACE2. This model has varying reports of disease, with many research groups 

reporting a failure to reproduce pathology seen in humans. The translational potential for 

this model is very limited; a further complication of this platform is that since the virus is 

not the same virus that infects humans, vaccines and therapeutics may have different 

efficacies. Instead of altering the virus to infect mice, other models modify the host itself 

to express hACE2. The AAV-transduced mouse model relies on a vector to transduce 

lung epithelium to express hACE2, using a CRISPR/Cas9 technology. This is 

advantageous in that it is flexible in mouse strain, but the expression of hACE2 between 

animals can be highly variable and fails to reproduce severe lung pathology [74]. The 
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fLX model is also meant to use the human-infecting strain of SARS-CoV-2, but in human 

tissue as well. Using a mouse deficient in the lymphocytic compartment of the immune 

system, small pieces of competent human fetal lungs are engrafted on the mouse’s back 

in the subcutaneous space. The mouse can be given human immune cells too, to study 

human immune responses in the context of human tissue. However, this model is very 

costly to produce and highly variable between animals. Donor tissues originate from 

many different sources as well as composition, meaning a range of immune responses 

and cell types develops within the tissue, and the success rate of the engraftment adds 

additional variation in the model. This model also fails to show multisystemic impacts of 

disease. The transgenic mouse model is engineered to be able to express hACE2 in all 

epithelial tissues by using an epithelial promoter, cytokeratin 18 (K18) for the ACE2 

gene insertion. These mice are created by inserting hACE2 with the K18 promoter into a 

location within the mouse’s genes, and these mice can be bred and continue to pass on 

the inserted gene. They have been used in numerous studies of SARS-CoV-2, which 

some claim the mice die from severe respiratory disease, and others claiming 

neuroinvasion. Viral replication occurs in the AT2 and AT1 pneumocytes, and never in 

bronchioles, again with the exception of some VOCs (beta). Neutrophils and 

macrophages follow shortly after viral replication is seen in the interstitium, and 

lymphocytic infiltrate can be seen on day 4 and after. Very little edema, denudated 

epithelium, hemorrhage, and other signs of DAD are observed in the lungs of tg mice. 

Many studies fail to conduct lung inflations, which are necessary to determine much of 

the lung pathology, which perhaps explains why literature reports vary widely. Reports of 
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neuroinvasion are persistent throughout literature. [75][76][77] A summary of different 

mouse models can be viewed in Table 1.  

 
 
Model Creation Benefit Limitations 
Mouse adapted 
SARS-CoV-2 
strain 
 

Attenuated SARS-
CoV-2 in mouse 
tissue 

Able to infect 
wild-type mice 

Largely fails to reproduce 
pathology 
 
Mouse-adapted virus has 
different efficacies with 
treatments and vaccines 
intended for human use 
with the human strain of 
SARS-CoV-2 
 

AAV-
transduced or 
knock-in mouse 
 

Using a viral vector 
to add hACE2 to 
target cells at the 
DNA level 

short time to 
construct 
flexible in 
mouse strain 
 

Fails to show severe 
pathology  
 
High variability of hACE2 
expression based on 
success of transduction 
 

Human Fetal 
Lung Xenograft 
mouse 

 

Engrafting fetal 
human lung tissue on 
the backs of 
immunocompromised 
mice 

captures 
dynamics in 
human tissue 
with human 
strain of virus 

High variability of donor 
composition leading to 
high variability of graft  
 
High cost 
 

Transgenic 
mouse 
expressing 
hACE2 
 

Insertion of hACE2 
into germ line 

Uses human 
strain of virus 
Simple to breed 

Neuroinvasion 
 
Failure to replicate severe 
lung pathology 

 

Table 1. Comparison of various animal models of SARS-Cov-2 infection.
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Research models 
 
In this study, two tg mouse models will be compared: the K18-hACE2 and Rosa26-

hACE2 models. The K18-hACE2 mouse was developed by McCray et al in 2007 to study 

SARS-CoV-1, which also uses hACE2 but the mouse was disregarded after evidence of 

neuroinvasion potentially confounded data. With the K18 promoter, hACE2 is expressed 

mainly in airway epithelial cells and enterocytes lining the colonic mucosa, with lesser 

amounts found in kidney, liver, spleen, and small intestine, and scant levels of expression 

in the brain. The insertion of the gene is random, and several different strains of K18-

HACE2mice have been created, with varying amounts of hACE2 expression depending 

on the insertion location and number of hACE2 copies within the insertion. The mice 

used within this study are from the Jackson Laboratory and have eight insertions in a 

single site on chromosome 2.  

The Rosa26-hACE2, developed by Taconic, also uses the K18 promoter and the same 

hACE2 gene, but the insertion is not random; it is targeted toward the Rosa26 locus, a 

well-characterized section of chromosome 6 that has been useful for gene insertion. 

ROSA stands for Reverse Orientation Splice Acceptor, a relic of its first application, and 

is spliced into three exons that are not translated to a protein. By inserting a gene into the 

integration site, no potential downstream effects come from the targeted insertion, unlike 

with a random insertion. This mouse model is not well characterized, and no previous 

literature exists describing this model. It has a single copy of the hACE2 gene, unlike the 

K18-hACE2's 8 copies. Figure 1 describes the insertion of the K18-hACE2 cassette via 

recombinase-mediated cassette exchange (RMCE) into the Rosa26 locus.  
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Figure 1: Insertion of the K18-hACE2 cassette into the Rosa26 locus using 
recombinase-mediated cassette exchange (RMCE). Docking sites within the 
ROSA26 locus allow the RMCE to find the correct location within the genome and 
site-specific recombinases swap the RMCE vector with the existing cassette. The 
result is a cassette swap in cells permissive to the AAV carrying the RMCE vector. 
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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 SARS-CoV-2 was performed in a biosafety level-3 (BSL3) 

laboratory by qualified personnel equipped with powered air-purifying respirators. 

Following euthanasia and necropsy, tissues were chemically inactivated for a 

minimum of 72 hours before being taken out of the BSL3 space. Upon certification of 

inactivation, the remaining work was done in a biosafety level-2 (BSL2) laboratory. 

