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ABSTRACT 

Continued occurrences of the Middle East Respiratory Syndrome caused by a coronavirus 

(MERS-CoV) and its proven transmissibility among humans constitute an ongoing public 

health threat. Animal models, especially small animal models that simulate human disease are 

needed for studies of pathogenesis and development of vaccines and antivirals for prevention 

and treatment of MERS-CoV infection and disease. Mice and other commonly used laboratory 

small animal species (i.e., hamsters and ferrets) are not susceptible to MERS-CoV because they 

lack the expression of human dipeptidyl peptidase 4 (hDPP4), the functional viral entry 

receptor. To overcome this deficiency, we developed several lineages of transgenic (Tg) mice 

expressing hDPP4 globally by using the pCAGGS.MCS under the control of the CAG 

promoter, which is a composite promoter consisting of the cytomegalovirus (CMV)/immediate-

early enhancer and the chicken β-actin promoter, containing rabbit globin splicing and 

polyadenylation sites, as surrogate models for MERS-CoV infections. We showed that one 

lineage (line 52) of Tg mice globally expressing hDPP4 is highly susceptible to intranasal (i.n.) 

challenge with a high-dose (i.e., 106 50% tissue culture infectious dose [TCID50]) of MERS-

CoV, resulting in acute death, by day 6, profound weigh loss (> 20%) starting at day 2, acute and 

intense viral infection in lungs with prominent inflammatory infiltrates  and prominent viral 

infection at day 4 in the brain with little to no cellular infiltrates. Additionally, studies identified 

the 50% lethal dose (LD50)   and the 50% infectious dose (ID50) of MERS-CoV to be ~5 and 

0.4 TCID50 of MERS-CoV, respectively. This Tg mouse model has been used successfully as 

a robust preclinical model for testing the efficacy of medical countermeasures for MERS. 
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CHAPTER I: INTRODUCTION 

Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 

Taxonomy and nomenclature 

Middle East Respiratory Syndrome - Coronavirus (MERS-CoV), the causative agent 

of Middle East Respiratory Syndrome (MERS) is an enveloped, single-stranded, and 

positive-sense RNA virus with its genome size of approximately 30 kb (van Boheemen, de 

Graaf et al. 2012).  MERS-CoV is a member of the order Nidovirales, family Coronaviridae, 

and genus Betacoronavirus (βCoV), lineage C. Before the discovery of MERS-CoV, there 

were only two lineage C βCoVs, which were isolated from bats. These bat CoVs are 

phylogenetically closely related to MERS-CoV and are known as Tylonycteris bat CoV 

HKU4 (Ty-BatCoV-HKU4) and Pipistrellus bat CoV HKU5 (Pi-BatCoV-HKU5) and were 

discovered in Hong Kong in 2006 in Tylonycteris pachypus and Pipistrellus abramus 

species of bats, respectively (Woo, Lau et al. 2006, Woo, Wang et al. 2007, Woo, Lau et al. 

2009). MERS-CoV is the first human CoV assigned to lineage C of the βCoV genus. This 

designation was made based on the International Committee on Taxonomy of Viruses 

(ICTV) criteria for CoV species identification.  Before named as MERS-CoV, it was also 

known by other names such as “novel coronavirus,” “human coronavirus EMC,” “human 

betacoronavirus 2c EMC,” “human betacoronavirus 2c England-Qatar,” “human 

betacoronavirus 2c Jordan-N3,” and “betacoronavirus England 1,”. All these names 

represented the places where the complete viral genome was first sequenced (Erasmus 

Medical Center, Rotterdam, the Netherlands) or where the first laboratory-confirmed cases 

were identified or managed (Jordan, Qatar, and England) (Bermingham, Chand et al. 2012, 
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Zaki, van Boheemen et al. 2012, Cotten, Lam et al. 2013, de Groot, Baker et al. 2013, 

Pollack, Pringle et al. 2013).   

Genomic organization 

MERS-CoV has an RNA genome size of approximately 30 kb that is 5′-methyl-

capped, polyadenylated and polycistronic (van Boheemen, de Graaf et al. 2012, Woo, Lau 

et al. 2012, Cotten, Lam et al. 2013). As shown in Illustration 1, the viral genes are arranged 

in 5′-replicase-structural-proteins (spike-envelope-membrane-nucleocapsid)-poly(A)-3′ 

order (van Boheemen, de Graaf et al. 2012, Woo, Lau et al. 2012, Cotten, Lam et al. 2013, 

Frey, Redden et al. 2014) and the genome encodes for 10 complete, functional open reading 

frames (ORFs) (van Boheemen, de Graaf et al. 2012, Woo, Lau et al. 2012, Cotten, Lam et 

al. 2013). The partially overlapping 5′-terminal ORF1a/b located within the 5′ two-thirds of 

the genome encodes for the large replicase polyproteins pp1a and pp1ab. The proteolytic 

cleavage of  pp1a and pp1ab produces 16 putative nonstructural proteins (nsps), including 

nsp1 that has shown to inhibit host gene expression by means of targeting nuclear-transcribed 

mRNAs but not those mRNAs of cytoplasmic origin, nsp2 which may be responsible for 

disrupting the intracellular signaling, nsp-3 which has a structure similar to the papain-like 

protease of SARS-CoV, showing functions such as proteolytic processing of the viral 

replicase polyprotein, it has also been shown to have an IFN antagonist activity in vitro; nsp4 

may contribute to the formation of the viral replication complex; nsp5 known also as 3C-like 

protease, chymotrypsin-like or main protein, is involved in proteolytic processing of the 

replicative polyprotein playing a role in the formation of the key functional enzymes such as 

helicase and replicase; nsp6, is a membrane integral component of the viral replication 

complex involved in  double-membrane vesicles (DMV) firmation; nsp7 and nsp8 in in other 
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CoVs are part of a multimeric RNA polymerase complex; nsp9 also has been shown to have 

an important RNA/DNA binding activity (observed in SARS-CoV); nsp10 is required by 

nsp16 to complement its activity; the role of nsp11 also for other CoV is still unknown; 

nsp12 is the RNA-dependent RNA polymerase, its main role is  in the replication and 

transcription to generate genomic and sub-genomic RNA with both polarities; nsp-3 is a 

helicase; nsp14 have shown to act as a proofreading exoribonuclease and also possess as 

methyl transferase activity for viral mRNA capping, both of these activities are important in 

the replication and transcription process; nsp15 has an endonuclease activity which is 

important for immune evasion and essential in the CoV replication cycle; finally nsp16 is a 

2’-O-Methyl transferase which critical for role in capping of viral mRNA and in preventing 

the recognition by host sensor molecules (Cornillez-Ty, Liao et al. 2009, van Boheemen, de 

Graaf et al. 2012, Woo, Lau et al. 2012, Cotten, Lam et al. 2013, Frey, Redden et al. 2014, 

Yang, Chen et al. 2014, Lokugamage, Narayanan et al. 2015). 

The membrane-anchored trimeric Spike (S) protein is a major immunogenic antigen 

involved in virus attachment and entry into host cells. S protein has also shown to play an 

essential role in determining virus virulence, protective immunity, tissue tropism, and host 

range (Qian, Dominguez et al. 2013). The other structural proteins, envelope (E), membrane  

(M), and nucleocapsid (N), are involved in the assembly of the virion. M protein, nsp3, and 

accessory proteins 4a, 4b, and 5 have been shown to possess in vitro interferon antagonist 

activities which may impact in vivo viral replication and pathogenesis (Niemeyer, Zillinger 
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et al. 2013, Yang, Zhang et al. 2013, Matthews, Coleman et al. 2014, Siu, Yeung et al. 2014, 

Yang, Chen et al. 2014).  

March of 2012 was estimated to be the time to the most recent common ancestor 

(TMRCA) of MERS-CoV with a 95% confidence interval from December 2011 to June 2012 

(Cotten, Watson et al. 2013, Cotten, Watson et al. 2014). The genomes of the MERS-CoV 

strains obtained from patients diagnosed between October 2012 and June 2013 compared 

with the genome of one of the first human MERS-CoV strains showed various nucleotide 

changes in the last third of their genomes. These variations represent potential amino acid 

changes in the S protein and the accessory proteins (Cotten, Watson et al. 2013). Particularly, 

codon 1020 at the Heptad Repeat 1 (HR1) domain of the S gene was identified to be under 

strong selection among different geographical lineages (Cotten, Watson et al. 2013, Cotten, 

Watson et al. 2014).   

Spike  Protein 

The Spike (S) protein of MERS-CoV is a class I fusion protein that possesses 1353 

amino-acids and is divided into two subunits, S1 and S2. The S protein is responsible for 

virus binding to the target cell (Gierer, Bertram et al. 2013, Lu, Hu et al. 2013) as well as the 

fusion of viral and host cell  membranes (Gao, Lu et al. 2013) and is also a major target of 

neutralizing antibodies (Du, Kou et al. 2013, Gierer, Bertram et al. 2013, Mou, Raj et al. 

2013). The S1 subunit contains the Receptor Binding Domain (RBD) and the N domain 

(Chen, Rajashankar et al. 2013). The S2 subunit is composed of the fusion peptide, the 

Hepatad Repeat-1 (HR1) & HR2 domains, a  transmembrane domain and a cytoplasmic 

domain (Illustration 2). All these S2 subunit components are important for facilitating the 

fusion of viral membrane with the cell membranes. Therefore, S protein is required by the 
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virus for binding to the receptor of the target cells and for catalyzing virus–cell membrane 

fusion. The process of fusion occurs only after S protein is cleaved sequentially, first during 

the excretion or budding process of the virions from the organelles of virus producing cells 

and second after the binding of virus to target-cell receptors (Gao, Lu et al. 2013, Lu, Liu et 

al. 2014).  

Viral Replication Cycle 

After binding of the S1 subunit, particularly the RBD region of the S protein to the 

cellular receptor, a conformational change is triggered in the S2 subunit, which leads to the 

insertion of the fusion peptide into the target cell membrane. The conformational changes 

lead to the formation of a 6-helix bundle (6-HB) fusion core that is made up of the HR1 and 

HR2 domains, which brings the viral and the target cell membranes together, to finally be 

fused together (Gao, Lu et al. 2013, Lu, Liu et al. 2014). MERS-CoV can utilize either the 

cathepsin-mediated endosomal pathway or the TMPRSS2-mediated plasma membrane 

pathway to enter the host cell. However, in some cell lines, MERS-CoV can use both 

pathways (Gierer, Bertram et al. 2013, Shirato, Kawase et al. 2013). 

Following the cell entry process, inner components of the virus, including genomic 

RNA are released in the cytoplasm. Later the ORF1a/b will encode the viral polyproteins 

pp1a and pp1ab. Double membrane vesicles and convoluted membranes are also formed in 

the perinuclear region of the infected cells during the life cycle of the MERS-CoV. These 

 

Illustration 2. Schematic representation of MERS-CoV Spike (S)      (Chan Jasper FW et al. 2015)  
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vesicles can be distinguished by electron microscopy in the infected cells (de Wilde, Raj et 

al. 2013). Polyproteins pp1a and pp1ab are cotranslationally cleaved into 16 nsp by two 

proteases, the papain-like protease and the 3C-like protease encoded by ORF1a/b (van 

Boheemen, de Graaf et al. 2012, Lu, Liu et al. 2013, Lei, Mesters et al. 2014). Then, a 

replication-transcription complex is formed by these nsps, which allows the transcription of 

the full-length positive genomic RNA into a full-length negative-strand template that can be 

used for the synthesis of the new genomic RNAs and subgenomic negative-strands of RNA. 

These subgenomic RNAs serve as templates for synthesis of mRNAs that ultimately will be 

translated into structural and accessory proteins (de Wilde, Raj et al. 2013). 

When the required numbers of genomic RNA and structural proteins are produced, 

assembly of the N protein and the genomic RNA leads to the formation of the helical 

nucleocapsid in the cytoplasm. The nucleocapsid acquires its envelope by budding through 

the intracellular membranes of the Golgi apparatus and endoplasmic reticulum. M, E and S 

proteins are transported to the budding compartment where M protein interacts with the 

nucleocapsid to create the complexes with the E and S protein to prompt viral budding. 

Finally, the assembled virions are released to the extracellular compartment, therefore 

completing the replication cycle of the virus. 

Middle East Severe Acute Respiratory Syndrome (MERS) 

Number of cases and geographical distribution 

MERS-CoV is the etiological agent of the Middle East respiratory syndrome 

(MERS). The disease was first reported in September of 2012 and MERS-CoV was first 

isolated from the respiratory tract secretions of a man that died from viral pneumonia in 

Saudi Arabia.  (Zaki, van Boheemen et al. 2012). Most of the MERS-CoV cases have 
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occurred in the Middle East. The cases reported outside of the Middle East are among people 

who have recently traveled to the Middle East or who have been in close contact with an 

individual who has recently been to the Middle East. As a result of frequent international 

travel, a total of four continents: Asia, Europe, Africa, and North America have been affected 

by this deadly disease (ECDC 2015). Since September 2012, the World Health Organization 

has been notified of 1,917 cases of MERS with 677 deaths (WHO 2017). 

 

Clinical Symptoms 

Early reports of MERS were mainly focused on severe cases that usually presented 

as acute pneumonia with rapid respiratory deterioration. Various patients also had underlying 

comorbid medical disorders, including hypertension, diabetes, chronic renal disease, and 

chronic cardiac disease (Assiri, Al-Tawfiq et al. 2013). The common symptoms of MERS 

include fever, headache, chills, myalgia, rigors, sore throat, nonproductive cough, and 

shortness of breath. Other symptoms of respiratory tract infections may also be observed 

such as rhinorrhea, sputum production, wheezing, and chest pain. Rapid clinical 

deterioration with the development of respiratory failure usually occurs within a few days 

after these initial symptoms (Al-Tawfiq, Hinedi et al. 2014). The radiographic abnormalities 

in the chest of severe cases often show progress from a mild focal lesion to multifocal lesions, 

particularly in the lower lobes in a unilateral or bilateral fashion (Assiri, Al-Tawfiq et al. 

2013).  

      Transmission 

MERS-CoV is believed to be transmitted to humans from bats (van Boheemen, de 

Graaf et al. 2012, Zaki, van Boheemen et al. 2012, Ithete, Stoffberg et al. 2013, Corman, 

Ithete et al. 2014, Yang, Liu et al. 2015) via dromedary camels (Azhar, El-Kafrawy et al. 
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2014, Briese, Mishra et al. 2014, Hemida, Chu et al. 2014).  However, the possibility of 

direct transmission from bats to humans cannot be totally ruled out. The full genomic 

sequence of an African bat virus (Neo-CoV) showed 85.6% nucleotide identity with those 

of MERS-CoVs isolated from humans and dromedary camels. It was also demonstrated that 

the bat virus roots the phylogenetic tree of MERS-CoV, eventually evolving into camel- 

and/or human-permissive strains (Corman, Ithete et al. 2014). The first conclusive evidence 

that camels are source of MERS-CoV was obtained when full genomic sequences of the two 

isolates of MERS-CoV derived from a patient and his sick camel in Jeddah, Saudi Arabia 

were shown to be identical (Azhar, El-Kafrawy et al. 2014). Another study also showed that 

prevalence of seroconversion in camels is very high, 100% of the analyzed sera from camels 

from the Middle East (Oman) and 14% from Spanish camels had specific antibodies against 

MERS-CoV S protein (Reusken, Haagmans et al. 2013). Recently, it was also demonstrated 

that two mutations of the S protein of bat CoV HKU4 could enable entry of this virus into 

human cells. These mutations are naturally present in MERS-CoV S protein, potentially 

explaining why MERS-CoV can infect human cells. These mutations likely play a critical 

role in the bat-to-human transmission of MERS-CoV, either directly or through intermediate 

hosts (Yang, Liu et al. 2015). The proven human-to-human transmissibility (Assiri, McGeer 

et al. 2013, Health Protection Agency 2013), along with a high mutation rate of 

Coronaviruses in general raise concern that increased transmission rate of this deadly virus 

in humans is likely to occur. 

Autopsy of a single patient with MERS-CoV infection 

It took more than 3 years after the emergence of MERS for the first report of an 

autopsy of a human fatal case to be reported (Ng, Al Hosani et al. 2016). Therefore, most of 
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the animal models during that period of time were developed without knowledge of the 

pathological lesions and viral pathogenesis in human.  