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

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

Boston University Institutional Animal Care and Use Committee (PROTO202000020). 

Heterozygous K18-hACE2 C57BL/6J mice of both sexes (strain: 2B6.Cg-Tg(K18-

ACE2)2Prlmn/J) were obtained from the Jackson Laboratory (Jax, Bar Harbor, ME). 

Rosa26-hACE2 mice were obtained from Taconic Biosciences (Rensselaer, NY). Animals 

were group-housed by sex in Tecniplast green line individually ventilated cages 

(Tecniplast, Buguggiate, Italy). Mice were maintained on a 12:12 light cycle at 30-70% 

humidity and provided ad-libitum water and standard chow diets (LabDiet, St. Louis, MO). 
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Intranasal inoculation with SARS-CoV-2.  

At 12–16 weeks of age, K18-hACE2 and Rosa26-hACE2 mice of both sexes were 

intranasally inoculated with a low (1 x 104 PFU), intermediate (1 x 105 PFU), or high dose 

(1 x 106 PFU) of SARS-CoV-2 in 50 µl of sterile 1X PBS (K19-hACE2 [10^4 N = 15 10^5 

N = 22 10^6 N = 35] Rosa26-hACE2 [10^4 N = 7 10^5 N = 19  10^6 N = 7]], or sham 

inoculated with 50 µl of sterile 1X PBS. Inoculations were performed under 1-3% 

isoflurane anesthesia and the survival curve was evaluated up to 14 dpi. Test mice were 

inoculated with the intermediate dose (1 x 105 PFU) and euthanized at 2 dpi, 4 dpi, 7 dpi 

or terminal disease after having reached euthanasia criteria. For H&E and monoplex IHC 

analysis, thirty-three animals were examined, which included Sham/PBS inoculated 

negative controls (n=4). For the multiplex lung panel, twenty-five animal lungs (12 Rosa-

26 hACE2 and 13 K18-hACE2) were examined including 3 Sham/PBS inoculated negative 

controls (1 K18-hACE2, 2 Rosa26-hACE2).  

mice have better survival at the low dose than K18-hACE2 mice (10^4 N = 15 10^5 N = 

22 10^6 N = 35). 

Clinical monitoring. Animals included in the 14-day survival curve studies (n=50 infected 

and n=6 sham) 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 1). Categories evaluated included body 

weight, general appearance, responsiveness, respiration, and neurological signs for a 
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maximum score of 5. Animals were considered moribund and 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. 

Clinical signs and body temperature were recorded once per day for the duration of the 

study. For design of the survival curve, animals euthanized on a given day were counted 

dead the day after. Animals found dead in cage were counted dead on the same day. 

Tissue processing and viral RNA isolation.  

Tissues were collected from mice and stored in 600 µl of RNAlater (Sigma-Aldrich; # 

R0901500ML) and stored at -80 °C. For processing, 20 – 30 mg of tissue were placed into 

a 2 ml tube with 600 µl of RLT buffer with 1% β-mercaptoethanol and a 5 mm stainless 

steel bead (Qiagen, Valencia, CA; #69989). 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; 

#74134), according to the manufacturer’s instructions. RNA was finally eluted in 30 μl of 

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

Quantification of infectious particles by plaque assay.  

Quantification of SARS-CoV-2 infectious particles were quantified by plaque assay. After 

euthanizing mice, tissues were collected in 600 µL of RNAlater (ThermoFisher Scientific, 

AM7021) and stored at -80 °C until analysis. The day prior to experiments, 24-well plates 
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containing 8x104 Vero E6 cells per well were plated. Between 20-40 mg of tissue was 

weighed out and placed into a 2 ml tube containing 500 μl of OptiMEM (ThermoFisher) 

and a 5mm Steal Bead (Qiagen #69997). For the brain, to reduce bias by selecting only 

non-permissive or highly permissive regions, tissue sampling was performed on several 

regions throughout the brain including the olfactory bulb, cerebral cortex (left and right 

side), and cerebellum. Tissues were then 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 then subject to 

centrifugation with a benchtop centrifuge at 17,000 X g (13,000 rpm) for 10 minutes and 

supernatant was transferred to a new 1.5 ml tube. From this, 1:10 – 1:106 dilutions were 

made in OptiMEM and 300 µl of each dilution were plated onto 12-well plates and 

incubated at 37 °C for 1 hour with gentle rocking of the plate every 10 minutes. After viral 

adsorption, 1 ml of a 1:1 mixture of 2X DMEM containing 4% FBS 1% 

penicillin/streptomycin and 2.4% Avicel (Dupont) was overlaid into each well. Cells were 

then incubated for 3 days at 37°C with 5% CO2. After incubation, Avicel was removed, 

cells were washed with 1X PBS, and fixed in 10% formalin for 1 hour. After fixation, 

formalin was removed, cells were stained with 0.1% crystal violet in 10% ethanol/water 

for 1 hour and washed with tap water. Plates were then dried, the number of plaques were 

counted, and infectious particles (PFU/mg of tissue) were calculated. 

RNA isolation from serum.  

Total viral RNA was isolated from serum using a Zymo Research Corporation Quick-

RNATM Viral Kit (Zymo Research, Tustin, CA; #R1040) according to the manufacturer’s 
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instructions. RNA was eluted in 15 μl of RNase/DNase-free water and stored at -80 °C 

until used.  

SARS-CoV-2 E-specific reverse transcription quantitative polymerase chain reaction 

(RT-qPCR).  

Viral RNA was quantitated using single-step RT-quantitative real-time PCR (Quanta 

qScript One-Step RT-qPCR Kit, QuantaBio, Beverly, MA; VWR; #76047-082) with 

primers and TaqMan® probes targeting the SARS-CoV-2 E gene as previously 

described45. Briefly, a 20 μl reaction mixture containing 10 μl of Quanta qScript™ XLT 

One-Step RT-qPCR ToughMix, 0.5 μM Primer E_Sarbeco_F1 

(ACAGGTACGTTAATAGTTAATAGCGT), 0.5 μM Primer E_Sarbeco_R2 

(ATATTGCAGCAGTACGCACACA), 0.25 μM Probe E_Sarbeco_P1 (FAM-

ACACTAGCCATCCTTACTGCGCTTCG-BHQ1), and 2 μl of template RNA was 

prepared. RT-qPCR was performed using an Applied Biosystems QuantStudio 3 

(ThermoFisher Scientific) and the following cycling conditions: reverse transcription for 

10 minutes at 55 °C, an activation step at 94 °C for 3 min followed by 45 cycles of 

denaturation at 94 °C for 15 seconds and combined annealing/extension at 58 °C for 30 

seconds. Ct values were determined using QuantStudioTM Design and Analysis software 

V1.5.1 (ThermoFisher Scientific). For absolute quantitation of viral RNA, a 389 bp 

fragment from the SARS-CoV-2 E gene was cloned onto pIDTBlue plasmid under an SP6 

promoter using NEB PCR cloning kit (New England Biosciences, Ipswich, MA). The 

cloned fragment was then in vitro transcribed (mMessage mMachine SP6 transcription kit; 

ThermoFisher) to generate an RT-qPCR standard. 
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H&E histopathological evaluation 
 
5µm sections were prepared from FFPE (formalin-fixed, paraffin-embedded) lung 

tissue and transferred to 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). Images were 

analyzed by Dr. Nicholas Crossland, a board-certified veterinary pathologist, in order 

to determine key pathological features within the tissues. Lungs were given an ordinal 

score of 1-5 based on severity. Lung and brains were scored based on spike IHC on a 

scale of 1 to 3, with a summary of the histologic and IHC score findings in Table 5.  

 
Brightfield Immunohistochemistry 

Antigen retrieval was conducted using a Tris based buffer-Cell Conditioning 1 (CC1)-

Catalog # 950-124 (Roche). The SARS-CoV-2 spike and ACE2 primary antibodies were 

of rabbit origin, and thus developed with a secondary goat anti-rabbit HRP-polymer 

antibody (Vector Laboratories, Burlingame, CA) for 20min at 37C. Brightfield slides 

utilized A ChromoMap DAB (3,3′-Diaminobenzidine) Kit-Catalog #760-159 (Roche) to 

form a brown precipitate at the site of primary-secondary antibody complexes 

containing HRP. Slides were counterstained with hematoxylin and mounted. 

Fluorescent multiplex immunohistochemistry (mIHC) with tyramide signal 

amplification (TSA) 

Fluorescence mIHC with TSA was conducted using Akoya Bioscience’s Opal Dye Kit. 

Automated mIHC was run on a Ventana Discovery Ultra (Roche, Basel, Switzerland). 
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Before multiplex-IHC was performed, each antibody was individually optimized using a 

single-plex-IHC assay using an appropriate positive control tissue. Optimizations were 

performed to determine ideal primary antibody dilution, sequential order of antibody 

development, assignment of each primary antibody to an Opal fluorophore, and 

fluorophore dilution. Once an optimal protocol was established, 5µm tissue sections were 

cut from FFPE mouse tissue. All Opal TSA-conjugated fluorophore reactions took place 

for 20 minutes. Fluorescent slides were counterstained with spectral DAPI (Akoya 

Biosciences) for 16 minutes before being mounted with ProLong gold antifade 

(ThermoFischer). An overview of the TSA mIHC workflow is provided in Figure 2. 

Antibodies utilized in 5plex 6 color (DAPI counterstained) analysis included: (Panel 1) 

SARS-CoV-2 Spike protein, IBA1 a monocyte/macrophage marker, CD8 a cytotoxic T-

cell marker, CD3e a general T-cell marker, and CD11b a monocyte and neutrophil 

marker or (Panel 2) SARS-CoV-2 Spike protein, IBA1 a monocyte/macrophage marker, 

GFAP an astrocyte marker, NeuN a mature neuron marker, and CD31 an endothelial 

marker. Optimized conditions for these assays are provided in Table 3 and Table 4. 
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Figure 2. Workflow of fluorescent multiplex IHC with TS
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Table 2. Optimized conditions for mIHC panel 1 

Sequential
Order 

Antibody Manufacturer, 
Catalog # 

Antibody 
Dilution 

Antibody 
Incubation 

Opal 
Dye 

Manufacturer,         
Catalog # 

Opal Dye 
Dilution 

1 

SARS- 
CoV-2 
Spike 

Protein 

Cell Signaling 
Technologies 

99423S 
1:400 37,          

32 minutes 
Opal 
570 

AkoyaBioScie nces, 
1488001KT 1:250 

2 CD11b Abcam 
Ab133357 

1:2000 
 

37°C,      
32 minutes 

Opal 
520 

AkoyaBioScie nces, 
FP1497001KT 
FP1487001KT 

1:120 

3 CD8 
Cell Signaling 
Technologies 

98941 
1:200 37°C,      

32 minutes 
Opal 
620 

AkoyaBioScie nces, 
FP1495001KT 1:60 

4 CD3e 
Biocare 
Medical 
CP215A 

1:100 37°C,      
60 minutes 

Opal 
480 

AkoyaBioScie nces, 
FP1500001KT 1:100 

5 Iba1 WAKO       
019-19741 1:2000 37°C,      

40 minutes 
Opal 
690 

AkoyaBioScie nces, 
FP1497001KT 1:125 

 
Table 2. Optimized conditions for mHIC panel 1. 
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Table 3. Optimized conditions for mIHC panel 2 

Sequential 
Order Antibody Manufacturer, 

Catalog # 
Antibody 
Dilution 

Antibody 
Incubation 

Opal 
Dye 

Manufacturer, 
Catalog # 

Opal Dye 
Dilution 

1 

SARS- 
CoV-2 
Spike 

Protein 

Cell Signaling 
Technologies 

99423S 
1:400 37,           

32 minutes 
Opal 
570 

AkoyaBioScie nces, 
1488001KT 1:250 

2 NeuN 
Cell Signaling 
Technologies 

24307 
1:200 37°C,       

40 minutes 
Opal 
480 

AkoyaBioScie nces, 
FP1500001K T 

1:150 

3 GFAP Dako, Z0334 1:500 37°C,       
64 minutes 

Opal 
520 

AkoyaBioScie nces, 
FP1487001K T 

1:320 

4 CD31 
Cell Signaling 
Technologies 

77699S 
1:100 37°C,       

64 minutes 
Opal 
620 

AkoyaBioScie nces, 
FP1495001K T 

1:80 

5 Iba1 
WAKO 

019-19741 
1:2000 37°C,       

40 minutes 
Opal 
690 

AkoyaBioScie nces, 
FP1497001K T 1:90 

 
Table 3. Optimized conditions for mIHC panel 
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RNAscope® In-situ Hybridization (ISH) 
 