Clinical History of the patient  

The patient was a 45 years old Filipino man who was recently exposed to sick 

contacts. He was working and living in Abu Dhabi, United Arabic Emirates. He went to the 

Emergency Department on April 2, 2014, and reported fever, rhinorrhea, and cough that had 

started 4 days before. At the hospital, they performed chest X-ray and found a small opacity 

on the left side. The diagnosis was acute bronchitis, and he was prescribed prednisolone and 

paracetamol. Nevertheless, he returned after 4 days with a persistent cough and shortness of 

breath. His chest X-ray showed an even bigger opacity; he was diagnosed with pneumonia 

and discharged again with a prescription of antibiotics. However, he was admitted into the 

Emergency Department later that day with worsening symptoms. The next day, he was 

transferred to the ICU (intensive care unit) because of respiratory distress and tachypnea, 

and chest X-ray showed multiple opacities. He also developed kidney failure and was put on 

dialysis. The RT-qPCR from his nasopharyngeal swab was positive for MERS-CoV. His 

condition continued to deteriorate until he died on April 10. A total of 14 days passed from 

the onset of the disease until his death  (Ng, Al Hosani et al. 2016). 

Findings 

The body of the patient was kept refrigerated at 4°C, and the autopsy was performed 

10 days after death. Some of the findings included pleural effusion, pericardial effusion, 

edematous and consolidated lungs. Histopathological results indicated diffuse alveolar 

damage. Immunohistochemistry (IHC) results showed the presence of viral antigen in type 

2 pneumocytes and syncytial epithelial cells. Pneumocyte infection suggests that direct 
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cytopathic effects contribute to MERS-CoV respiratory symptoms. Moreover, MERS-CoV 

antigen was found in the submucosal glands also. The infected submucosal glands may shed 

virus in respiratory secretions that could lead to human-to-human transmission (Ng, Al 

Hosani et al. 2016).  

A common clinical finding in severe cases of patients infected with MERS-CoV is 

the development of renal failure. In some cases, MERS-CoV RNA has been detected in 

urine. However, no extra pulmonary MERS-CoV dissemination was found in this autopsy 

suggesting that direct renal infection was not responsible for the renal failure observed in 

this patient. It was probably due to cytokine dysregulation or hypoperfusion.  

Host-virus interactions. 

Like many other viruses, CoVs have evolved to evade the innate immune response 

by developing strategies that prevent induction of IFN (Katze, He et al. 2002) which is one 

crucial component of this initial response. The double-stranded RNA (dsRNA) of MERS-

CoV is recognized by the innate immune system through activation of pattern recognition 

receptors (PRRs), cytosolic ones such as RIG-1 and MDA-5 (Takeuchi and Akira 2008) and 

membranous such as TLR3 (Perlman and Netland 2009, Blander and Sander 2012). This 

recognition process triggers the activation of Interferon Regulatory Factors 3 and 7 (IRF3, 

IRF7) which ultimately leads to the induction of type-1 interferon (IFNα and IFNβ) 

(Yoneyama, Kikuchi et al. 2004). Type-1 IFNs are responsible for the activation of immune 

anti-viral effectors such as Natural Killer (NK) cells (Welsh and Waggoner 2013), T CD8+ 

cells and macrophages, permitting viral clearance (Taniguchi and Takaoka 2001). IFNα is 

known to promote antigen presentation in response to viruses, therefore if there is absence 



 

11 
 

of IFNα the development of a robust antiviral adaptive Th-1 immune response (mediated by 

IL-12 and IFNγ that decreases viral clearance) will be impaired. 

Some reports regarding host-virus interaction have shown that IFNα plays a major 

role in orchestrating and early immune response against virus infection such in the case of 

SARS-CoV (Zhu 2004, Frieman, Heise et al. 2008, Perlman and Netland 2009).  It has also 

been shown that SARS-CoV proteins contribute to diminishing type-1 IFN signaling to 

evade innate immunity (Frieman, Heise et al. 2008, Perlman and Netland 2009). Consistent 

with those findings, an in vitro study described a beneficial effect of IFNα treatment on 

MERS-CoV replication (de Wilde, Raj et al. 2013).  

Faure et al. also characterized the immune response in two cases of patients infected 

with MERS-CoV, each of them showing a significantly different outcome. The first died 

after one 3 weeks in the ICU, while the second patient was still recovering by the time they 

published their findings. They highlighted the key role that “IFNα plays in the innate immune 

response to orchestrate an early adaptive Th-1 response, mediated by IL-12 and IFNγ, against 

MERS-CoV infection” (Faure, Poissy et al. 2014). They showed that the patient with poor 

outcome presented a significant decrease in receptors and regulators such as RIG-1, MDA5, 

and IRF3-7, involved in recognition of MERS-CoV. The reduction in IRF3 and 7 was linked 

mainly with a significant decrease in IFNα expression. Also, in contrast to the patient with a 

better outcome, the patient with poor outcome did not promote type-1 Interferon (IFN), in 

particular, IFNα, in response MERS-CoV infection. Also, levels of both, IL-12 and IFNγ 

were decreased (Faure, Poissy et al. 2014).  

Additionally, it has been demonstrated that M protein, nsp3, and accessory proteins 

4a, 4b, and 5 of MERS-CoV posse in vitro IFN-antagonist activities, which may impact in 
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vivo viral replication and pathogenesis (Niemeyer, Zillinger et al. 2013, Yang, Zhang et al. 

2013, Matthews, Coleman et al. 2014, Siu, Yeung et al. 2014, Yang, Chen et al. 2014). 

DPP4 and its role as the functional receptor for MERS-CoV. 

In 2013, Dipeptidyl peptidase 4 (DPP4), which is also known as Cluster of 

differentiation 26 (CD26) was identified as the functional receptor for the MERS-CoV. 

DPP4 is required for binding and entry of the virus into the host cells. DPP4 is a type II 

transmembrane glycoprotein (Raj, Mou et al. 2013), and a cell-surface protease that removes 

the N-terminal dipeptide from peptides that have either the amino acid proline or alanine in 

the second position. Besides its 

catalytic activity, DPP4 interacts with 

several proteins such as adenosine 

deaminase (ADA), fibronectin, 

collagen, CXCR4, the HIV gp120 

protein, and the tyrosine phosphatase 

CD45 (Lambeir, Durinx et al. 2003). 

DPP4 is expressed on epithelial and 

endothelial cells in various tissues. 

Double IHC staining for MERS-CoV 

and DPP4, the MERS-CoV receptor, 

was observed in pneumocytes and 

syncytial cells, the main targets for 

MERS-CoV infection (Ng, Al Hosani 

et al. 2016).  

Illustration 3. Schematic representation of 

CD26/DPP4. Human CD26 is composed of 766 amino 

acids, including a short cytoplasmic domain of 6 amino 

acids, a transmembrane region of 24 amino acids, and 

a extracellular domain with dipeptidyl peptidase 

activity which selectively removes the N-Terminal 

dipeptide from peptides with proline or alanine at the 

penultimate position.  
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DPP4 is expressed on T lymphocytes, where it is up-regulated after T cell activation. 

DPP4 is secreted in soluble form in plasma and other body fluids (Lambeir, Durinx et al. 

2003). DPP4 also plays a role in glucose homeostasis. DPP4 inhibitors improve glucose 

tolerance in animal models of type 2 diabetes as well as in diabetic patients. The exopeptidase 

activity of DPP4 and its interactions with various molecules enables it to act as a co-

stimulatory molecule to modulate chemotaxis and influence T cell activity. In addition, 

DPP4 has also been shown to be involved in malignant transformation and tumor invasion, 

and in HIV-1 entry (Lambeir, Durinx et al. 2003). 

Evolutionarily, DPP4 is conserved; however, there are differences between various 

animal species and human in the amino acid sequences of the extracellular domain, which 

interacts with MERS-CoV. Mainly, 14 amino acids seem to be critical determinants of 

MERS-CoV S protein binding to DPP4 (Wang, Shi et al. 2013). MERS-CoV S protein is not 

able to bind to mouse, hamster, and ferret DPP4. The DPP4 of these species have significant 

differences in these 14 amino acids as compared with human DPP4 (hDPP4), consequently 

making these species resistant to MERS-CoV infection (de Wit, Prescott et al. 2013, Lu, Hu 

et al. 2013, Raj, Smits et al. 2014, van Doremalen, Miazgowicz et al. 2014). On the other 

hand, species such as rhesus macaques, common marmosets, and camels that have few or no 

differences in these 14 amino acid sequences appear to be susceptible to MERS-CoV 

infection (Munster, de Wit et al. 2013, Falzarano, de Wit et al. 2014, van Doremalen, 

Miazgowicz et al. 2014). 
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Animal models for MERS-CoV infection  

        Rhesus macaques 

Rhesus macaques were the first animal model for MERS-CoV infection and disease. 

They were infected through a combined intratracheal (i.t.), i.n., ocular (o.c.), and oral 

inoculation with 7 x 106   50% tissue culture infectious doses (TCID50) of MERS-CoV (de 

Wit, Rasmussen et al. 2013, Falzarano, de Wit et al. 2013, Munster, de Wit et al. 2013) or 

via i.t. inoculation with 6.5 x 107  TCID50 of MERS-CoV (Yao, Bao et al. 2014). In both 

cases, rhesus macaques developed a mild respiratory illness 1 or 2 days after infection, which 

was resolved as early as 4 dpi (de Wit, Rasmussen et al. 2013). The clinical signs included 

fever, rapid abnormal breathing, and  coughing (de Wit, Rasmussen et al. 2013, Falzarano, 

de Wit et al. 2013, Munster, de Wit et al. 2013, Yao, Bao et al. 2014).  Gross lesions 

consisting of bright to dark red discolored foci in lungs were observed (Munster, de Wit et 

al. 2013, Yao, Bao et al. 2014). Histologic pulmonary lesions included interstitial (Yao, Bao 

et al. 2014) or broncho-interstitial pneumonia (de Wit, Rasmussen et al. 2013, Falzarano, de 

Wit et al. 2013). MERS-CoV RNA was detected in several upper and lower respiratory tract 

tissues via nasal and oropharyngeal swabs, and bronchoalveolar lavages (de Wit, Rasmussen 

et al. 2013). Viral RNA was not detected in blood or any visceral organs, including the 

kidney (de Wit, Rasmussen et al. 2013, Yao, Bao et al. 2014). Infectious virus was isolated 

only from the lower respiratory tract tissues (lungs). Viral antigen was detected by IHC in 

type I and type II pneumocytes and alveolar macrophages (de Wit, Rasmussen et al. 2013).  
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Common Marmosets 

In Common Marmosets, MERS-CoV is able to cause moderate to severe, potentially 

lethal (22.2 % lethality) respiratory disease (Falzarano, de Wit et al. 2014). Common 

Marmosets were infected through a combined i.t., i.n., o.c., and oral inoculation with 

5.2×106 TCID50 of MERS-CoV. The clinical signs included tachypnea, difficulty breathing, 

cyanosis and hemorrhagic oral discharge with the need of early euthanasia for two out of 

nine marmosets at day 4 post-infection. The clinical signs were first noted at 1 dpi; the peak 

was reached at day 4 to 6 p.i. and resolved by 13 dpi (Falzarano, de Wit et al. 2014). 

Radiography showed pulmonary interstitial infiltration as early as 1 dpi, which resolved by 

day 13 post-infection (Falzarano, de Wit et al. 2014). The lungs showed gross lesions with 

edema and dark red discolored areas. Histologic lesions included bronchointerstitial 

pneumonia. Viral RNA was detected in nasal and oropharyngeal swabs, respiratory tract, 

gastrointestinal tract, heart, liver, spleen, kidney, adrenal gland, brain and blood indicating a 

disseminated viral infection. Infectious virus was isolated from the upper and lower 

respiratory tract. MERS-CoV antigen was detected by IHC in Type I and type II 

pneumocytes, and macrophages. Moreover, in situ hybridization indicated that type I 

pneumocytes and alveolar macrophages were the main sites of virus replication (Falzarano, 

de Wit et al. 2014).  

Another group confirmed these clinical, virologic, and pathologic results in 

Marmosets even though the animals were inoculated via i.t. route only with 5 × 

106 TCID50 of MERS-CoV (Chan, Yao et al. 2015). On the contrary, Johnson et al. reported 

sublethal, mild-to-moderate respiratory disease when they infected Marmosets with the same 

amount of MERS-CoV (5 × 106 TCID50) via i.t. inoculation. They were also not able to 
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recover infectious virus or detect viral RNA by RT-qPCR or viral antigens by IHC (Johnson, 

Via et al. 2015).  

        New Zealand white rabbits 

To infect the upper as well as the lower respiratory tract, New Zealand white rabbits 

were infected both, intranasally with 1 × 106 TCID50 and intratracheally with 4 × 

106 TCID50 of MERS-CoV (Haagmans, van den Brand et al. 2015).  While no clinical signs 

and gross pathological lesions were observed, microscopic histopathological lesions were 

seen in both upper and lower respiratory tract at day 3 and 4 p.i.. MERS-CoV RNA was 

detected in several upper and lower respiratory tract tissues. Moreover, infectious virus was 

detected in nasal swabs up to 7 dpi (Haagmans, van den Brand et al. 2015). The authors 

suggest that rabbits could be used to study MERS-CoV transmission since this model shed 

virus from the URT; however, asymptomatic infection rules them out as a suitable model for 

the study of disease progression (Haagmans, van den Brand et al. 2015). 

    Ad5-Human DPP4 transduced mice 

Due to the lack of binding of the MERS-CoV S protein to the murine DPP4, Wild-

type mice are not susceptible to MERS-CoV infection (Coleman, Matthews et al. 2014). 

Glycosylation of the murine DPP4 can block infection (Peck, Cockrell et al. 2015). To make 

mice susceptible to MERS-CoV infection, mice that express the human DPP4 (hDPP4) gene 

were developed. Zhao’s group inoculated a replication deficient adenovirus vector 

intranasally to induce transient expression of hDPP4 in the lungs of BALB/c, C57BL/6 and 

various knockout mice strains (Zhao, Li et al. 2014). Subsequently, these mice were 

challenged intranasally with 105 PFU of MERS-CoV. In the wild-type mice, clinical signs 

were minimal and were characterized by none to mild weight loss in young and older mice, 
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respectively. Mild gross pulmonary lesions corresponding to peribronchiolar and 

perivascular inflammation with subsequent development of interstitial pneumonia was 

observed. MERS-CoV replicated in the lungs and was cleared within 6 to 8 days in young 

mice and 10 to 14 days in older mice. The virus was not identified in other tissues outside 

the respiratory tract. In hDPP4-transduced Type I Interferon (IFN) knockout mice, the 

clinical signs, gross, and microscopic pathological lesions were more severe than those 

observed in transduced wild-type mice (Zhao, Li et al. 2014).   

MERS-CoV-RBD (S377-588-Fc) as a subunit vaccine and HR2 fusion 

inhibitor peptides against MERS-CoV infection 

 

1. S377-588-Fc as a subunit vaccine for MERS-CoV infection 

There is an urgent need for effective vaccines for MERS-CoV infection. Some 

vaccine candidates that are being developed have been shown to be immunogenic in 

preclinical testing (Almazan, DeDiego et al. 2013, Du, Zhao et al. 2013, Song, Fux et al. 

2013, Kim, Okada et al. 2014, Ma, Li et al. 2014, Ma, Wang et al. 2014). Some studies have 

focused on identifying sequences of the MERS-CoV-RBD region that can induce 

neutralizing antibody production in mice or rabbits and have shown their promise as subunit 

vaccines (Mou, Raj et al. 2013, Ma, Li et al. 2014, Ma, Wang et al. 2014). The RBD region 

that contains residues 377-588 has been identified as a critical neutralizing antibody inducing 

domain (Du, Kou et al. 2013, Ma, Wang et al. 2014, Zhang, Tang et al. 2015). Moreover, 

fusion of this domain with human Fc (S377-588-Fc) induced even higher neutralizing 

antibody response in immunized animals (Du, Kou et al. 2013, Ma, Wang et al. 2014). 