For SARS-CoV-2 RNAscope® ISH, an anti-sense probe targeting hACE2 (GenBank 

accession number NM_021804.3; Cat. No. 848038) with no cross-reactivity to murine 

Ace2 was employed. Using an RNAscope 2.5 LSx Reagent Kit (Advanced Cell 

Diagnostics, Newark, CA) on the automated BOND RXm platform (Leica Biosystems, 

Buffalo Grove, IL), four-micron sections of FFPE tissue was subjected to automated 

baking and deparaffinization followed by heat-induced epitope retrieval (HIER) using a 

ready-to-use EDTA-based solution (pH 9.0; Leica Biosystems) at 100 °C for 15 min. 

Subsequently, tissue sections were treated with a ready-to-use protease (RNAscope® 2.5 

LSx Protease) for 15 min at 40 °C followed by a ready-to-use hydrogen peroxide solution 

for 10 min at room temperature. Slides were then incubated with the ready-to-use probe 

mixture for 2 h at 40 °C, and the signal amplified using a specific set of amplifiers (AMP1 

through AMP6 as recommended by the manufacturer). The signal was detected using a 

Fast-Red solution for 10 minutes at room temperature.  Slides were counterstained with a 

ready-to-use hematoxylin for 5 min, followed by five washes with 1X BOND Wash 

Solution (Leica Biosystems) for bluing. Slides were finally rinsed in deionized water, dried 

in a 60 °C oven for 30 min, and mounted with Ecomount® (Biocare, Concord, CA, USA).  

Murine peptidylprolyl isomerase B (Ppib) mRNA was used as a housekeeping gene to 

determine RNA quality and a Vero E6 cell pellet was used as a positive assay control. For 

all assays, an uninfected mouse was used as a negative control.  
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Whole slide scanning and digital image analysis of mIHC 

Fluorescently labeled slides were imaged using a Vectra Polaris TM Quantitative 

Pathology Imaging System (Akoya Biosciences). Exposures for all Opal dyes on the 

Vectra were set based upon regions of interest with strong signal intensities to minimize 

exposure times and maximize the specificity of signal detected. Whole slide images were 

segmented into smaller QPTIFFs, uploaded into Inform software version 2.4.9 (Akoya 

Biosciences), unmixed using spectral libraries affiliated with each respective opal 

fluorophore including removal of autofluorescence, then fused together as a single whole 

slide image in HALO (Indica Labs, Inc., Corrales, NM). A whole slide scan with 

annotated regions is shown in Figure 3. 

 
Figure 3. Whole slide scan of mouse brain with annotations taken from an uninfected 
Rosa26-hACE2mouse. The yellow line designates a layer for whole midbrain analysis, 
while the red is specific for the hippocampus, green for thalamus and hypothalamus, and 
teal for cerebral cortex. 
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Image analysis of monoplex immunohistochemistry 

For quantifying the area of the slide that contained SARS-CoV2 Spike, an algorithm 

called the HALO (Indica Labs) Area Quantification (AQ) module (v2.1.11) was created 

and finetuned to quantify the immunoreactivity for the Spike protein based on color and 

stain intensity. Minimum dye intensity thresholds were established using the real-time 

tuning field of view module to accurately detect positive immunoreactivity. This 

algorithm outputted the percent of total area displaying immunoreactivity across the 

annotated whole slide scan in micrometers squared (μm²). A visual example of an AQ 

output using HALO™ is shown in Figure 4. Lung consolidation was classified using the 

tissue random forest tissue classifier module in HALO (Indica Labs), which was 

developed by annotating each tissue type via manual annotations. These annotations were 

extensively examined for any errors by the machine-learning classifier and manually 

excised as necessary. An example of the tissue classifier is shown in Figure 5. 

 
Image analysis of multiplex immunohistochemistry 

Digitized whole slide scans were analyzed using the image analysis software HALO 

(Indica Labs, Inc., Corrales, NM). Visualization threshold values were adjusted in viewer 

settings to reduce background signal and fine-tune visibility of markers within each 

sample. Brains were annotated within the midbrain region, with separate layers for 

thalamus and hypothalamus, cortex, and hippocampus.  Lung slides were manually 

annotated to select regions of interest, excluding heart and adipose tissue. Quantitative 

outputs of IBA1 from panel 1 and IBA1 and NeuN from panel 2 were obtained using the 
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AQ module.  For quantifying the absolute number and overall percentage of cells 

expressing various proteins in either mIHC panel, we utilized the Halo (Indica Labs) 

HighPlex (HP) phenotyping modules (v4.0.4). In brief, this algorithm was used to first 

segment all cells within the annotated lung sections using DAPI counterstain. Detection 

threshold and nucleus geometry were defined until segmentation appeared accurate. Next, 

minimum nucleus, cytoplasm and membrane thresholds were set for each fluorophore to 

detect low and high expression within each of the segmented cells. Parameters were set 

using the real-time tuning mechanism that was tailored for each individual sample based 

on signal intensity. Outputs are shown in Figure 6. 

 
 
Statistical analysis of brightfield histopathology, monoplex IHC, and mIHC 

Descriptive statistics and graphics as well as Kaplan-Meier (survival) curves and 

statistical tests were performed using GraphPad Prism v9.3.1 statistical analysis software 

(GraphPad, San Diego, CA). Clinical parameters and quantitative pathology results were 

analyzed using either a two-way or one-way ANOVA. Tests were performed to 

determine the presence of statistical significance between unmatched groups: control, 

2DPI, and 7DPI. Sidak’s and Tukey’s multiple comparison tests were utilized to 

determine differences in between groups. GraphPad Prism 9.0.1 was used for all 

statistical analyses and formulation of graphical depictions of results.
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Figure 4. Visual output of area quantification module in HALO™. (A) Raw brain 
image with DAPI in blue and Spike immunoreactivity in brown. (B) Correlating output 
of Spike AQ shown in yellow. 
 
 

 
 

Figure 5. Visual output of Tissue Classifier in HALO™. Red – classified as pneumonia 
Green – classified as normal. (A) Raw image. (B) Tissue Classifier visual output. 
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Figure 6. Visual output of multiplex phenotyping in HALO™. DAPI – grey, CD3e 
– teal, CD11b – green, SARS-CoV-2 Spike – Yellow, CD8 – Orange, IBA1 - 
magenta. (A) Raw Image. (B) Cell phenotyping visual output.
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RESULTS 

K18-hACE2 and Rosa26-hACE2 show no discernible differences in hACE2 mRNA 

or protein expression 

By comparing hACE2 IHC in K18-hACE2 and Rosa26-hACE2, little differences in 

immunoreactivity can be observed between the two strains. Positive staining on the apical 

membrane of bronchiole epithelium is evident and an occasional AT2, not AT1 cells. 

There is cross reactivity with the mouse ACE2, so RNAscope® ISH was employed to 

better observe the expression of hACE2 mRNA. As illustrated in Figure 7, puncta can be 

observed where the probe hybridized with hACE2 mRNA in bronchiole epithelium and 

sporadic AT2 cells. No AT1 cells showed puncta consistent with IHC results. Within the 

brain, hACE2 mRNA expression was low in comparison to lung, and its distribution 

involved clusters of neurons within the cerebral cortex, hippocampus, midbrain, 

brainstem, and Purkinje cells from the cerebellum. No clear difference between the two 

mouse strains is obvious with RNAscope® ISH (Figure 7A-L).
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Figure 7: ACE2 IHC and RNAscope® ISH to determine ACE2 expression in tg mouse 
models. (A) K18-hACE2 lung ACE2 ISH showing anatomical location of C. (B) K18-
hACE2 brain ACE2 ISH showing anatomical location of D (C) High magnification of A 
to show ISH puncta, demonstrating hACE2 mRNA expression within bronchioles. (D) 
High magnification of B to show ISH puncta, showing limited hACE2 mRNA expression 
within hippocampal neurons. (E) K18-hACE2 lung ACE2 IHC showing ACE2 
expression on apical surface of bronchiole epithelium. (F) K18-hACE2 brain ACE2 IHC 
showing sporadic ACE2 expression endothelium. (G) Rosa26-hACE2 lung ACE2 IHC 
showing ISH showing anatomical location of I. (H) Rosa26-hACE2 lung ACE2 IHC 
showing ISH showing anatomical location of J. (I) High magnification of G to show ISH 
puncta, demonstrating hACE2 mRNA expression within bronchioles and in comparable 
expression to K18-hACE2. (J) High magnification of H to show ISH puncta, 
demonstrating very limited hACE2 mRNA expression within hippocampal neurons and 
in comparable expression to K18-hACE2. (K) Rosa26-hACE2 lung ACE2 IHC showing 
ACE2 expression on apical surface of bronchiole epithelium, similar to the K18-hACE 
expression. (L) Rosa26-hACE2 brain ACE2 IHC showing ACE2 expression in blood 
vessels.

A B 

C D 

E F 

G H 

I J 

K L 

K18-hACE2 Rosa26-hACE2 
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K18-hACE2 mice are more susceptible to SARS-CoV-2 than Rosa26-hACE2 mice 

K18-hACE2 and Rosa26-hACE2 mice inoculated intranasally with SARS-CoV-2 (K18-

hACE2 n=33 Rosa26-hACE2 n=8) began losing weight as early as 4 days post-infection 

(dpi) irrespective of sex, with maximum weight loss occurring at 6-7 dpi. Subsequent 

drops in body temperature followed, highly associated with declining clinical health. 

Both SARS-CoV-2-infected K18-hACE2 and Rosa26-hACE2 mice exhibited 

neurological signs starting 6 dpi, but the K18-hACE2 presented more severe stupor, 

tremors, proprioceptive defects, and abnormal gait. Many male mice presented severe 

urinary bladder distention observed at necropsy. Most K18-hACE2 and Rosa26-hACE2 

animals were euthanized or found dead in their cage by 8 dpi and survival at an 

intermediate dose is similar for both strains (Figure 8). This corresponds with increasing 

viral presence in the brain, with peaking spike immunoreactivity in terminal animals. 

Brain spike percentage, as calculated by the AQ module, is highly associated with 

temperature drops (Fig. 9). Contrary to mortality, lung spike peaks on day 2 and 4, and 

declines in terminal animals (Fig. 10). Molecular methods, PFU and qPCR data, 

corroborates lung spike AQ percentage and shows that the Rosa26-hACE2 mice show 

less viral replication than the K18-hACE2 model (Figure 11).  
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Figure 8: Survival curves of K18-hACE2 and Rosa26-hACE2 mice at various doses of 
SARS-CoV-2 Rosa26-hACE2 (10^4 N = 7 10^5 N = 19  10^6 N = 7) mice have better 
survival at the low dose than K18-hACE2 mice (10^4 N = 15 10^5 N = 22 10^6 N = 
35).  

 
Figure 9: Viral neuroinvasion is highly associated with lowered body temperature. 
(N=34) Nonlinear regression with one phase decay fit on logarithmic base ten axis.  

R^2 = .7076 
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Figure 10: Lung spike AQ% shows Rosa26-hACE2 are less susceptible to viral 
replication than K18-hACE2 mice, but a high degree of variability exists between 
animals. 
 
 

 
Figure 11: PFU and qPCR data corroborates lung spike AQ%, showing that Rosa26-
hACE2 are less susceptible to viral replication than K18-hACE2 mice  
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Rosa26-hACE2 mice show more lung infiltrate and consolidation 

In the lung, pulmonary parenchyma pathology was mainly limited to small regions of 

attenuation. Lung consolidation steadily increased, peaking in terminal animals with a 

statistically significant difference between the strains. (Terminal P = 0.0009) (Fig. 