Further studies have shown that MF59 is probably the ideal adjuvant for the S377-588-Fc 

subunit vaccine (Zhang, Channappanavar et al. 2016). 
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2. HR2 fusion inhibitor peptides against MERS-CoV infection  

Binding of the RBD with the DPP4 receptor on the target cell is followed by 

proteolytic cleavage, which exposes the fusion peptide located in the S2 subunit of the S 

protein. This allows it to be inserted into the plasma or endosomal membranes of the target 

cell. Thereafter, the HR2 binds to the HR1 in the S2 subunit to form a 6-HB fusion core, 

which brings the two membranes closer to fuse with each other (Lu, Liu et al. 2014). Peptides 

derived from the HR2 domain (such as HR2P) can interact with the HR1 region in the S 

protein to form a highly stable 6-HB complex not allowing the formation of the 6-HB fusion 

core which is the result of the interaction of both, viral HR1 and viral HR2, which are 

necessary for the fusion of the viral and target cell membrane. (Lu, Liu et al. 2014). Similar 

strategies have been used to block Human Immunodeficiency Virus (HIV) and Severe 

Respiratory Syndrome (SARS-CoV) infections (Jiang, Lin et al. 1993, Wild, Shugars et al. 

1994, Liu, Xiao et al. 2004). Moreover, analogs of HR2 region such as HR2P-M2, which 

have been modified by the addition of hydrophilic residues, are significantly more soluble, 

stable and have higher antiviral activity against MERS-CoV (Channappanavar, Lu et al. 

2015). 

Objective of this Dissertation Project 

The emergence of SARS-CoV in late 2002 through early 2003 caused more than 

8,000 severe respiratory illnesses in humans with a ~10% mortality rate. This had a 

devastating social, economic, and public health impact worldwide (WHO 2003, Sorensen, 

Sorensen et al. 2006). Thereafter, MERS-CoV emerged as the causative agent of MERS in 

humans in the Middle East in 2012 (Zaki, van Boheemen et al. 2012, Assiri, McGeer et al. 

2013). Unlike the relatively short SARS outbreak (of a few months), MERS-CoV is still 
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ongoing and is causing severe disease currently in the Middle East. Since September 2012, 

the World Health Organization has recorded 1,917 cases of MERS resulting in 677 deaths 

(35%) (WHO 2017). Proven human-to-human transmission, despite a much lower 

transmission rate than that of SARS-CoV, and the absence of effective medical 

countermeasures (not approved vaccines and treatments) to date makes the ongoing MERS 

outbreak a significant public health concern.  

While considerable progress has been made in our understanding of MERS-CoV, 

significant gaps in our knowledge exist. These deficiencies, at least partly, stem from lack 

of a suitable small animal model for studies of pathogenesis and immunity as well as for the 

development of vaccines and antivirals. Standard small animal models are not susceptible to 

MERS-CoV infection due to lack of a functional dipeptidyl peptidase-4 (DPP4) viral entry 

receptor (Raj, Mou et al. 2013). Although a mouse model of lung infection in which an 

adenovirus was used to transiently express hDPP4 has been developed (Zhao, Li et al. 2014), 

inconsistent DPP4 expression and the lack of clinical illness in this model underlines the 

needs for a better model system. A classic transgenic mouse model has the potential to move 

forward our understanding of MERS-CoV infection and disease research. Building on our 

prior success in the establishment and characterization of robust transgenic mouse models 

for SARS-CoV (19), we propose to establish transgenic mice permissive to MERS-CoV 

infection and disease. We will develop transgenic mouse lineages with global expression of 

hDPP4 and will characterize MERS as a respiratory disease in this model. Additionally, we 

will examine the subsequent impact on host-virus interactions, including but not limited to, 

tissue distribution and levels of viral replication, along with morbidity and mortality, if any. 

Successful establishment of this model will provide valuable tools for bridging the 
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knowledge gap in MERS-CoV infection and pathogenesis. Such a model will also enable 

larger scale of antiviral screens, which are not possible with NHPs, for developing effective 

therapeutic measures.  

Hypothesis 

Transgenic mice expressing human DPP4/CD26 receptor will be useful as surrogate 

models for studying MERS pathogenesis and help the development of medical 

countermeasures for MERS. 

CHAPTER II:  MATERIALS AND METHODS 

Mice, virus, and cells. 

The EMC-2012 strain of MERS-CoV, kindly provided by Heinz Feldmann (NIH, 

Hamilton, MT) and Ron A. Fouchier (Erasmus Medical Center, Rotterdam, Netherlands), 

was used throughout this study. Vero E6 cells (American Type Culture Collection) were 

used to expand the virus stocks and titrate the yields of progeny viruses. The MERS-CoV-

EMC/2012 strain that we received was designated passage zero (P0) and further expanded 

with three passages in Vero E6 cells for generating cell-free P1, P2, and P3 stocks; P3 was 

used as the working stock for experiments described in this study. The titers of individual 

stocks, determined by using Vero E6-based infectivity assays, were expressed as TCID50 per 

milliliter. Aliquots of virus stock with an average of 107 TCID50/ml were stored at −80°C. 

In addition, a strain of recombinant MERS-CoV expressing red fluorescent protein 

(rMERS-CoV/RFP), kindly provided by Ralph Baric, University of North Carolina at Chapel 

Hill (Scobey, Yount et al. 2013), was similarly expanded and used in some experiments to 

visualize the infection.  
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To determine if the hCD26 transgene can confer susceptibility to MERS-CoV 

infection and can lead to productive MERS-CoV infection, mouse fibroblastic 17 CL-1 cells 

were subject to a stable cotransfection with the hCD26 expression plasmid, pCAGGS-CD26, 

and a plasmid encoding puromycin resistance. After selection with puromycin (2 g/ml), the 

transfectants were assessed for level of transgene expression at the protein level by both 

immunofluorescence (IF) staining and Western blotting analyses. 

Two mice lineages B6C3F1/J and C57BL/6J (Jackson Lab) were used to generate 

the transgenic mice. 

Viral infections 

All in vitro and animal studies involving infectious MERS-CoV were conducted 

within approved biosafety level 3 (BSL-3) and animal BSL-3 (ABSL-3) laboratories at the 

National Galveston Laboratory, strictly following approved notification-of-usage (NOU) 

and animal protocols and the guidelines and regulations of the National Institutes of Health 

(NIH) and Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC)  

Construction and characterization of the hCD26 expressing plasmid in vitro. 

The transgene cassette expressing hCD26 (also known as DPP4) was constructed 

using pCAGGS.MCS, a eukaryotic expression vector, as previously described for the 

expression of human Angiotensin convertase 2 (hACE-2) receptor of SARS-CoV (Tseng, 

Huang et al. 2007). Briefly, cDNA of hCD26 generated from the mRNA of human 

phytohemagglutinin (PHA)-activated T cells (Tanaka, Camerini et al. 1992) was obtained 

from C. Morimoto, University of Tokyo, Tokyo, Japan and was cloned into pCAGGS.MCS 

under the control of the CAG promoter, which is a composite promoter consisting of the 
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cytomegalovirus (CMV)/immediate-early enhancer and the chicken β-actin promoter, 

containing rabbit globin splicing and polyadenylation sites. We chose the CAG promoter 

due to its ability to drive high levels of gene expression. In addition, unlike the first-

generation CMV promoter, CAG promoter activity does not decline over generations of 

transgenic mouse breeding (Niwa, Yamamura et al. 1991).  

To verify the transgene construct pCAGGS-hCD26 (Fig. 1A), we transfected 17CL-

1 mouse fibroblast cells and assessed hCD26 protein expression by Western blot using a goat 

polyclonal antibody against hCD26 known to have ∼5% cross-reactivity to mouse CD26 

(R&D Systems). Established hCD26-expressing mouse 17CL-1 cells along with cells 

transfected with empty vector were tested for MERS-CoV susceptibility by monitoring 

yields of progeny virus as well as the development of cytopathic effect (CPE). 

Generation, detection, and breeding of transgenic mice. 

The transgene (∼5.6 kb) comprising CAGG enhancer/promoter, intron sequence, 

human CD26 cDNA, and rabbit beta globin poly(A) signal was released from 

pCAGGS.hCD26 using SalI and AvrII restriction enzymes and injected into B6C3F1/J × 

C57BL/6J or C57BL/6J zygotes. G0 founder mice were tested for transgene integration using 

quantitative PCR (RT-qPCR) and/or Southern blot analysis. Briefly, genomic DNA isolated 

from tail biopsy specimens was subjected to RT-qPCR using hCD26-specific primers 

(forward, 5′-CCAAAGACTGTACGGGTTCC-3′; reverse, 5′-

TCAACATAGAAGCAGGAGCAG-3′) and fluorescence probe (5′-/56-

FAM/AAGGCAGGAGCTGTGAATCCAACT/36-TAMSp/-3′) on a C1000 Touch 

thermocycler linked to a CFX96 real-time detection system (Bio-Rad). In some cases, 

Southern blot analysis was used to identify transgene-positive founder mice. For this, 
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genomic DNA was digested by BamHI, separated on agarose gels, and transferred to 

Hybond-XL (GE Healthcare Life Sciences). The blots were hybridized with 32P-labeled 

probes prepared by random priming. A 0.4-kb SalI-NcoI fragment of the CMV enhancer and 

a 0.7-kb BglII fragment (DPP4 3′ untranslated region [3′UTR]), isolated from 

pCAGGS.hCD26, were used as probes. The Gsc2 5′ probe was used to normalize the amount 

of DNA on the blots (Wakamiya, Lindsay et al. 1998). The transgenic mouse experiments 

were carried out in the barrier facility at the University of Texas Medical Branch transgenic 

mouse core facility. All animal work conformed to NIH and AAALAC regulations and 

guidelines. 

Virus isolations 

Collected tissue specimens of lungs, brain, heart, liver, kidney, spleen, and intestine 

were weighed and homogenized in phosphate-buffered saline (PBS) containing 10% fetal 

calf serum (FCS) with a TissueLyser (Qiagen, Retsch, Haan, Germany). After clarification 

of the cellular and tissue debris by centrifugation, the titers of the resulting suspensions of 

infected tissues were determined in the standard Vero E6 cell-based infectivity assays for 

quantifying yields of infectious virus. The virus titers of individual samples were expressed 

as log10 TCID50 per gram of tissue. 

RNA extraction and real-time RT-qPCR. 

Tissues collected at indicated times were placed in individual vials containing 

RNAlater solution (Qiagen), and stored at 4°C until used for extracting total RNA. Briefly, 

tissues were homogenized in 1 ml of TRIzol reagent (Life Technologies) with a TissueLyser. 

After clarifying by centrifugation at 12,000 × g for 5 min, the resulting suspensions were 

tested for total RNA and for quantification of MERS-CoV-specific RNA that targeted the 
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upstream E (upE) gene and mouse GAPDH or beta (β)-actin gene (internal controls). For the 

detection of viral gene expression in different tissues, 0.5 μg of RNA extracted from 

individual tissues was used in a one-step real-time reverse transcription-PCR (RT-qPCR) 

with a set of primers and probes specific for the upE gene of MERS-CoV performed with a 

Superscript III One-Step RT-qPCR kit (Invitrogen) according to the manufacturer's 

instructions. The primers and probes used for analysis of the upE gene of MERS-CoV were 

as follows: forward, 5′-GCCTCTACACGGGACCCATA-3′; reverse, 5′-

GCAACGCGCGATTCAGTT-3′; fluorescence probe, 5′-6-carboxyfluorescein 

(FAM)/CTCTTCACATAATCGCCCCGAGCTCG/36-5′-carboxytetramethylrhodamine 

(TAMRA)/-3′. The relative amount of targeted mRNA was determined by normalizing with 

an endogenous control GAPDH or (β-actin) gene and expressed as fold change by the 

standard threshold cycle (ΔΔCT) method (Tseng, Tseng et al. 2005). 

Serological assays. 

MERS-CoV-specific neutralizing antibody and S1 protein-specific Immunoglobulin 

(IgG) antibody responses were quantified by a classical infection reduction assay and a 

standard enzyme-linked immunosorbent assay (ELISA), respectively, as described 

previously (Tseng, Sbrana et al. 2012, Du, Kou et al. 2013).  

Vero E6 cell-based microneutralization assay 

Starting at a dilution of 1:10, 60-μl volumes of serial 2-fold dilutions of heat-

inactivated serum specimens collected via retro-orbital bleeding from surviving Tg+ mice at 

21 days post-infection were transferred into duplicate wells of 96-well plates containing 120 

TCID50 of MERS-CoV in 60 μl of M-2 medium/per well. The antibody-virus mixtures were 

incubated at 37 ͦ C for 1 h before transfer of 100 μl of the mixtures (containing 100 TCID50 
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of MERS-CoV) into confluent Vero E6 cell monolayers in 96-well plates. Six wells of Vero 

E6 cells cultured with equal volumes of M-2 medium with or without virus were included in 

these assays as positive and negative controls, respectively. When the wells of Vero E6 cells 

infected with virus alone developed advanced cytopathic effects (CPE), the neutralizing 

capacity of individual serum specimens was determined on the basis of the presence or 

absence of CPE. Reciprocals of the last dilutions of serum specimens capable of completely 

preventing the formation of CPE were used as the neutralizing antibody titers and expressed 

as 100% neutralizing titers (NT100). 

ELISA Test 

For quantifying the total MERS-CoV S1-specific IgG antibodies, 96-well ELISA 

plates were pre-coated with recombinant His-tagged S protein (1 μg/ml), as described 

previously (Ma, Wang et al. 2014, Zhang, Channappanavar et al. 2016). After blocking with 

Tris-buffered saline (TBS) containing 10% FBS and 0.05% Tween 20 for 1 h at room 

temperature, 50-μl volumes of serial 10-fold dilutions of mouse serum specimens, starting 

at a dilution of 1:100, were added to the plates (Corning; catalog no. 3690), incubated for 1 

h at 37°C, and thoroughly washed with TBS before addition of horseradish peroxidase 

(HRP)-conjugated anti-mouse IgG (Southern Biotech; catalog no. 1030-05) (1:4,000) for 1 

h at 37°C. Thoroughly washed plates were incubated in the dark with o-phenylenediamine 

dihydrochloride (OPD) (Sigma; catalog no. P9187) for 15 min, and the reactions were 

stopped with 1N H2SO4 and read in an ELISA plate reader (Molecular Devices) for 

measurement of optical density (OD) at 450 nm. The highest dilutions of serum specimens 

with MERS-CoV S1-specific antibody with a mean OD reading of greater than or equal to 2 
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standard deviations (SD) greater than the mean for specimens of naive mice were used to 

define titers. 

Histology and immunohistochemistry (IHC)  

Tissues obtained from necropsy samples were fixed in 10% buffered formalin for 72 

h, transferred to 70% ethanol, and later paraffin embedded. Histopathologic evaluation was 

performed on deparaffinized sections stained by routine hematoxylin-eosin (H&E) staining. 

IHC for MERS-CoV was performed using a previously described colorimetric indirect 

immunoalkaline phosphatase method (Tseng, Huang et al. 2007) with a rabbit anti-MERS-

CoV polyclonal antibody, provided by Heinz Feldmann. The goat anti-hCD26 antibody 

(R&D Systems, catalog no. AF1180) was used to assess the distribution of hCD26 

expression in transgenic mice by IHC. Normal mouse and goat sera were used as negative 

antibody controls. Biotinylated swine anti-rabbit immunoglobulin (Dako, catalog no. E0353) 

or rabbit anti-goat immunoglobulin (KPL, catalog no. 16-13-06) were used as secondary 

antibodies. The antigen was then visualized by incubation with streptavidin-alkaline 

phosphatase and naphthol-fast red substrate (Dako) and counterstained with Mayer's 

hematoxylin (Fisher Scientific). 

Animal studies 

Susceptibility, morbidity and mortality study 

A pilot study indicated that hCD26 Tg+ mice of different genetic background were 

equally susceptible to MERS-CoV infection. Therefore, Tg+ and their age-matched 

transgene-negative (Tg−) littermates derived from the line 52 founder mouse were 

backcrossed one or two times onto either a C57BL/6 or B6C3F1/J background. For virus 

challenge studies, anesthetized 5-7 weeks old Tg+ and Tg− littermates were inoculated via 
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the i.n. route with 106 TCID50 of MERS-CoV in a total volume of 80 μl. Animals were 

weighed and monitored daily for clinical signs of disease and abnormalities, including 

appearance, stereotypical behavior/abnormal movements, decreased responsiveness or 

activity, and weight loss. The clinical scoring system used was as follows: 0, no apparent 

illness; 1, mildly sick; 2, ruffled fur or hunching; 3, ruffled fur and hunching, with or without 

additional signs; 4, moribund; and 5, found dead. Some infected mice were sacrificed at 

indicated times p.i. to obtain tissue specimens for assessing the distribution of virus and 

associated histopathology using standard protocols, such as a Vero E6 cell-based infectivity 

assay, quantitative reverse transcription-PCR (RT-qPCR) assay, and immunohistochemical 

(IHC) staining. 