12A, B, C, D). The lymphocytic infiltrate could be seen in the interstitium and alveoli, 

but not affecting bronchioles. When looking at the total percentage of lung showing 

pneumonia using a machine learning classifier, peak consolidation was confirmed to 

occur at 7 dpi (stats Fig. 13). Rosa26-hACE2 mice shows statistically significant 

(p<0.05) lung consolidation compared to K18-hACE2 in terminal animals, albeit total 

lung mean involvement was < xxxx% in both strains indicating the mild severity of 

pneumonia.  
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Figure 12: Representative serial sections stained with H&E and mIHC panel 1 comparing 
sham animals to terminal animals. DAPI – grey, CD3e – teal, CD11b – green, SARS-
CoV-2 Spike – Yellow, CD8 – Orange, IBA1 - red (A) K18-hACE2 sham mouse 
showing normal lung histology, with few immune cells present. (B) Rosa26-hACE2 
sham mouse show normal lung histology, similar to the K18-hACE2 sham mouse. (C) 
K18-hACE2 terminal mouse showing lung infiltrate comprised of both lymphocytic and 
myeloid lineage cells. (D) Rosa26-hACE2 terminal mouse showing more severe lung 
infiltrate than the K18-hACE2 terminal mouse, with more lymphocytes present and more 
lung consolidation. 

C 

A B 
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Figure 13: Lung consolidation percentage by HALO classifier module showing more 
lung infiltrate and consolidation in Rosa26-hACE2 mice. Terminal mice show 
statistically significant difference between strains (P = 0.0009)
  

Terminal 
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Lung infiltrate is mostly IBA1+ cells for both strains, with Rosa26-hACE2 infiltrate 

being more T-cell rich 

IBA+ immunoreactivity percentage continued to increase over time, peaking in terminal 

animals (Fig. 14). Rosa26-hACE2 mice show slightly higher average IBA1+ 

immunoreactivity compared to K18-hACE2 mice, and a larger sample size may show 

significance in this finding. However, no statistical difference between the strains within 

the included animals was demonstrated. To better characterize cell types potentially 

responsible for the differing infiltrate amounts between the strains, a HP algorithm was 

employed. By phenotyping cells with the HP algorithm designed for mIHC panel 1, 

CD3e+ revealed Rosa26-hACE2 infiltrate to be more T-cell dense than K18-hACE2 and 

a significant difference can be observed in terminal animals (P = 0.0322) (Fig. 15). 

CD11b+ cells do not increase dramatically, unlike other cell populations and the cells that 

are CD11b+ are not IBA1+, showing these cells are not migrating monocytes. No 

difference in CD11b+ infiltrate is shown between the two tg mouse strains (Fig. 16).  
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Figure 14: Iba1 AQ% shows increase over the course of infection in both mouse models. 
This data suggests Rosa26-hACE2 may recruit IBA1+ cells more effectively, but small 
sample sizes limit the significance.  
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Figure 15: HP of CD3+ or CD8+ cell percentages in both strains shows a significant 
difference in terminal animals (P = 0.0322). Rosa26-hACE2 T-cells increase over the 
course of infection, but K18-hACE2 mice do not recruit T-cells as readily.  
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Figure 16:  HP of CD11b+ in mIHC panel 1 shows a small increase over the course of 
infection, but no significant difference is observed between the two transgenic mouse 
strains. 
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Histologic distribution of SARS-CoV-2 in K18-hACE2 brain was more diffuse and 

severe compared to the Rosa26-hACE2 brain.   

Sham animals did not show a difference between the two strains in any region of the 

brain (Figure 17). In terminal animals, brain spike location varied greatly between the 

two strains, with K18-hACE2 showing severe and widespread by 7 dpi with involvement 

of the olfactory bulb, as well as of the cerebral cortex (most predominantly 

somatosensory and somatomotor areas), hippocampus, midbrain (thalamus and 

hypothalamus), brainstem, and the dentate nucleus (Figure 18). The dentate gyrus was 

mostly spared. Rosa26-hACE2 showed substantially different patterns of infection, with 

virus present in ventral portions of the brain including the olfactory bulb, midbrain 

(thalamus and hypothalamus), and brainstem (Figure 19). Degenerative neurons with 

swollen cytoplasm or necrotic pyknotic hypereosinophilic neurons, and lymphocytic 

perivascular cuffing can be observed in both strains of mice. Gliosis is also evident in 

areas with neuronal injury and minimal delicate mononuclear perivascular cuffing. The 

cerebellum was spared in both models. Rosa26-hACE2 mice also had much less virus in 

the brain compared to the K18-hACE2 (P = 0.0249) (Figure 20).   
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Figure 17: H&E and SARS-CoV-2 spike IHC of Sham K18-hACE2 and Rosa26-hACE2 
mice in forebrain, midbrain, and hindbrain. No difference in histology is observed 
between the two strains in any of the anatomical compartments of the brain, with absence 
of Spike antigen.  
 
 

 

Figure 18: Terminal K18-hACE2 brain showing disseminated viral distribution in 
forebrain, midbrain, and hindbrain. H&E findings included neuronal degeneration and 
necrosis  as well as gliosis. Spike IHC reveals viral protein throughout the brain, sparing 
the cerebellum and dentate gyrus, and concentrating in the hippocampus.  
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Figure 19: Rosa26-hACE2 terminal brain showing more limited viral antigen 
distribution. H&E findings included neuronal degeneration, necrosis, as well as gliosis, 
and spike IHC shows viral proteins in ventral portions of the hindbrain, midbrain, and 
forebrain.
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Figure 20: SARS-CoV-2 spike IHC immunoreactivity percentage in both transgenic 
mouse models. Terminal animals show a statistically significant difference in amount of 
viral protein (Two-way ANOVA P = 0.0249) reflecting the difference in dissemination 
within the brain
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K18-hACE-2 mice show decreased neuronal density and neuronal death, and 

reactive microglia in response to infection 

By employing the AQ algorithm to quantify immunoreactivity of NeuN, a marker for 

mature neurons, the total amount of NeuN can be quantified within distinct anatomical 

compartments. Sham animals show similar amounts of NeuN in all compartments of the 

midbrain, but terminal animals show a significant decrease in NeuN immunoreactivity in 

the cortex and hippocampus (Hippocampus P = 0.0003, Cortex P <0.0001) (Figure 20, 

21). The hypothalamus and thalamus regions do not show a significant decrease in NeuN 

immunoreactivity percentage, perhaps due to the large heterogeneity within the region 

with NeuN positive cells making up a smaller proportion of the cells within this 

compartment.  