Determination of LD50 and ID50 studies 

To determine the LD50 and ID50, we initially administered (i.n.) serial doses of 

MERS-CoV, decreasing 10-fold from 106 to 101 TCID50 in a volume of 60 μl, to groups of 

four or eight naive Tg+ mice and monitored them daily for clinical manifestations (weight 

loss) and mortality for at least 21 dpi (Experiment 1;Table 2). 

To further assess the LD50 and ID50 of the MERS-CoV stock, we challenged (i.n.) 

another four groups of four Tg+ mice with 2-fold decrements of MERS-CoV doses, starting 

from 10 TCID50; dosages were 10, 5, 2.5, and 1.25 TCID50 of the virus. Mice were followed 

daily for morbidity (weight loss) and mortality for at least 3 weeks (Experiment 2; Table 2).  

Finally, a third experiment was performed as the experiments described above except 

that mice were given decreasing 10-fold doses of MERS-CoV, from 101 to 10-3 TCID50.   
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Immune responses, and immunity of hCD26/DPP4 transgenic mice to MERS-CoV 

infection studies. 

To analyze the infection-induced immune response and immunity to MERS-CoV re-

infection, we used the blood collected from the survivor mice (Experiment #2, Table 2) to 

perform serological assays, which included the determination of MERS-CoV-specific 

neutralizing antibody and S1 protein-specific IgG antibody responses by Vero E6 cell-based 

microneutralization assay and ELISA, respectively.  

Subsequently, we challenged (i.n.) the low-dose challenge survivors, along with two 

naive Tg+ mice, with 103 TCID50 (100 LD50) of MERS-CoV at 35 dpi to determine if they 

had developed immunity to a lethal challenge.  

Kinetics and tissue distribution studies - viral infection in hCD26/DPP4 Tg+ mice 

challenged with 10 LD50 of MERS-CoV. 

For determining the tissue distribution of viral infection and histopathology over time 

with a potential working dose of virus, 18 age-matched (10-to-14-week-old) Tg+ mice were 

challenged (i.n.) with 102 TCID50 (10 LD50) of MERS-CoV. Three mice each were sacrificed 

at 2, 4, 6, 8, 10, and 12 dpi for assessing viral infection in the lungs, brain, heart, liver, kidney, 

spleen, and intestine by quantifying infectious virus and viral RNA expression using Vero 

E6 cell-based infectivity and RT-qPCR assays, respectively. Standard IHC with a rabbit anti-

MERS-CoV hyperimmune serum was also performed for the detection of viral antigens in 

tissues. 

Efficacy of the S377-588-Fc as a subunit vaccine 

Groups of age-matched Tg+ mice were immunized intramuscularly (i.m.) twice (once 

and then again three weeks later) with 10 μg of S377-588-Fc in 50 μl of PBS formulated 
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with an equal amount of MF59 adjuvant (AddaVax [catalog no. vac-adx-10]; InvivoGen) or 

with MF59 alone, designated S377-588-Fc/MF59 or PBS/MF59, respectively. Sera from 

immunized mice after the second immunization were subjected to serological assays for 

quantifying neutralizing and MERS-CoV S1 protein-specific IgG antibodies. Immunized 

mice were subsequently challenged (i.n.) at day 10 after the second immunization with 103 

TCID50 of MERS-CoV in a volume of 60 μl. Three mice in each group were sacrificed at 2 

dpi for quantifying infectious virus and viral RNA expression, whereas the remaining five 

in each group were monitored daily for morbidity (weight loss) and mortality. 

Preventive and therapeutic efficacy of a fusion inhibitor peptide.  

Both the preventive and therapeutic efficacies of a fusion inhibitor peptide recently 

proven effective, HR2M6 (Channappanavar, Lu et al. 2015) were evaluated. For measuring 

the prophylactic potential, groups of Tg+ mice were treated (i.n.) with 200 μg of HR2M6 in 

50 μl of PBS or PBS alone at 1 and/or 4 h prior to challenge (i.n.) with 100 TCID50 of MERS-

CoV in 60 μl. For assessing the therapeutic effect, groups of Tg+ mice previously infected 

(i.n.) with 100 TCID50 of MERS-CoV were treated with 50 μl of PBS or 200 μg of HR2M6 

in 50 μl of PBS at 1, 12, and 24 h after infection and then once daily until 7 dpi. Three mice 

in each group were sacrificed at 2 dpi for assessing yields of infectious virus or viral RNA 

in lungs, whereas the remaining five animals in each group were monitored daily for 

morbidity and mortality. 
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CHAPTER III: GENERATION OF A TRANSGENIC MOUSE MODEL OF  

                            MIDDLE EAST RESPIRATORY SYNDROME            

Introduction 

Although significant information has been obtained about MERS and MERS-CoV 

since its emergence, vast deficiencies in basic and translational research exist. They largely 

stem from the lack of suitable small-animal models for studies of pathogenesis and for the 

development of vaccines and antivirals. Unfortunately, standard small animals used in 

research such as mice, hamsters, and ferrets, all lack the MERS-CoV receptor, human CD26 

(hCD26), or dipeptidyl peptidase-4 (DPP4) and are not susceptible to MERS-CoV infection 

(Scobey, Yount et al. 2013, Coleman, Matthews et al. 2014). Although studies with 

nonhuman primates (NHPs) such as rhesus macaques and marmosets have demonstrated 

their susceptibility to various degrees to MERS-CoV infection, NHPs are expensive models 

with limited availability (de Wit, Rasmussen et al. 2013, Falzarano, de Wit et al. 2014). 

Hence, mice are the most desirable small animals for this purpose because of availability and 

the existence of a vast knowledge base, particularly of genetics and immunology. Even 

though a mouse lung infection model was described wherein an adenovirus vector was used 

to transduce the viral receptor gene (Zhao, Li et al. 2014), it is generally agreed that a 

transgenic mouse model expressing the hCD26/DPP4 receptor is needed for research on 

MERS-CoV infection and disease. In contrast to the adenovirus trasnduced mice, by using 

transgenic mice it is possible to develop a model that will permit to have a consistent 

expression of the hDPP4 in the lungs. Also, it is possible to achieve a estable (not transient) 

expression of the hDDP4, in contrast with the transduced model in which the expression was 

observed only for approximately 3 weeks. To derive such models, we used constitutive 

global promoter, the CAG promoter, which is a composite promoter consisting of the 
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cytomegalovirus (CMV)/ immediate-early enhancer and the chicken β-actin promoter, 

containing rabbit globin splicing and polyadenylation sites. We describe here the first 

transgenic mouse lineage globally expressing hCD26/DPP4 receptor and show that these 

transgene-positive (Tg+), but not transgene-negative (Tg−) mice are highly susceptible to 

MERS-CoV infection and disease. 

Results 

       Characterization of the hCD26 transgene construct in tissue culture 

To validate the potential of the hCD26 transgene cassette (Fig. 1A) in expressing the 

transgene, 17 CL-1 cells were cotransfected with the hCD26 expression plasmid, pCAGGS-

CD26, and a plasmid encoding puromycin resistance. After selection with puromycin (2 

μg/ml), the transfectants were assessed for level of transgene expression at the protein level 

by both immunofluorescence (IF) staining and Western blotting analyses. As shown in Fig. 

1B and C, an intense green fluorescence staining and a distinct band of ∼110 kDa in 

Western blots, the estimated size of hCD26, were seen almost exclusively in 17CL-1 cells 

transfected with the hCD26 expressing plasmid, indicating the effectiveness of the transgene 

construct in promoting cellular hCD26 expression. The much weaker band seen in wild-type 

17CL-1 cells likely represented mouse CD26 as the anti-hCD26 antibody (R&D Systems) 

used for Western blotting was shown to having ∼5% cross-reactivity to mouse CD26. To 

determine whether the expression of hCD26 viral receptor can confer susceptibility to 

MERS-CoV in otherwise permissive 17CL-1 cells, confluent cultures of 17CL-1/hCD26 

cells and parental 17CL-1 cells were infected with either MERS-CoV or a rMERS-CoV 

expressing red fluorescent protein (RFP) at an MOI of 1, followed by monitoring for 

morphological changes of infected cells and for the intensity of infection over time. In 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
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contrast to the infection-resistant parental 17CL-1 cells, 17CL-1/hCD26 cells were fully 

susceptible to MERS-CoV infection, resulting in the development of CPE (Fig. 1D), readily 

detectable expression of RFP (Fig. 1E), and high yields of infectious progeny virus as early 

 

Figure 1. Transfection with the hCD26 transgene construct, pCAGGS.hCD26, effectively converts 

nonsusceptible mouse fibroblastic 17CL-1 cells to become fully supportive of productive MERS-CoV 

infection. (A) Schematic diagram of hCD26 expressing vector cassette, designated pCAGGS.hCD26. The 

hCD26 gene was cloned in this vector by restriction digestion with EcoRI at the multiple cloning site (MCS), 

which is driving the expression via chicken β-actin promoter. Confluent parental and 17CL-1 cells stably 

transfected with the hCD26 transgene construct were analyzed for the expression of hCD26 with a goat anti-

hCD26 antibody using indirect immunofluorescent staining (B) and Western blot analysis (C). The expression 

of hCD26 antigen was detected exclusively in 17CL-1/hCD26 cells as the green fluorescent protein with an 

expected size of 110 kDa. (D to F) To assess the susceptibility of 17CL-1/hCD26 cells to MERS-CoV 

infection, confluent 17CL-1 and 17CL-1/hCD26 cells, grown in 12-well plates, were infected with either 

MERS-CoV/EMC-2012 or rMERS-CoV/RFP at an MOI of 1 and monitored for CPE for 2 days after infection 

(D and E), and yields of infectious progeny virus were titrated at 1 and 2 dpi (F); the dashed line indicates the 

detection limit). The data shown are representative of at least two independently conducted experiments. The 

infectious virus titer (log10 TCID50/ml) is expressed as the mean ± the standard error of triplicate samples. 

***, P ≤ 0.001 (determined using the Student t test, comparing 17CL-1 and 17CL-1/hCD26 cells). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
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as 1 dpi (Fig. 1F). Based on these results, we conclude that induction of hCD26 expression 

using this transgene construct effectively converts non-susceptible 17CL-1 cells into 

susceptible cells, capable of fully support MERS-CoV infection. 

       Generation and characterization of hCD26 transgenic mice. 

Transgenic mice expressing hCD26 were generated by microinjecting the expression 

cassette, excised from pCAGGS-CD26 by AvrII/SalI digestion, into pronuclei of zygotes 

from either the C57BL/6J or C57BL/6J × B6C3F1/J background, as described in Materials 

and Methods, which led to 81 live births. Based on the RT-qPCR and/or Southern blot 

analyses of genomic DNA, we identified five B6/C3H hybrid and two B6 founders that were 

then crossed with C57BL/6J and/or B6C3F1/J to propagate the lines. Based on their ability 

to transmit hCD26 transgene to their offsprings, lines 52, 62, and 72 were selected among 

the seven Tg+ founder lineages to further expand the transgenic colonies and characterize the 

hCD26 expression. Southern blot analyses revealed that the intensity of hCD26 transgene 

was highest in line 62, followed by line 72 and line 52, in that order (Fig. 2A). However, 

line 62 had extremely poor transgene transmissibility and had neonatal deaths of the 

Tg+ pups. Moreover, the majority of the Tg+ pups of Line 72 died prematurely at ∼3 weeks 

of age (Table 1). 

To evaluate the expression of hCD26 in lines 72 and 52, total RNA was extracted 

from tissues of Tg+ G1 pups and subjected to RT-qPCR analysis using the same hCD26-

specific primer-probe set used for genotyping. Although both lines expressed hCD26 in all 

tissues analyzed, the levels of hCD26 expression appeared to be higher in line 72 than in line 

52, with the heart and spleen as the only exceptions (Fig. 2B). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/table/T2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
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In contrast to the extreme difficulty that we encountered to propagate lines 62 and 

72, the line 52 founder mouse was capable of generating many first-, second-, and third-

generation Tg+ pups that survived to maturity, permitting characterization of hCD26 

expression. To investigate the tissue distribution of hCD26 protein expression, cellular 

lysates and paraffin-embedded sections of various tissues were analyzed by Western blotting 

and IHC staining using a polyclonal antibody known to recognize hCD26 with <5% cross-

reactivity to mouse CD26 (R&D Systems, catalog no. AF1180). Among six tissues analyzed 

(i.e., heart, lung, spleen, intestine, liver, and kidneys) by Western blotting, the expression of 

hCD26 was higher in both lungs and kidneys than in the other tissues (Fig. 2C). The standard 

IHC assays also detected the expression of hCD26 antigen in all tissues analyzed, including 

the lung, brain, heart, liver, kidney, and intestine (Fig. 2D). In Tg+ mice, hCD26 was 

primarily detected in both types of alveolar pneumocytes in lung as well as the neuronal and 

endothelial cells in the brain (Fig. 2Da and b). Prominent epithelial and/or endothelial 

hCD26 expression was detected in the liver, kidneys, and the gastrointestinal (GI) tract (Fig. 

2Dd to f). Hepatic expression of hCD26 extended to the surface of hepatocytes. The 

expression of hCD26 was focalized within the muscularis layer of the GI tract and 

cardiomyocytes of the heart. Importantly, this positive staining is specific to hCD26 since 

no staining could be detected in tissues from Tg− mice. Taken together, these results indicate 

that line 52 is a stable transgenic lineage globally expressing the hCD26 receptor for MERS- 

CoV.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
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Figure 2. Expression of hCD26 in transgene-positive (Tg+) mice. (A) Genomic DNA 

extracted from tail biopsy specimens of hCD26 transgenic founder mice of lines 52, 62, and 72 

were digested by BamHI and subjected to Southern blot analyses to determine the relative 

intensities of the integrated hCD26 transgene (B) Tg+ mice derived from lines 52 and 72 were 

euthanized, and their various tissue specimens were harvested to extract total RNA to assess the 

relative tissue abundances of hCD26 mRNA expression by RT-qPCR (C) hCD26 Tg+ mice of 

line 52 were euthanized, and the homogenates of various tissues were prepared to assess the 

expression of hCD26 protein by Western blotting . A varying intensity of hCD26 protein was 

detected in all of the tissues analyzed. (D) Paraffin-embedded tissues derived from Tg+ and 

Tg− mice were subjected to IHC staining with an anti-hCD26 antibody to localize hCD26 

expression. In Tg+ mice, the expression of hCD26 in the lungs was readily detectable in type I 

and type II alveolar pneumocytes (arrow), endothelial cells (arrow), and neurons (arrowhead) in 

the brain, muscle cells (arrow) in the heart, endothelial cells (arrow) and the surface of 

hepatocytes (arrowhead) in the liver, endothelial cells (arrow) in the kidneys, and epithelial 

lining (arrowhead) and the underneath muscularis (arrow) in the intestines. No hCD26 

expression was evident in the tissues of Tg− mice. 

 

IHC: TISSUE DISTRIBUTION
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Transgenic mice expressing hCD26 are susceptible to MERS-CoV infection that results 

in disease and mortality. 

With the characterized expression of hCD26 of the transgenic lineage, we explored 

whether line 52 hCD26 Tg+ mice would be susceptible to MERS-CoV infection. For a pilot 

study, we infected two Tg+ mice of different genetic backgrounds obtained from 

backcrossing the founder 52 (B6/C3 mix) to either B6 or B6C3F1/J mice, along with two 

Tg− age-matched littermates, with 106 TCID50 of MERS-CoV intranasally in 80 μl. Mice 

were sacrificed 2 days after infection to assess the yield of infectious virus in the lungs using 

Vero E6 cell-based infectivity assays. We found that Tg+ mice of different genetic 

background, but not those of Tg− littermates, were equally susceptible to infection, as 

TABLE 1.  Founders of hCD26 transgenic lineages 

Founder 

(lineage) 
Sex 

Backgroun

d 

Transgene 

confirmation 

method 

Germ line 

transmission 
Notes 

7 F B6/C3 mix SB/RT-qPCR No The mouse was fertile, but produced no 

transgene-positive pups. 

52 F B6/C3 mix RT-qPCR Yes The mouse was viable and fertile. 

54 M B6/C3 mix RT-qPCR ND The mouse died shortly after weaning. 

62 M B6/C3 mix SB/RT-qPCR Yes The mouse was fertile, but produced 

small-size litters.  A few transgene-

positive pups were found but they died 

within a week after birth. 

72 F B6/C3 mix SB/RT-qPCR Yes The mouse was fertile. The majority of 

transgene-positive pups died after 

weaning before sexual maturity. 

76 ND B6 SB/RT-qPCR ND The mouse died before weaning. 

78 F B6 SB/RT-qPCR Yes The mouse was fertile, but did not take 

care of the pups.  None of the pups 

survived beyond neonatal periods. 

    ND, not determined; SB, Sothern blotting; B6/C3 mix, cross with B6C3F1/J and C57BL/6J 
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evidenced by high yields of infectious virus of approximately 107 TCID50 of MERS-CoV per 

gram of lung tissue for both mice with different backgrounds.  

Encouraged by the results of this pilot study, we subsequently inoculated additional 

age-matched line 52 Tg+ and Tg− mice; nine animals in each Tg group were given 

106 TCID50 i.n. in 80 μl for initial assessment of the kinetics of infection and disease.  Mice 

were monitored daily for signs of clinical illness, weight loss, and mortality. Virus 

replication and disease pathogenesis in different tissues were assessed by sacrificing two 

mice in each group at 2 and 4 dpi. We noted that challenged Tg+, but not Tg−, mice developed 

an acute wasting syndrome, as evidenced by progressive weight loss starting at 2 dpi and 

leading to 30% and 100% mortality at 5 and 6 dpi, respectively (Fig. 3A and B). Other 

clinical manifestations in infected Tg+ mice included ruffled fur, lethargy, inactivity, and 

rapid and shallow breathing. Despite their immobility, we did not observe any signs of 

neurological disorder such as seizure or paralysis, in the Tg+ mice. The Tg− mice continued 

to thrive throughout the course of infection without showing any weight loss or signs of 

clinical illness. 

       Line 52 transgenic mice expressing hCD26 developed disseminated infection. 

To determine the kinetics and tissue distribution, tissue specimens of Tg+ and 

Tg− mice collected on 2 and 4 dpi were tested for infectious virus in the Vero E6 cell-based 

infectivity assay. It was clear that lung and brain appeared to be the prime sites of intense 

viral infection (Fig. 3C and D). We detected titers as high as ∼107 TICD50 of MERS-CoV 

per gram of the lung tissue at 2 dpi that dropped at 4 dpi to ∼104TCID50 per gram, a net loss 

of 3 logs. In contrast to the acute and robust pulmonary infection, we were unable to isolate 

infectious virus from the brain until 4 dpi when an average of 7 × 104 TCID50/g was detected. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
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These results indicate that the kinetics of MERS-CoV infection in the lung and brain of 

Tg+ mice were substantially different. Despite the high yields of infectious virus detected in 

the lung and brain, we were unable to isolate any infectious virus from other tissues, 

including the liver, heart, spleen, kidneys, and intestines, at either 2 or 4 dpi. To verify the 

presence or absence of virus in tissues with no infectious virus, we tested for the presence of 

viral RNA by RT-qPCR targeting the upstream E gene of MERS-CoV in all tissues collected 

at both 2 and 4 dpi. Consistent with the yields of infectious virus, a 6-log higher viral RNA 

was detected in the lungs and brains of infected Tg+ mice than that in the Tg− mice (Fig. 3D). 

MERS-CoV RNA was also readily detected at either 2 or 4 dpi in the heart, spleen, and 

intestine, even though we were unable to isolate any infectious virus. Take together these 

data suggest a disseminated MERS-CoV infection in the hCD26 Tg+ mice.  

Interestingly, we were unable to detect any viral RNA in the liver and kidneys, 

despite the expression of hCD26 in these organs (Fig. 2B, C, and D). 

Because high titers of infectious virus could be readily recovered from lungs and 

brains of challenged Tg+ mice, we performed IHC staining with paraffin-embedded tissues 

and a specific antibody for detecting viral antigen, as described in Materials and Methods, 

to confirm the cellular tropism of MERS-CoV infection for each tissue. As shown in Fig. 

3E and G, lung alveolar pneumocytes, both type I and type II, and brain microglia, 

astrocytes, and neuronal cells expressed abundant viral antigen in Tg+ mice at 2 and 4 dpi. 

While two-color IHC staining was not performed to conclusively prove it, patterns of viral 

antigen expression correlated with the cellular distribution of the hCD26 receptor (Fig. 2D). 

These findings indicate that transgenic mice expressing hCD26/DPP4 are highly susceptible 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
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to MERS-CoV infection that results in disseminated infection with significant morbidity and 

mortality. 

      

 

                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Transgenic mice expressing hCD26 are permissive to MERS-CoV 

infection, leading to morbidity and mortality. (A) Persistent weight loss (up to 30%) 

in infected Tg+, but not Tg−, mice. (B) Cumulative survival rate of infected mice. 

Tg+ mice succumbed to infection with 100% mortality at 6 dpi. (C) Infectious virus 

titers, expressed as log10 TCID50 per g of tissue, in the lungs and brain. (D) Copy 

numbers of viral E gene in the indicated tissues of Tg+ mice, relative to those derived 

from Tg− littermates. (E and F) Viral antigen (red) was readily detected in alveolar 

pneumocytes of Tg+ (E), but not Tg− (F), mice at 2 dpi. (G and H) Viral antigen (red) 

was also detected in neurons (green arrow), microglia (arrowhead), astrocytes (black 

arrow), and astrocyte processes (star) in the brains of Tg+ (G), but not Tg− (H), mice at 

4 dpi. 
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Histopathology in MERS-CoV-infected hCD26 Tg+ mice. 

Pathological changes in MERS-CoV-infected Tg+ and Tg− mice were assessed at 2 and 4 dpi. 

Consistent with higher viral infection, discoloration (red to dark red) and multifocal consolidation 

were observed in the lungs of Tg+ but not in Tg− mice at 2 dpi, which became more pronounced 

at 4 dpi (Fig. 4A). Histological examination of the lung at 2 dpi showed moderate 

bronchointerstitial pneumonitis, and multifocal perivascular infiltrates with some changes 

extending into the terminal bronchioles and adjacent pulmonary parenchyma. At 4 dpi, increased 

cellular infiltrates, including pulmonary macrophages and lymphocytes, were seen within  

 

Figure 4. Gross pathology and 

histopathological changes in the lungs 

and brains of hCD26 Tg+ mice 

challenged with MERS-CoV. Tg+ and 

Tg− mice were euthanized on day 2 and 4 

after challenge with MERS-CoV for 

assessing the pathology of the lungs and 

brain. (A) More extensive gross lesions 

of the lungs were detected in Tg+ mice 

than in Tg− mice, starting at day 2 after 

challenge. (B) Paraffin-embedded 

sections of lung and brain specimens 

were stained with H&E. Compared to a 

few foci of perivascular infiltration in the 

lungs of Tg− mice, a more intense and 

widespread bronchiolitis and alveolitis 

was observed in the lungs of Tg+ mice, 

starting at day 2 postchallenge. The 

major cell types of the inflammatory 

infiltrates were lymphocytes and 

monocytes, with a few scattered 

neutrophils. (C) No significant necrosis 

or inflammation other than mild 

perivascular cuffing in a single animal, 

were observed in the brain even at 4 dpi 

when high levels of viral infection was 

detected. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F4/
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alveolar spaces (Fig. 4B). Both type I and type II alveolar epithelial cells appeared to be the 

targets for MERS-CoV infection in hCD26 Tg+ mice (Fig. 2D). No significant necrosis or 

inflammation other than mild perivascular cuffing in a single animal, were observed in the brain 

even at 4 dpi when high levels of viral infection was detected (Fig. 4C). Similarly, no pathological 

findings could be identified in other tissues collected from virus-challenged Tg+ or Tg− mice.  

Discussion 

Small-animal models for studying MERS-CoV pathogenesis and immune responses 

are key to the development of vaccines and antivirals. The failure of mice, hamsters, and 

ferrets, the most commonly used small animal models, to support MERS-CoV infection (van 

Doremalen, Miazgowicz et al. 2014) has impaired scientific progress on these fronts. In 

contrast, mice, hamsters, and other small animals were susceptible to SARS-CoV infection  

and disease (Roberts, Lamirande et al. 2008). Moreover, a SARS-CoV virus strain that 

caused severe respiratory disease and death was developed by serial passaging in mice 

(Roberts, Deming et al. 2007). This was, at least partly, due to the expression of virus 

receptor for SARS-CoV (hACE-2) in small animals. Availability of small animal models 

permitted a relatively fast-paced research on SARS-CoV infection and disease. However, 

the receptor for MERS-CoV, human CD26/DPP4 is not expressed naturally in tissues of 

mice, hamsters, and ferrets making them not susceptible to infection. In last few years, two 

NHP species, rhesus macaques and marmosets, and Ad5-hDPP4-transduced mice have been 

reported as models for MERS-CoV infection and disease (de Wit, Rasmussen et al. 2013, 

Falzarano, de Wit et al. 2014, Zhao, Li et al. 2014). In contrast to the transient and self-

limited viral infection and mild-to-moderate respiratory disease caused by experimental 

MERS-CoV infection in rhesus macaques and Ad5-hDPP4-transduced mice, marmosets 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F4/
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developed a more serious infection, predominantly in the respiratory tract, that caused 

progressive severe pneumonia and death in some animals. Hence, before the studies 

presented in this Chapter, marmoset appeared to be the best model for MERS-CoV infection 

and disease. 

With considerable effort, we succeeded in establishing a transgenic mouse model for 

MERS-CoV infection and disease. In contrast to the variable duration and level of hDPP4 

expression in Ad5-hDPP4-transduced mice, our transgenic mice expressed hCD26/DPP4 

globally. Moreover, as compared to the limited transient infection in the Ad5-hDPP4-

transduced mice, the transgenic mice also supported robust MERS-CoV infection, especially 

in lungs and brain, and developed a severe respiratory and generalized illness that led to 

death within days after infection. We consistently observed signs of severe disease including 

relentless weight loss, acute and profound pulmonary viral infection, and death along with 

characteristic lung pathological changes in MERS-CoV-challenged hCD26/DPP4 transgenic 

mice. Transgenic mice expressing hCD26/DPP4 were established using the 

pCAGGS.hCD26 plasmid that was first shown to convert nonsusceptible, but otherwise 

permissive, mouse 17CL-1 cells to full susceptibility to MERS-CoV infection (Fig. 1). 

Among four identified fertile founders of transgenic lineages capable of transmitting the 

transgene to offspring (Table 1), three founders (lines 62, 72, and 78) either had neonatal 

mortality or had very small litter sizes. However, the line 52 founder was fertile and gave 

birth to litters with an average of 8 to 12 healthy pups, thereby allowing the generation of 

many G1, G2, and even G3 Tg+ offsprings. Such a low rate in successfully establishing 

hCD26/DPP4 transgenic lineages was unexpected, as we had successfully used a similar 

pCAGGS plasmid-based approach to establish at least five transgenic lineages globally 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/table/T1/
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expressing different levels of hACE-2 receptor for SARS-CoV (Tseng, Huang et al. 2007), 

suggesting that the expression of hCD26/DPP4 may have negative effect on the well-being 

of mice. 

CD26/DPP4, a type II transmembrane serine peptidase, is unambiguously expressed 

at various levels in many human tissues and can regulate diverse biological functions, in 

health and disease, through the cleavage of X-proline dipeptides of many growth factors, 

chemokines, neuropeptides, vasoactive peptides and other biologically active polypeptides 

(Lambeir, Durinx et al. 2003, Yu, Yao et al. 2010). In addition, an ill-regulated enzymatic 

function of CD26/DPP4 could lead to the inactivation of incretin hormones, such as 

glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), 

resulting in decreasing glucose-dependent secretion of insulin, the hallmark of diabetes (Mu, 

Petrov et al. 2009). Moreover, an increased CD26/DPP4 expression can negatively affect the 

growth of endothelial cells, especially within the microvasculature network (Takasawa, 

Ohnuma et al. 2010). Therefore, DPP4 inhibitors have been used successfully as antidiabetic 

drugs, reversing the detrimental effect imposed by inactivated incretin hormones by 

increasing insulin secretion and suppressing glucagon secretion (Takasawa, Ohnuma et al. 

2010), providing the therapeutic basis for using DPP4 inhibitors for treating vascular 

complications associated with diabetes. Based on these reports of DPP4 function, we 

explored whether uncontrolled sugar metabolism could be responsible for neonatal or 

premature deaths of Tg+ pups of lines 62 and 72. Preliminary data obtained from a pilot study 

of line 62 founder and a few G1 or G2 pups (∼3 to 4 weeks of age) derived from lines 72 and 

52 indicated that there were 2- to 3-fold increase in blood sugar levels of the Tg+ mice of 

each lineage compared to their Tg− littermates. Coincidently, pathological examination also 
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revealed the existence of irregular vasculature in the kidneys, lungs, and liver of Tg+ mice 

of Line 72 but not line 52. These results led us to speculate that hCD26 is likely catalytically 

active in Tg+ mice, having a negative impact, to a varying extent, on the well-being of mice 

in a lineage-dependent manner. However, whether such an “add-on” hDPP4 activity in 

Tg+ mice could be responsible for elevated blood sugar levels and abnormal vasculatures 

and contribute to breeding difficulties and prenatal or postnatal deaths awaits additional 

studies. Similarly, whether altered glucose metabolism influences the course of infection and 

disease in line 52 Tg+ mice needs to be studied further. 

Kinetics and tissue distribution of MERS-CoV replication in MERS-CoV-infected 

(i.n.) lineage 52 Tg+ mice clearly indicated that a robust viral infection took place primarily 

in the lung and brain, the prime tissues for MERS-CoV infection in these animals. The 

highest load of infectious virus in the lung was detected at 2 dpi, which was reduced by 3 

logs at 4 dpi; whereas infectious virus in the brain could not be detected until 4 dpi, 

suggesting that the respiratory tract was the initial site of MERS-CoV infection (Fig. 3C). 

While IHC showed that MERS-CoV primarily replicated in type I and II pneumocytes in the 

lung alveolae many cell types including microglia, astrocytes, and neurons were infected in 

the brain (Fig. 3E and G). Although infectious virus was not recovered from the other 

tissues collected, viral RNA was readily detected by  RT-qPCR in the heart, spleen, and 

intestines, suggesting a disseminated infection. However, despite confirmed hCD26/DFPP4 

expression, no viral RNA was detected in the liver and kidneys (Fig. 3D and 2D). In some 

MERS patients, acute renal failure has been reported (Zaki, van Boheemen et al. 2012). 

Despite the widespread viral infection in experimentally infected rhesus macaques and 

marmosets, viral RNA from kidneys could only be detected in marmosets; however, neither 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F2/


 

45 
 

infectious virus nor histopathology was detected in the kidneys of infected marmosets (de 

Wit, Rasmussen et al. 2013, Falzarano, de Wit et al. 2014). Similar to our findings in the 

mouse model, respiratory infection with MERS-CoV in marmosets led to viral spread in the 

central nervous system as evidenced by the detection of viral RNA in the frontal lobe, 

cerebellum, and brain stem (Falzarano, de Wit et al. 2014). However, virus isolation from 

the brain was not attempted in the marmosets study. 

Consistent with an acute, robust MERS-CoV infection, histopathological 

examination identified lungs as the main target tissue in MERS-CoV-challenged Tg+ mice. 

In addition to readily recognizable gross changes (Fig. 4A), microscopic lesions occurred as 

early as 2 dpi and it progressed to severe bronchointerstitial pneumonia with prominent 

inflammatory infiltrates of lymphocytes, macrophages, and neutrophils at 4 dpi (Fig. 4B). 