Morphologic aberrations of microglia are also observed in areas with neuronal loss and 

Spike antigen, with processes expressing IBA1+ more intensely with broader cytoplasmic 

processes occasionally extending around dead or dying neurons (Figure 21). By using an 

AQ of IBA1+ immunoreactivity, the differences between sham and terminal animals are 

shown to be significant in all compartments of the midbrain (Hippocampus P = 0.0019, 

Cortex P = 0.0005. Thalamus/hypothalamus P = 0.0020) (Figure 22). Although IBA1 

readily marks all microglia, it can also mark monocytes migrating in and this makes it 

impossible to distinguish between the two myeloid-lineage phagocyte populations. Some 

of the changes associated with terminal K18-hACE2 IBA1+ cells may be partly due to 

infiltration and differentiation of monocytes; however the absence of significant 
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perivascular cuffing suggest immune cell recruitment is not playing a major role in 

terminal CNS disease. 

 
 

 

Figure 21: Representative images of the neuronal loss observed in K18-hACE2 terminal 
animal brains. DAPI – grey, NeuN – teal, GFAP – green, SARS-CoV-2 Spike – Orange, 
CD31 – Red, IBA1 - Magenta (A) Sham K18-hACE2 in hippocampus showing normal 
expression of mature neuron marker NeuN with only channels for DAPI, CD31 and 
NeuN visible. (B) Merge image of all channels of Sham K18-hACE2 in hippocampus. 
(C) Terminal K18-hACE2 in hippocampus showing decreased expression of mature 
neuron marker NeuN with channels for DAPI, CD31 and NeuN visible. (D) Merged 
image of all channels of image C.  
 

A B 

C D 
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Figure 22: NeuN AQ immunoreactivity percentage in different midbrain components of 
both naïve and terminal K18-hACE2 animals. Hippocampus and cortex show significant 
decrease in NeuN immunoreactivity between sham and terminal animals (Hippocampus P 
= 0.0003, Cortex P <0.0001)  
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Figure 23: Reactive microglia (IBA1+) observed in terminal K18-hACE2 midbrain when 
compared to sham K18-hACE2 midbrain. DAPI – grey, NeuN – teal, GFAP – green, 
SARS-CoV-2 Spike – Orange, CD31 – Red, IBA1 – Magenta
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Figure 24: IBA1+ AQ in various compartments of the midbrain in sham and terminal 
K18-SARS-CoV-2 mice. All compartments showed a significant difference in IBA1+ 
immunoreactivity between sham and infected mice (Hippocampus P = 0.0019, Cortex P 
= 0.0005. Thalamus/hypothalamus P = 0.0020)
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Table 4. Tg-mice individual animal histopathology summary data.  
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DISCUSSION 

As evident by this study and others, K18-hACE2 readily succumb to SARS-CoV-2 

infection and the usage of this model is widespread in SARS-CoV-2 research for this 

reason. However, as shown by temporal virological, molecular, and spike 

immunoreactivity in lung and brain, as well as the mild nature of lung pathology, 

mortality is attributable to neurodissemination. Furthermore, histological findings in the 

lungs do not demonstrate hallmarks of DAD, and most of the lung parenchyma remains 

normal throughout infection. Since CD11b+ IBA1- cells do not play a large role in the 

lung infiltrate of this model, this suggests the neutrophilic bystander damage seen in 

severe SARS-CoV-2 disease is not present in this model either. None of the K18-hACE2 

mice within this study developed what could be considered severe pneumonia, with all 

mice showing less than 5% of the lung parenchyma to be consolidated. Mice also did not 

show any typical signs of a respiratory disease, such as nasal discharge, wheezing, and 

open mouth breathing. Instead, the viral neuroinvasion that is observed as early as day 4 

with subsequent neurodissemination in terminal disease should be regarded as the cause 

of death in this model. Clinical signs in K18-hACE2 mice such as neurological signs 

including tremors, irresponsiveness, and hypothermia can be attributable to neuronal 

injury and death observed histologically. These clinical signs can also be linked to 

ultrastructural findings that corresponds with peak viral load in the brain, with 

simultaneous low to undetectable levels in the lung.  Since viral spike protein is first 

observed in the olfactory bulb of K18-hACE2 brains and the olfactory epithelium, this 

suggests that the virus is likely entering the brain via axonal processes extending through 
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the cribriform plate. Since this model has been utilized in numerous studies with more 

preprint literature suggesting the usage of this model is not slowing, there are severe 

implications with the results of these studies. An obvious flaw with this model would be 

the numerous therapeutics and vaccines tested that show no efficacy, simply because the 

disease progression is significantly different from humans and these drugs are not created 

to prevent neuroinvasion and dissemination. Furthermore, studies published in high 

impact journals reporting severe lung disease as a finding with the K18-hACE2 model 

have made any opposition difficult to put out into literature.  

The Rosa26-hACE2 model did not show as severe neurological signs as the K18-hACE2, 

with many animals continuing to remain ambulatory without motor dysfunction, which is 

congruent with the more limited viral infection within the brain. The pathway for viral 

entry into the Rosa26-hACE2 mouse model is even less clear since virus is first seen in 

the midbrain as well as the olfactory bulb, suggesting an alternate route than what is seen 

in the K18-hACE2. Despite the ACE2 IHC and RNAscope® ISH data showing 

comparable expression of hACE2 in the olfactory epithelium in both strains, the 

mechanism of action in Rosa26-hACE2 for viral transport to the brain is likely via 

olfactory neural epithelium, but other routes should be considered, including axonal 

transport from cranial nerves. The ACE2 IHC and RNAscope® ISH data also show 

absence of hACE2 expression within AT1 cells, although spike IHC reveals these cell 

types to have viral antigen. Dissemination within the brain is also ACE2-independent as 

many neurons were not shown to express ACE2. These findings suggest a host factor that 

allows for ACE2 independent infection of many cell types and that ACE2 expression is 
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not the only requirement for ACE2-dependent infection. Other cofactors, such as 

Neuropilin 1, have been described as a receptor for viral entry, and it has been proposed 

that sugar molecules and the sialic acids N-glycolylneuraminic acid, N-acetylneuraminic 

acid, and their derivates may also allow viral entry [78]. 