Although mild thickening of alveolar walls was present at 4 dpi, edema and/or fibrin 

deposition was not detected in pulmonary interstitium. Other than a mild perivascular cuffing 

in a single mouse, pathological change was not detected in the brain even at 4 dpi when 

robust viral replication was detected (Fig. 4C and Fig. 3). Similarly, no pathological 

changes were identified in heart, liver, spleen, kidneys, and intestines. 

In summary, the data presented here shows the successful establishment of a 

transgenic line of mice expressing hCD26/DPP4 and characterization of these mice as a 

lethal small-animal model for MERS-CoV infection and disease. Not only these Tg+ mice 

support robust MERS-CoV infection, but they also develop clinical manifestations and death 

within a week after infection. We believe that this newly established transgenic mouse model 

will be useful as an additional model for studying the pathogenesis of and evaluating the 

efficacy of preventive and therapeutic agents for MERS-CoV infection and disease. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4403411/figure/F3/
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CHAPTER IV: CHARACTERIZATION AND DEMONSTRATION OF                             

THE VALUE OF A LETHAL MOUSE MODEL OF  

                            MIDDLE EAST RESPIRATORY SYNDROME  

                            CORONAVIRUS INFECTION AND   DISEASE 

Introduction 

Although our globally expressing hCD26/DPP4 transgenic mice are highly 

permissive to MERS-CoV infection and disease, the acute onset of severe morbidity and 

mortality makes it difficult to fully investigate the pathogenesis, host immune responses, and 

immunity associated with MERS-CoV infection and disease.  By mice starting to die at day 

5 pi it makes certainly dificult to develop a study design due to the limited number of days 

they remain alive. As an an example to illustrate this, we can mention that in order to study 

adaptive immune response,  it is needed from 4–7 before the initial adaptive immune 

response takes effect. To further develop this transgenic mouse model for MERS studies, we 

determined the 50% lethal dose (LD50) and 50% infectious dose (ID50) of MERS-CoV and 

studied the tissue distribution of viral infection and histopathology in the hCD26/DPP4 Tg+ 

mice challenged with a much lower, dose of MERS-CoV. Additionally, we show that these 

transgenic mice can be used as a robust preclinical model for evaluating the efficacy of 

vaccines and antivirals against MERS. 

 

Results 
 

       Determination of LD50 and ID50 

To characterize our mouse model further, we determined the 50% lethal dose (LD50) 

and 50% infectious dose (ID50) of MERS-CoV by i.n. inoculation of groups of Tg+ mice with 

101 to 106 TCID50 of MERS-CoV in the first experiment. We observed that mice receiving a 
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dose from 102 to 106 TCID50 succumbed to infection (100% mortality), and with an increase 

in the number of days the mice survived as the inoculum dose was reduced. Weight loss was 

extreme (≥ 20%) for dosages of 103 and higher; all mice that were given a dose of 102 died, 

but weight loss was 8% or less. Only 5 of 8 mice given a dose of 101 died; deaths occurred 

between 8 to 13 dpi, and weight loss was only 4% (Experiment 1; Table 2). All of the 

surviving mice continued to appear healthy up to 21 dpi when the experiment reached the 

study endpoint.   

In a second experiment, we further assessed the LD50 and ID50 of the MERS-CoV. Four 

groups of four Tg+ mice were challenged (i.n.) with 2-fold decrements of MERS-CoV 

 

Table 2. Determining the 50% lethal dose (LD50) and infectious dose (ID50) of MERS-CoV in 

hCD26/DPP4 transgenic mice  

Experiment Challenge Dose 

(TCID50/mouse) 

No. Deaths /    

No.  Challenged     

(% Survival) 

Day of death post 

challenge  

No. infected /      

No. tested 

(% infected) a 

 1 106 8/8 (100) 4-6 NAb 

105 4/4 (100) 5-7 NA 

104 4/4 (100) 5-8 NA 

103 4/4 (100) 6-10 NA 

102 8/8 (100) 6-12 NA 

101 5/8 (62.5) 8-13 NDc 

2 101 2/4 (50) 9,10 2/2 (100) 

5 1/4 (25) 9 3/3 (100) 

2.5 0/4 (0) NAa 3/4 (75) 

1.25 1/4 (25) 10 3/3 (100) 

a. Infection determined by serum antibody response in neutralization a/o ELISA tests. 

b. Not applicable (NA) 

c. Not determined (ND) 

NOTE: Estimated LD50  and ID50 are  10 and  < 1 TCID50, respectively.  

 

http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#T1
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starting with 10 TCID50 i.e. 10, 5, 2.5, and 1.25 TCID50 of virus. Although none of the 

infected mice exhibited any significant weight loss; two mice died (one each on days 9 and 

10) in group infected with 10 TCID50 and one mouse each died in group infected with 5 or 

1.25 TCID50, whereas all mice challenged with 2.5 TCID50 of MERS-CoV survived without 

any clinical illness (experiment 2; Table 2). From the data in Table 2, we estimated the 

LD50 and ID50 of MERS-CoV for our transgenic mouse model to be 10 and <1 TCID50, 

respectively, further emphasizing the extreme susceptibility of hCD26/DPP4 transgenic 

mice to MERS-CoV infection and disease. With a third follow-up experiment by using 

inoculums of 10-fold downward dilutions of 10, 10-1, 10-2, 10-3 TCID50, we were able to 

further refine the LD50 and ID50 doses determinations as 4.6 TCID50 and 0.32 TCID50, 

respectively (Table 3). 

     Infection-induced immune response and immunity to re-challenge with MERS-CoV.  

From the second experiment described above for the LD50 and ID50 studies 

(Experiment 2; Table 2), all except one surviving mouse developed MERS-CoV S1 

protein-specific IgG by 21 days post-infection, with ELISA titers of 1:400 to 1:800,  (Table 

4). We subsequently challenged (i.n.) these survivors at 35 dpi, along with two naive 

Tg+ mice, with 103 TCID50 (100 LD50) of MERS-CoV to determine if they are immune to a 

Table 3. Determining infectious dose (ID50) of MERS-CoV in hCD26/DPP4 

transgenic mice 

Experiment Challenge Dose 

(TCID50/mouse) 

Number of mice 

per group 

% of mice positive for 

ELISA IgG antibody  

 

3 

101 6 4/6 (67%) 

100 6 5/6(83%) 

10-1 6 6/6(0%) 

10-2 6 6/6(0%) 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702581/table/T1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702581/table/T1/
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#T1
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#T2
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#T2
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lethal infection dose. While both the naive mice lost more than 20% body weight and 

succumbed to infection within 10 dpi, all mice that had survived the prior low-dose 

challenge, including the one that failed to exhibit a serum antibody response, were immune 

to the lethal challenge and survived without significant weight loss for more than 3 weeks 

after the challenge. The rechallenged mouse without serum antibody in the standardized test 

ELISA antibody results for lower-endpoint criteria, less that 1:100. Thus, previous infection 

with a nonlethal dose of MERS-CoV is sufficient to induce immune responses that fully 

protect Tg+ mice against lethal infection. 

 

       

 

 

 

Table 4. Serum Antibody titers to MERS-CoV in survivals of initial challenge and their 

 response to re-challenge  

 

Initial challenge 

dose (TCID50)  

 

Number of 

survivors 

Serum antibody responsesa  

Death or wt loss 

on rechallenged 
Neutralizing 

antibodyb 

ELISA IgG 

antibodyc 

101 

 

2 < 10, 10 800,800 0/2 

5 

 

3 10, < 10, 20 800,400,800 0/3 

2.5 

 

4 20, 20, < 10, 20 400, 400,<100, 400 0/4 

1.25 

 

3 < 10, 10, < 10 400,400,400 0/3 

a: Antibody responses were determined at day 21 p.i. 

b: The highest dilution of sera that completely inhibited CPE formation in 100% of infected Vero E6   

     cultures (NT100) 

c: The highest dilution of sera with MERS-CoV S1-specific antibody with a mean optical density (OD) ≥  

    2 standard deviation (SD) greater than the mean for naïve mice 

d: Re-challenged with 100 LD50 (103 TCID50) of MERS-CoV at day 35 after the initial infection. Two out  

    of two simultaneously challenged naïve Tg+ mice exhibited severe weight loss ( ˃ 20%) and death  

    occurred within 10 days p.i.   
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Kinetics of and tissue distribution of viral infection in hCD26/DPP4 Tg+ mice challenged   

       with 10 LD50 of MERS-CoV.  

To avoid overwhelming the mice with MERS-CoV, we selected 10 LD50 as the 

potential working dose for future studies of pathogenesis as well as evaluation of antiviral 

therapies. We have shown that Tg+ mice challenged (i.n.) with 106 TCID50 of MERS-CoV 

suffered profound weight loss of ≥ 20% with 100 % deaths within 6 dpi. While infectious 

virus could be readily recovered from the lungs and brain and progressive pneumonia with 

extensive infiltration of inflammatory cells was seen, no histopathological lesions were 

identified in the brain of infected mice.  

In contrast to the acute, extensive weight loss and mortality seen with high dose 

infection, a lower dose of 10 LD50 (~100 TCID50) MERS-CoV exhibited a maximum of only 

8% weight loss before death. In contrast to the consistent recovery of ≥ 107 TCID50/g of 

infectious virus from the lungs of mice inoculated with 105 LD50 (106 TCID50), a much lower 

titer of virus (∼104.6 TCID50/g) was detected in the lungs of only a single mouse at 2 and 4 

dpi (Fig. 5A). Moreover, we detected only approximately 104.2 TCID50/g of infectious virus 

from the brain of a single mouse at 8 dpi (Fig. 5B). IHC failed to reveal the expression of 

viral antigens in lung and brain tissues including those positive for infectious virus. 

Consistent with those inoculated with 106 TCID50 of MERS-CoV, we were unable to 

faithfully recover any infectious virus from other tissues, including liver, spleen, kidneys, 

and intestines from the low-dose challenged mice.  

Although infectious virus could be detected only sporadically, RT-qPCR indicated 

consistent expression of viral RNA, especially in lungs and brains (Fig. 5C). All lung 

specimens collected over time were positive for viral RNA, with the highest level detected 

http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F1
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F1
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F1
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at 4 dpi. In contrast, viral RNA was undetectable in brains until day 6; however, expression 

increased thereafter, reaching the highest level at 10 dpi. Although attempts to isolate virus 

from the gastrointestinal (GI) tract were unsuccessful, viral RNA was detected at day 6 and 

increased thereafter, reaching a level equivalent to 103.4 TCID50 eq/g at 10 dpi (Fig. 5C). 

Viral RNA was detectable in all other tissues over time but at low levels. Taken together, 

these results indicate that, despite differences in the kinetics and intensities of viral infection,  

 

 

Figure 5. Kinetics and tissue distribution of MERS-CoV infection in hCD26/DPP4 

transgenic mice. (A) Low levels of virus were recovered from infected lung homogenates 

of a single mouse (of three) at 2 and 4 dpi. Dotted lines represent the limit of detection. (B) 

A barely detectable level of virus was recovered from brain homogenates of one mouse (of 

three) at 8 dpi. Dotted lines represent the limit of detection. (C) Kinetics of viral loads in 

various tissue homogenates harvested at the indicated dpi, and assessed by levels of 

upstream E gene-specific viral RNA expression. Data are presented as means ± standard 

errors (SE); error bars indicate standard errors.  

 

http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F1
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lung, brain, and, possibly GI tracts appear to be the major tissues supporting MERS-CoV 

infection in Tg+ mice. 

       Histopathology of hCD26/DPP4 transgenic mice infected with 10 LD50 of MERS-CoV.  

In contrast to the profound gross lesions detected solely in the lungs of animals 

challenged with 106 TCID50 of MERS-CoV, no gross organ pathology was noted in the 

lungs, brain, and other organs of animals sacrificed at 2-day intervals for virological and 

histological evaluations. However, microscopic lesions were noted on different days after 

infection in lungs, in brain, and, to a lesser extent, in liver but not in spleens, kidneys, and 

small intestines, etc.. As shown in Fig. 6, lung histopathology of infected mice primarily 

showed mild and multifocal perivascular, peribronchial, and interstitial infiltrations with 

mononuclear cells at 2 and 4 dpi. The intensity of these pulmonary infiltrates was slightly 

increased in 2 of 3 animals and moderately increased in 1 animal at 6 dpi and reached the 

maximum in all 3 animals sacrificed at 8 dpi. A decreasing trend of the pulmonary 

inflammatory response was seen in the sole survivor at 10 dpi, suggesting that some 

resolution was under way. 

In contrast to the earlier high-dose viral challenge (106 TCID50/mouse) ( Figure 4), 

in which an inconsistent mild perivascular effect was the only pathological change seen in 

infected brains, mice infected with 102 TCID50/mouse (10 LD50) developed progressive 

inflammatory responses. As shown in Figure 7, no abnormalities could be detected in brain 

stem tissues at either 2 or 4 dpi. However, pathological changes consisting of perivascular 

cuffing, microglia activation, and apoptotic bodies that likely represent neuronal death were 

noted in brain stem tissues from 6 to 10 dpi. While no intracerebral pathology was seen in 

brain, mild meningitis was noted in cerebral tissues from 8 to 10 dpi. Focal mononuclear 

http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F2
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F3
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infiltrations were noted in liver specimens collected at 6 to 10 dpi but not in those collected 

at 2 and 4 dpi; however, we did not detect definite pathology in kidney, small intestine, and 

spleen. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Photomicrographs (taken using low [left panels] - and high 

[right panels]-power magnification) of lungs of hCD26/DPP4 Tg+ mice 

challenged with 10 LD50 of MERS-CoV. H&E-stained paraffin-

embedded sections of lung specimens collected from Tg+ mice at the 

indicated days after infection were evaluated for pathology as briefly 

described in Materials and Methods. Multifocal perivascular and 

peribronchiolar infiltrates predominately composed of mononuclear cells 

were detected at 2 and 4 dpi. The inflammatory responses gradually 

increased and extended to bronchi and the alveolar interstitium through 6 

to 8 dpi. Some resolution was noted at 10 dpi (in a single surviving 

mouse), but discrete perivasculitis remained detectable. 
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Figure 7. Photomicrographs (taken using high-power magnification) of 

brain stem and cortex of hCD26/DPP4 Tg+ mice challenged with 10 LD50 of 

MERS-CoV. Brain tissues obtained from the infected mice described in the Fig. 

6 legend were processed for assessing histopathology. No pathological lesions 

were seen at 2 and 4 dpi. However, pathological changes, including the presence 

of perivascular cuffing, apoptotic bodies, and activated microglia, were seen in 

the brainstem at 6 to 10 dpi. No intracerebral pathology was seen, but 

mononuclear cell collections in cortical meninges were seen at 8 and 10 dpi. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702581/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702581/figure/F2/
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       Use of hDPP4/CD26 transgenic mice as preclinical model for the development of   

       vaccines and treatments for MERS.  

After establishing LD50 and ID50 for MERS-CoV (Tables 2), we explored whether 

these Tg+ mice can be used as a small and economic model for the development of vaccines 

and treatments for MERS-CoV infection and disease. We evaluated the protective efficacy 

of a MERS-CoV receptor binding domain (RBD)-based subunit vaccine (S377-588-Fc) 

(Tang, Zhang et al. 2015, Wang, Shi et al. 2015, Zhang, Channappanavar et al. 2016), and a 

MERS-CoV-specific fusion inhibitor peptide (HR2M6) (Gao, Lu et al. 2013, Lu, Liu et al. 

2014) against MERS-CoV infection in our transgenic mice.  

1. Evaluation of the efficacy of S377-588-Fc as a subunit vaccine 

As described in the section of methodology, sera of vaccinated mice were collected 

at day 10 after the second immunization for assessing immunogenicity in neutralizing 

antibody tests. As shown in Figure 8, consistent with the absence of any detectable 

neutralizing antibody response (< 1:10), mice given PBS/MF59, as controls, harbored ~ 104.9 

TCID50 eq/g of MERS-CoV in their lungs harvested at day 2 after challenge (i.n.) with 100 

LD50 (103 TCID50) of MERS CoV. It was also accompanied by profound weight loss (≥ 20%) 

and uniform death with 100% mortality by 8 dpi. In contrast, those vaccinated with S377-

588-Fc/MF59 elicited an average serum neutralizing antibody (NT100) titer of ∼1:800. None 

of the three vaccinated and challenged mice tested at 4  dpi had any recoverable infectious 

virus in lungs, whereas the remaining five vaccinated and challenged mice appeared to be 

“disease-free” as none suffered any weight loss. Based on these results, we concluded that 

the receptor binding domain protein vaccine, S377-588-Fc, induced serum neutralizing 

antibody to MERS-CoV and resulted in full protection against challenge with 100 LD50 of 

http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#T1
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F4
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virus (Fig. 8). Importantly, these results clearly demonstrate the usefulness of our transgenic 

mice as a robust preclinical model for evaluating the efficacy of vaccine candidates for 

MERS.  

 

2. Evaluation of the efficacy of the HR2M6 virus fusion inhibitor for prophylactic and 

therapeutic treatment.  

As mentioned previously S protein is important for the binding and fusion process to 

the target cell membrane. Therefore, some of the studies intend to target some particular 

regions of the S protein in order to inhibit viral infection. It has been shown in the case of 

 

Figure 8. Immunization of hCD26/DDp4 Tg+ mice with a receptor binding domain (RBD) and 

challenge with 100 LD50 of MERS-CoV. Two groups of Tg+ mice (with eight animals in each 

group) were immunized (once and then again three weeks later) with a MF59-adjuvanted RBD 

fragment fused with Fc or MF59/PBS alone. (A) Levels of the resulting neutralizing antibody titers 

were determined prior to viral challenge. (B) Lung viral loads of three animals were determined at 

day 4 after infection with 100 LD50 (103 TCID50) of MERS-CoV by RT-qPCR targeting the 

upstream E gene and were expressed as log10 TCID50 equivalents per gram. (C) The remaining five 

mice in each group were monitored daily for weight loss and survival. Error bars indicate standard 

errors. ***, P < 0.001 (Student's t test for comparisons of results from the control and test groups). 

The horizontal dashed lines represent limit of detection. 
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some viruses, including MERS-COV that peptides derived from the HR2 domain (such as 

HR2P) can interact with the HR1 region in the S protein and inhibit the fusion of viral and 

target cell membranes. One of these peptides is HR2M6 which we decided to test in our 

model. Although no infectious virus could be recovered from challenged mice regardless of 

whether they were treated with HR2M6 or not, lung viral RNA titers were significantly 

reduced from 3.7 log10 TCID50eq/g in PBS-treated mice to 1.2 and 1.4 log10 TCID50 eq/g in 

those pretreated with HR2M6 at 1 and 4 h, respectively (Fig. 9A). All of the remaining five 

Figure 9. Prophylactic and therapeutic evaluations of the activity of the HR2M6 fusion 

inhibitor against MERS-CoV infection and disease in hCD26/DPP4 transgenic mice. 

For evaluating the prophylactic efficacy, groups of Tg+ mice (with eight in each group) 

were given a single dose of either HR2M6 (200 μg in 50 μl) or PBS (control) at 1 or 4 h 

before viral challenge. Mice were challenged i.n. with 10 LD50 (102TCID50) of MERS-CoV 

in 60 μl. (A) Lung viral loads were determined in three infected mice per group at  2 dpi by 

qRT-PCR targeting the upstream E gene and are expressed as log10 TCID50 equivalents per 

gram (eq/g). Error bars indicate standard errors. (B) Survival rates of the remaining five 

animals in each group were assessed daily. For assessing therapeutic efficacy, two groups of 

Tg+ mice (with eight animals/group) were treated i.n. with HR2M6 (200 μg in 50 μl) or PBS 

at 1, 12, and 24 h and then daily for 7 days after infection. (C and D) Viral challenge 

experiments were performed with 10 LD50 (102 TCID50); viral load was assessed at 2 dpi 

(C), and survival rates (Survivals) were assessed for 12 days (D). **, P < 0.01 (1-way 

analysis of variance [ANOVA] for comparisons with control group results). 

 

http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F5
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mice and four of the five mice pretreated with HR2M6 at 1 and 4 h, respectively, were 

protected from death, whereas four of five PBS-treated mice succumbed to the infection 

(Fig. 9B). When evaluating the therapeutic efficacy of HR2M6, in contrast to the earlier 

report (Gao, Lu et al. 2013, Lu, Liu et al. 2014), we did not see any therapeutic benefit of 

HR2M6 as neither the viral loads nor the mortality rates were significantly reduced (Fig. 9C 

and D). Results obtained from additional Tg+ mice treated with this fusion inhibitor prior to 

and/or after exposure to different doses of MERS-CoV consistently indicated that HR2M6 

was effective as a prophylactic but not as a therapeutic agent against MERS-CoV infection 

and disease in the Tg+ mouse.  Hence, the utility of our mouse model for evaluating the 

efficacy of antiviral treatments against MERS-CoV has been demonstrated.  

Discussion 

As indicated in Chapter III, one lineage of the transgenic mice was selected and 

further evaluated. A 106 TCID50 i.n. dose of MERS-CoV strain EMC/2012 induced severe 

pneumonia leading to death in 5  to 6 days. Virus titer in lungs was highest on day 2 post-

challenge, and was followed by dissemination to many other organs including the brain. 

Based on RT-qPCR assays, virus titer was highest in lungs on day 2 and brain on day 4 post-

challenge. Both extensive gross lung pathology and microscopic lung pathology developed. 

Major histopathological changes in lungs were seen on day 4 but the brain had minor or no 

pathological changes despite the detection of high titers of virus and viral antigens in neurons 

and glial cells. The extensive infection and disease seen with MERS-CoV in our transgenic 

mouse model were similar to that reported in marmosets challenged with MERS-CoV 

(Falzarano, de Wit et al. 2014). A concern was that the challenge to our transgenic mice and 

the challenge to the marmosets might have represented overwhelming doses in very 

http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F5
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F5
http://jvi.asm.org.libux.utmb.edu/content/90/1/57.full#F5
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susceptible animals that caused a very severe acute lung infection with dissemination to 

numerous organs. Although currently available clinical information is inadequate to exclude 

dissemination of MERS-CoV as a component of MERS-CoV pneumonia in humans, MERS 

is considered to be a respiratory infection and disease (Zaki, van Boheemen et al. 2012, 

Zumla, Hui et al. 2015). 

We studied the effect of challenge dose in our transgenic mouse model to further 

characterize MERS-CoV infection and disease and to optimize conditions for the evaluation 

of vaccines and antivirals; we conducted studies to estimate ID50 and LD50. These studies 

yielded an estimated ID50 of <1 TCID50 and an LD50 of 10 TCID50 (Table 2). Thus, the initial 

challenge study with a dose of 106 TCID50 represented a challenge with more than 1 million 

ID50 and 100,000 LD50 of virus. This might be designated as an “overwhelming” dosage and 

suggests that this may have also been true for the marmoset study (Falzarano, de Wit et al. 

2014). 

Current data suggests that virus dissemination and infection of other organs may 

occur during MERS-CoV infection, particularly in those with severe disease. Virus has been 

detected in blood and urine of a MERS patient (Drosten, Seilmaier et al. 2013). Moreover, 

the receptor for MERS-CoV, CD26/DPP4 (Raj, Smits et al. 2014), is ubiquitous in human 

tissues and, presumably, in primates and humanized mice; its presence has been 

demonstrated in lung, kidney, GI tract, brain, and most (if not all) other organs (Gorrell 

2005). Given access to an organ, virus infection may occur and yield virus and local 

abnormalities. 

Initial reports of SARS emphasized lung disease, its severity, and problems in 

management (Nicholls, Poon et al. 2003, Denison 2004, Ding, He et al. 2004, Peiris, Guan 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702581/table/T1/
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et al. 2004). Gastrointestinal infection and disease were reported commonly in early reports 

for MERS, but disease in other organs was not. However, subsequent reports of autopsies in 

cases of SARS-related deaths noted dissemination and a high frequency of central nervous 

system (CNS) disease, particularly in neurons (Ding, He et al. 2004, Gu, Gong et al. 2005, 

Xu, Zhong et al. 2005). It seems possible that an encephalopathy or an encephalitis type of 

abnormality might have been missed in patients with severe lung disease. Mouse-adapted 

MA-15 strain of SARS-CoV in the hACE-2 receptor transgenic mouse models causes severe 

disease and death and exhibited SARS-CoV dissemination and presence of virus in the brain 

(McCray, Pewe et al. 2007, Roberts, Deming et al. 2007, Tseng, Huang et al. 2007). Thus, 

SARS-CoV appears to have a capacity for dissemination with infection and disease in other 

organs, including brain. In a report of three severe cases of CNS disease in association with 

MERS, the authors suggested that CNS disease might be missed among cases of severe 

disease in intensive care units with the use of sedation and neuromuscular blockade (Arabi, 

Harthi et al. 2015). These findings from SARS-CoV and MERS-CoV infections and diseases 

in humans suggest a need for caution in drawing conclusions about patterns of human 

infection and disease until a complete set of data are available. Similarly, data on animal 

model infections suggest that conclusions about the properties of a model should await a full 

characterization of the course of infection and disease in the model. 

Although further refinement of our transgenic mouse model is desirable, a major 

value of a small-animal model of infection and disease of humans is in preclinical evaluation 

of infection and vaccine-induced immunity and of antimicrobials for prevention and 

treatment. Hence, we conducted a study of immunity induced in surviving mice  in the 

ID50/LD50 determinations ( Table 2 and Table 4) and a preliminary test of a candidate 
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vaccine and antiviral for MERS-CoV. Mice surviving infection had developed serum 

neutralizing antibody, and all were completely immune to challenge with 100 LD50 of 

MERS-CoV (Tables 2 and 3). Similarly, a receptor binding domain protein vaccine, S377-

588-Fc, induced serum neutralizing antibody to MERS-CoV and vaccinated animals were 

significantly protected from challenge with 100 LD50 of virus (Fig. 8). Finally, although no 

benefit was seen with post challenge treatment in our test, we verified (Fig. 9) a previous 

report that i.n. administration of a MERS-CoV fusion inhibitor peptide, HR2M6, before virus 

challenge prevented disease and death after challenge (Channappanavar, Lu et al. 

2015)Thus, the utility of our MERS-CoV model for studies of immunity and for the 

development of vaccines and antivirals has been demonstrated. 

Although we have not yet developed a model of infection not leading to death, the 

ID50 data available for our virus and test system ensure that an effort would be successful. 

Variations in the severities and patterns of infection and disease in a MERS-CoV model are 

potentially important, as human infection and disease apparently span a spectrum from 

infection with little or no disease to overwhelming disease and death (Al-Tawfiq 2013, 

Zumla, Hui et al. 2015). Currently available data indicate that our transgenic mouse model 

can completely span this spectrum of infection and disease. To have both an infection model 

and a lethal model of MERS-CoV infection is highly desirable. 

CHAPTER V: FINAL DISCUSSION 

       Human MERS-CoV infections 

 Human MERS-CoV infections show a broad spectrum of disease severity ranging 

from asymptomatic to progressive, fatal pneumonia and. renal or multiorgan failure, in some 

cases. The asymptomatic cases mostly occur in healthy and immunocompetent individuals, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702581/figure/F4/


 

62 
 

and are being reported more frequently due to improved surveillance (Centers for Disease 

and Prevention 2013, Drosten, Meyer et al. 2014). Median incubation period to develop 

MERS is 5 days. Symptoms include coughing and shortness of breath along with fever, 

headaches, fatigue, myalgia, arthralgia, vomiting and diarrhea (Bermingham, Chand et al. 

2012, Guery, Poissy et al. 2013, Omrani, Matin et al. 2013, Tsiodras, Baka et al. 2014). 

MERS is usually a lower respiratory tract infection; however, in some cases, sore throat and 

rhinorrhea (upper respiratory tract) also occur (Cunha and Opal 2014, Oboho, Tomczyk et 

al. 2015). Patients with comorbidities such as diabetes, renal and cardiovascular diseases are 

more prone to develop severe disease (Assiri, McGeer et al. 2013, Guery, Poissy et al. 2013, 

Who Mers-Cov Research 2013). Sputum and bronchoalveolar lavage are the most reliable 

samples for diagnosis due to their high viral loads (Guery, Poissy et al. 2013, Cunha and 

Opal 2014). However, MERS-CoV can sometimes be detected in oropharyngeal or nasal 

swabs, serum, blood, urine, and feces (Guery, Poissy et al. 2013, Hijawi, Abdallat et al. 2013, 

Memish, Zumla et al. 2013, Drosten, Meyer et al. 2014).  

The first autopsy performed on a MERS fatal human case helped us understand the 

pathogenesis of MERS-CoV infection (Ng, Al Hosani et al. 2016). While not weighing the 

organs and a delay of 10 days before autopsy was performed (Walker 2016) might have 

impacted the findings, primary target organ (lung) as well as the cells (pneumocytes, 

multinucleated epithelial syncytial cells, and bronchial submucosal glands) were 

successfully identified by using MERS-CoV antigen-specific IHC and EM (electron 

microscopy). The likely source of viral shed in respiratory secretions that ultimately led to 

human-to-human transmission could be the bronchial submucosal glands. While lesions in 

the lungs and submucosal glands were observed, no pathology was seen in CNS or kidneys. 
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Moreover, no viral antigen was detected in liver, spleen, lymph nodes, small intestine, colon, 

and kidney. However, IHC is not sensitive enough to detect virus infection if the viral load 

in that particular organ is less than  104 TCID50/g of tissue. While lungs in MERS-CoV 

patients have high viral loads, loads in other tissues may not be enough to be detected by 

IHC. A RT-qPCR-based assay would have been a better alternative due to its higher 

sensitivity.  

In contrast to the viral RNA seen in the urine of some human MERS-CoV infections, 

no renal evidence of MERS-CoV infection and disease was seen in this patient. Therefore, 

acute renal failure observed in this particular patient was not directly caused by MERS-CoV 

infection and was probably due to cytokine dysregulation or hypoperfusion. While viral 

RNA has also been detected in stools of some patients, no evidence of intestinal MERS-CoV 

infection was seen. Therefore, the gastrointestinal symptoms such as nausea, vomiting, 

abdominal pain might have not been due to direct effect of GI tract infection. In addition, 

some of the in vitro studies such as in vitro infection of macrophages and dendritic cells 

(Chu, Zhou et al. 2016) were not supported by the autopsy report.   

Most of the animal models of MERS-CoV infection and disease were developed 

before the first autopsy report, and apparently, these models do not recapitulate all the 

features reported from this autopsy. Thus, even though the first autopsy provided a lot of 

important information, more autopsy studies are required to firmly determine the organ 

involvement and pathology of human MERS-CoV infection. For more careful studies and 

delineation of MERS-CoV pathogenesis, in vitro as well as in vivo model systems will 

continue to be useful. 
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Animal models for MERS-CoV infection and Disease 

Little is know about the pathogenesis of human MERS-CoV infections and no 

effective vaccines or antivirals against this virus are currently available. Lack of animal 

models to study this disease has significantly impaired MERS research. Thus, animal models 

are needed for studying MERS-CoV infection and for the evaluating prophylactic and 

therapeutic interventions. Various MERS-CoV animal models including mice, rabbits, 

camels, alpaca and NHPs such as Rhesus macaques and Marmosets have been described 

below. 

       Non-human primates (NHP) 

Nonhuman primates, such as rhesus macaques and marmosets, are naturally 

permissive to MERS-CoV infection and disease (de Wit, Rasmussen et al. 2013, Falzarano, 

de Wit et al. 2014, Chan, Yao et al. 2015). Rhesus macaques can model mild human cases 

of MERS-CoV infection, as in the cases observed in healthy immunocompetent individuals 

(de Wit, Rasmussen et al. 2013). However, this model differs from human cases by relatively 

shorter incubation period, a larger infectious dose and infection of alveolar macrophages 

(Walker 2016).  The main advantage in the use of Rhesus macaques as model for MERS-

CoV relays in the fact that they are non-human primates, therefore they highly resemble 

human immune response. The principal disadvantages would be that they have shown to be 

models of only mild infection and disease; they are also expensive with limited availability. 

Additionally, they also have complex husbandry requirements (large ABSL3 facilities) 

(Table 5). 