Another clear difference between the two strains besides the contrast in viral brain 

dissemination patterns is the more robust lung immune infiltrate, despite the similar 

hACE2 expression within lung parenchyma. The more specific insertion location in the 

Rosa26-hACE2 mouse could have avoided disrupting important host immune response 

gene expression, or an important cofactor for preventing viral entry and replication, since 

the Rosa26 locus does not affect any genes downstream unlike the random insertion of 

the K18-hACE2 model. Additionally, it is interesting to note that despite having eight 

copies of the transgene compared to the Rosa26-hACE2's single copy, the K18-ACE2 

still shows similar levels of hACE2 expression, but the reasons for this discrepancy 

remain unclear. qPCR may be a better tool as it is more sensitive than IHC and 

RNAscope® ISH. No genes are annotated in the region of insertion in the K18-hACE2 

model currently, but the differences described in this study clearly show a difference that 

could only be a result of the insertion locations.  

Relevance to human SARS-CoV-2 neuroinvasion is likely limited, as neuroinvasion in 

humans has limited evidence, with isolated case reports describing rapid mood swings 

preceding a positive COVID-19 test and declining clinical findings [79]. Common 

clinical features of even mild SARS-CoV-2 infection include a stark loss in smell and 
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taste in more than half of cases, suggesting involvement of olfactory neurons, which exist 

in the nasal epithelium. This site has been showed to be affected by SARS-CoV-2 

infection. Numerous papers describe viral RNA found within the brain, as well as some 

evidence of microinfarcts and viral spike protein found in the brain in case study reports. 

However, after almost a half billion cases globally, the limited number of potential 

encephalopathy cases suggests neuroinvasion of the virus is exceedingly rare at most, and 

the K18-hACE2 has very limited translational ability for SARS-CoV-2 neurological 

consequences. Brain organoids have demonstrated to be susceptible to SARS-CoV-2 

infection, but when ACE2 is blocked, no infection occurs [80]. This contradicts the 

ACE2 independent manner viral dissemination occurs in the tg mouse models, as many 

neurons and AT1 cells did not express ACE2 detectable by IHC or RNAscope® ISH. No 

type I interferon response was detected either, which could be due to the organoid’s 

inability to fully recapitulate the complexities of interorgan communication and the 

immune system, but the lack of immune response within both tg mouse models does 

corroborate this lack of host response.  

The role of reactive microglia observed in K18-hACE2 mice remains unclear, but 

microglia play an important role in all encephalitis by sensing a wide variety of stimuli 

and coordinating the innate and adaptive immune response. Resting state microglia have 

a high degree of mobility by using processes and protrusions to patrol the brain 

parenchyma. However, during encephalitis, several microglial proteins have been 

implicated in promoting viral replication including Peli1, which is a type 1 interferon 

antagonist. STAT1 has been implicated as regulating microglia-mediated synaptic 
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stripping and further neuronal damage, but SARS-CoV-2 protein ORF6 has been shown 

to block STAT1 translocation to the nucleus for signal transduction [81]. IBA1+ also is 

not specific to microglia and can mark monocytes that may be migrating in in response to 

the infection. It would be beneficial to add Rosa26-hACE2 brains to the mIHC panel 2 to 

see if there is also a loss of neuronal density in areas of high viral replication, as well as 

evaluate changes in microglia. Since there is more efficient recruitment of infiltrate to 

lungs, perhaps Rosa26-hACE2 mice may have a more robust response in the brain. 

Adding brains from day 2 and 4 mice to the mIHC panel 2 data would also be of benefit, 

as to determine if microglia activation begins after neuronal density is already declining 

or if elevated cytokines within the blood in response to lung pathology are responsible for 

the morphological changes of the microglia before virus reaches the brain.  

Using the Rosa26-hACE2 and K18-hACE2 brains, spatial transcriptomics with 10X 

Genomics (Pleasanton, CA) on the FFPE tissue is ongoing. This will hopefully shed 

some light on the complexities occurring with the host immune response and why little 

immune infiltrate is observed in K18-hACE2 brains. Some transcripts of particular 

interest would be pathways relating to Type I interferon response including stimulator of 

interferon genes (STING), MHC I and II presentation, and apoptosis suppression.  

Data from this study only adds additional layers to the seemingly endless intricacies of 

infectious disease and host-pathogen interactions. Although much caution must be taken 

when using the hACE2-expressing transgenic mouse models in regard to the severe 

neuroinvasion that is the main factor of lethality, these transgenic models are not without 
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their benefits, as there is still translational potential for lung disease and host immune 

response, and termination before neuroinvasion can occur on day 4 may avoid the 

confounding effects of encephalopathy. These models would be ideal for studying 

protective factors of immune systems as well as host receptors necessary for viral entry, 

as viral tropism has been shown to be partly ACE2 independent. Mechanisms governing 

viral neuroinvasion could also be further examined using the K18-hACE2 model, as well 

as host responses that contribute to damage within the brain. Further characterization of 

the location the K18-hACE2 cassette was inserted into the K18-hACE2 mouse could 

allow further explanation for the differences between the two strains too, and a more 

complete understanding of factors that affect viral susceptibility.  

Although data from this study was not able to support using these transgenic models as 

the much-needed model for severe SARS-CoV-2 disease, the characterization and data 

will hopefully guide other research groups to use these models in an appropriate manner. 

Moreover, this study demonstrates the multidisciplinary team effort needed for a more 

complete picture of any aspect in infectious disease and immunology. Techniques and 

expertise in molecular basic science, animal models, pathology, and immunology were all 

necessary to generate layers of data that tell a more complete story, and fostered 

innovation and problem solving. The scientific community benefits from these types of 

teams, as it provides more conclusive data by having insights from multiple perspectives. 

By combining expertise and resources, bigger and more complex scientific questions can 

be investigated in greater depth, and each collaborator walks away with a deeper 

understanding of research from other disciplines.
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