On the other hand, we have Common marmosets that are considered a better model 

for the severe MERS-CoV human infections since they develop fatal respiratory disease with 
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pulmonary damage (Falzarano, de Wit et al. 2014). However, they also have shorter 

incubation period, require a larger infectious dose, infection of mainly type 1 pneumocytes 

and alveolar macrophages, and disseminated infection (Walker 2016). Acute renal failure 

has been reported in some cases of human MERS-CoV infections. In support to this, viral 

RNA was detected in the kidneys of common marmosets. However, there was no evidence 

of renal disease suggesting that renal failure is not associated with direct effect of MERS-

CoV infection. Also, a study by Chan’s group tested the efficacy of Lopinavir/Ritonavir or 

Interferon-β1b treatments for MERS-CoV infection and noticed severe disease in Marmosets 

(Chan, Yao et al. 2015) (Table 5).  

Contrary to the lethal disease find in the studies mentioned above, Johnson et al. 

found sub lethal, mild-to-moderate respiratory disease in marmosets infected with 5 × 

106 TCID50 of MERS-CoV via i.t. route. They were also not able to recover infectious virus, 

and detect viral RNA by RT-qPCR or viral antigens by IHC (Johnson, Via et al. 2015). They 

reported mild radiographic evidence of disease in the lungs, multifocal interstitial pneumonia 

with a scarce number of syncytial cells. All the reports using marmoset as model for MERS-

CoV infection were able to find respiratory disease; however, the severity of it as well as the 

virology results were different. Therefore, further studies are required to develop a NHP 

model that is consistently severe (Walker 2016). It can be speculated that the different 

disease outcome observed by Johnson et al., could be due to some of the following aspects: 

different age of the Common marmosets as well as the source of them. Different dose of 

virus used for challenge. And also, it is possible that many number of passages of the strain 

used by Johnson could have resulted in mutations making it an attenuated strain.  
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As in the cases of Rhesus macaques, Common marmosets have the advantage of 

being a NHP, therefore having respiratory and immune systems that are more similar to those 

of humans. Another advantage in this case id that severe infection/disease has been reported 

by some, but not other, which turns into a disadvantage since there is lack of reproducibility 

of the disease outcome comparing the studies with Marmosets.And of course marmosets 

have the limitation of being expensive with limited availability, and they are harder to handle 

in biocontainment (require large ABSL3 facilities) (Table 5). 

   New Zealand white rabbits 

New Zealand white rabbits were infected both, intranasally with 1 × 106 TCID50 and 

intratracheally with 4 × 106 TCID50 of MERS-CoV (Haagmans, van den Brand et al. 2015).  

No clinical signs or gross lesions were observed; microscopic lesions were observed in the 

upper and lower respiratory tract at 3 and 4 dpi. MERS-CoV RNA was detected in several 

upper and lower respiratory tract tissues. Infectious virus was detected in nasal swabs up to 

7 dpi (Haagmans, van den Brand et al. 2015). New Zealand white rabbits are models that 

represent what happens in subclinical MERS-CoV infection in humans. They remain 

asymptomatic and only mild respiratory lesions were detected. However, they could be of 

much use for studies of MERS-CoV transmission given the fact that they shed the virus from 

their upper respiratory tract. 

In another study, New Zealand White rabbits were used to test the efficacy of a 

human monoclonal antibody (hmAb), named m336 (Houser, Gretebeck et al. 2016), which 

was previously shown to have potent in vitro neutralizing activity against MERS-CoV (Ying, 

Du et al. 2014).  Rabbits were pretreated intravenously (i.v.) and intranasally at 1 day prior 

and 1 day after challenge with 105 TCID50 of MERS-CoV. One day after the antibody 
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administration and on the day of the necropsy, serum samples were collected. Euthanasia of 

the rabbits was performed at day 1 and 3 post-infection. A significant decrease in the viral 

RNA (within 1 day of infection, a 40 to 9000-fold reduction was observed), as well as virus-

related pathology in the lungs of the animals, was seen. In the rabbits with low viral RNA, 

IHC showed almost no viral antigen. Neutralizing antibodies were detected in the serum for 

several days in rabbits treated via i.v. route, while no antibodies  were detected in the serum 

of rabbits treated via i.n. route. This implies that the antibody administered topically 

remained in the respiratory tract and accounted for the greater efficacy of the i.n. route as 

compared to the i.v. route as it was demonstrated previously (Leyva-Grado, Tan et al. 2015). 

Post-infection therapy was not effective since no reduction in the viral RNA titers was 

observed.  

In conclusion, we can say that the main advantages of the New Zealand white rabbit 

are that they are readily available and have low cost and. Also, they are easily handled. The 

disadvantage lies that they only develop mild disease limited to the upper respiratory tract 

(URT) (Table 5) 

       Dromedary Camels 

As mentioned previously dromedary camels play an essential role in the 

transmission of MERS-CoV (Hemida, Perera et al. 2013, Reusken, Ababneh et al. 2013, 

Reusken, Haagmans et al. 2013, Alagaili, Briese et al. 2014, Azhar, El-Kafrawy et al. 2014, 

Haagmans, Al Dhahiry et al. 2014, Hemida, Chu et al. 2014, Memish, Cotten et al. 2014, 

Meyer, Muller et al. 2014, Nowotny and Kolodziejek 2014). To understand the effects of 

MERS-CoV infection in camels, some studies have been performed. In one of the studies, 

three camels were inoculated via i.t.; i.n. and ocular with 107 TCID50 of MERS-CoV (Adney, 
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van Doremalen et al. 2014). The animals developed mild respiratory disease with nasal 

discharge, which agrees with the field surveillance studies (Hemida, Perera et al. 2013, 

Azhar, El-Kafrawy et al. 2014, Haagmans, Al Dhahiry et al. 2014, Nowotny and Kolodziejek 

2014). Viral RNA was detected in large quantities in the nasal swabs from each of the three 

animals. Infectious virus was detected until day 7pi, and the viral RNA until day 35 pi in the 

last animal that was euthanized on day 42 (Adney, van Doremalen et al. 2014). The other 

two camels were euthanized on day 5 and 28 p.i. Data of naturally infected dromedary camels 

(Alagaili, Briese et al. 2014, Azhar, El-Kafrawy et al. 2014, Briese, Mishra et al. 2014, 

Haagmans, Al Dhahiry et al. 2014, Hemida, Chu et al. 2014)   has shown the similar route 

of virus shedding. MERS-CoV was not detected in feces or urine, which also correlates with 

the field findings (Azhar, El-Kafrawy et al. 2014, Hemida, Chu et al. 2014). This study 

suggests that both camel-to-camel and camel-to-human transmission likely occur through 

direct contact or large droplets. Predominant site of MERS-CoV replication in camels is the 

respiratory epithelium of the nasal turbinates (Upper respiratory tract). Neutralizing 

antibodies were detected from day 14 until day 42 with a maximum neutralizing titer of 640 

at day 35 pi (Adney, van Doremalen et al. 2014). 

Dromedary camels have also used to test the efficacy of an orthopoxvirus-based 

vaccine. The results demonstrated that this vaccine was able to reduce virus excretion after 

MERS-CoV infection (Haagmans, van den Brand et al. 2016) (Table 5). 

While dromedary camels are considered natural host for MERS-CoV and seem to 

be good model for studies of MERS-CoV transmission, they are expensive, and their 

availability is limited. More importantly, they only developed mild disease limited to URT 

(Table 5). Also, as in the case of NHP there is need of large ABSL-3 facilities for the  studies. 
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       Alpaca 

Since the use of dromedary camels as animal models for study MERS-CoV can be 

difficult due to their larger size, higher cost and high-containment requirements, Adney’s 

group proposed the use of alpaca due to their availability in the United States and smaller 

size. They infected 3 alpacas intranasally with 107 PFU of MERS-CoV. Two days later, 

another group of 3 alpacas were introduced into the same room and housed together with the 

infected animals. Infectious virus was detected in the 3 experimentally infected and in 2 of 

the 3 in-contact alpacas. All the 6 alpacas seroconverted and they were rechallenged with 

the same dose of virus, 70 days later after the first challenge. At the time of the rechallenge, 

another group of 3 alpacas was used as infection controls and also to evaluate tissue 

distribution of the virus. The initially infected alpacas were completely (3 out of 3) protected 

against reinfection; however, in the contact animals, the protection was partial against 

reinfection. Animals from the control group were necropsied on day 5 after infection and 

showed presence of the virus in the upper respiratory tract.  As in the dromedary camels, 

none of the alpacas showed any increase in body temperature and their activity level and 

food intake were unchanged. In contrast to camels, none of the alpacas showed nasal 

discharge. Thus, alpacas can be a good model for efficient virus replication and animal-to-

animal transmission and might be useful surrogates for the dromedary camels (Adney, 

Bielefeldt-Ohmann et al. 2016).  

Crameri’s group also used alpacas to conduct a challenge and rechallenge study. 

They primary were looking to determine if viral shedding was observed after reinfection, 

and to evaluate the presence of antibodies for protection. They only used 3 alpacas, which 

were challenged oronasally with 106 TCID50 of MERS-CoV. Animals were monitored for 
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21 days, and then they were re-challenged with the same amount of virus used for the initial 

infection. After re-exposure to the virus, alpacas were monitored for 14 days. One alpaca 

was euthanized on day 33 and the other two on day 35 after the primary infection. The 

alpacas did not show any symptom of the disease, except for one of them that presented with 

increase temperature on days 17 to 20 pi. However, postmortem examination concluded that 

this was likely caused by extended abnormalities from the stomach to the umbilicus 

(Crameri, Durr et al. 2016).  

They successfully recovered virus from oral and superficial nasal samples until day 

12 pi while deep nasal swabs were positive until day 10 pi. After rechallenge, viral RNA was 

not detected from any sample. Antibodies were detected by Luminex in all the 3 alpacas 

starting at day 10 or 12; however, neutralizing antibodies were detected only in 2 out of the 

3 alpacas, starting from day 10 (alpaca 2), day 21 (alpaca 1) and no antibodies from alpaca 

3. Together these data showed that alpacas shed infectious virus after oronasal infection and 

that their immune response to the primary infection prevented virus shedding after 

rechallenge. Therefore, alpaca might be a useful model that could contribute to the 

development and testing of vaccine candidates and be useful tools for virus transmission 

studies (Crameri, Durr et al. 2016). 

Alpacas have the major advantages that they have shown to be a good model for 

transmission studies and reagents are readily available; however, the main disadvantage is 

that they only develop mild disease limited to URT (similar to camels) (Table 5). Also, as 

in the case of NHP and camels there is need of large ABSL-3 facilities for the studies. 
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Mice models of MERS-CoV infection 

Small-animal models are needed to provide the numbers of animals required for 

controlled and extensive studies of pathogenesis and immunity as well as for the 

development of vaccines and antivirals. Mice are the most desirable small animal for this 

because of availability and a thorough knowledge base of their genetics and immunology. 

Unfortunately, mice and the standard small animals (hamsters, and ferrets) lack the 

functional MERS-CoV receptor (human CD26 [hCD26]/DPP4) and are not susceptible to 

infection (de Wit, Prescott et al. 2013, Coleman, Matthews et al. 2014, Raj, Smits et al. 

2014). To overcome this problem, different mice models have been developed over time. 

The first mice model developed was the hDPP4-transduced mouse model (Zhao, Li et al. 

2014). The second  was our model, which actually is the first humanized model generated 

for the study of MERS-CoV infection and disease  (Agrawal, Garron et al. 2015), which we 

further characterized as a lethal model and tested its usefulness for the evaluation of vaccine 

candidates and antiviral therapy (Tao, Garron et al. 2015). The third mouse model, the 

Regeneron Knock-in (KI) model, (Pascal, Coleman et al. 2015), for MERS, was reported by 

Pascal et al and was used for studying host immune response (T cell and macrophage) 

(Coleman, Sisk et al. 2017). These were followed by the Codon-optimized hDPP4 transgenic 

mice (Zhao, Jiang et al. 2015), the transgenic mouse model (Li Kun’s group-IOWA) (Li, 

Wohlford-Lenane et al. 2016), genomic engineered mice model (288/330+/+) (Cockrell, 

Yount et al. 2016) and the DPP4 KI model (Li Kun’s group-IOWA) was reported (Li, 

Wohlford-Lenane et al. 2017), in that order. 
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1. Ad5-hDPP4-transduced mice (IOWA) 

The hDPP4-transduced mouse model was made by the transduction with an 

adenovirus type 5 vector (Ad5) expressing the human DPP4 receptor (Zhao, Li et al. 2014). 

MERS-CoV infection of these mice induced lung infection with some histopathology, but 

little to no clinical disease and mortality were seen. Moreover,  the lung expression of the 

hDPP4 in these mice was not stable and weakened by 22 days after transduction. Tests for 

virus dissemination were apparently not done for the Ad5 model. Despite all the limitations, 

this model indicated that rapid generation of wild type, as well as knockout mouse strains 

expressing the hDPP4, was possible and that these mice can be used to study MERS-CoV 

infection and disease. This mouse model has been shown to useful for the evaluation of 

vaccines candidates such as MERS-CoV vaccine based on a recombinant Measles virus 

vaccine platform (Malczyk, Kupke et al. 2015) and a recombinant modified vaccinia virus 

Ankara (MVA) vaccine expressing the MERS-CoV spike (S) glycoprotein (Volz, Kupke et 

al. 2015) (Table 6). 

On the one hand, the major advantage of the hDPP4-transduced mouse model is that 

it is possible to rapidly establish in both wild type as well as in knock out mice. On the other 

hand, the main disadvantages are that only mild disease if any can be observed, and hDPP4 

is inconsistently expressed in the lungs (Table 6). 

2. hDPP4 transgenic mice (UTMB) (Agrawal, Garron et al. 2015, Tao, Garron et 

al. 2015) 

The major advantages of our hDPP4 transgenic mice is that they develop severe 

infection and disease, they have been fully characterized in terms of LD50 and ID50, and they 

show consistent morbidity and mortality through generations due to the stable expression of 
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the hDPP4 expression. The main disadvantage lies in the fact that besides the infection in 

the lungs we also observe infection of the brain which is likely the cause of death (Table 6).  

3. Knock-in (KI) model (Regeneron) 

For the Regeneron KI model, the approach used to provide the human DPP4 receptor 

was the replacement of mouse DPP4 (mDPP4) with hDPP4 by using a commercial procedure 

(VelociGene) in such a way that hDPP4 was expressed under the endogenous mDPP4 

promoter. Upon inoculation with 2 × 105 pfu of MERS-CoV, KI mice supported virus 

replication in the lungs with mild to moderate histologic inflammation without any significant 

weight loss up to 4 dpi. This model was also used to test the efficacy of a monoclonal 

antibody (Pascal, Coleman et al. 2015). Follow-up studies using this model (Coleman, Sisk 

et al. 2017) demonstrated that mice infected with 2.5 × 104 pfu of MERS-CoV, exhibited 

significant clinical disease with a weight loss of up to 20 % at 5 to 7 dpi  thus requiring 

euthanasia. Increased inflammation and damage in the lungs was also observed. Clinical 

signs of disease were dose-dependent. At a dose of 2.5 × 103 PFUs/mouse, mice showed 

some symptoms but recovered, while no clinical symptoms were seen in mice infected with 

2.5 × 102 PFUs of MERS-CoV. In this study, they also demonstrated that MERS-CoV 

replication in the lungs is not affected by the depletion of CD4+ T cells, CD8+ T cells, or 

macrophages. Interestingly, CD8+ T cells depletion protected while depletion of 

macrophages aggravated clinical symptoms and MERS-CoV-induced pathology. While 

some viremina was seen in mice challenged with 2.5 × 104 PFU MERS-CoV, this KI mouse 

is primarily a lung infection model, since infection did not spread to kidneys or liver 

(Coleman, Sisk et al. 2017).  
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The major advantage of this KI model is that upon MERS-CoV infection it develops 

mild to severe disease. On the other hand, its primary disadvantage is that death was not 

confirmed, due to the fact that they needed to be euthanized as a result of the development 

of severe weigh loss after upon infection with high infectious viral dose (Table 6) 

4. Codon-optimized hDPP4 transgenic mice (China) 

Zhao’s group generated another transgenic mouse model using the same mammalian 

expression vector as we did. However, they codon-optimized the hDPP4-coding sequence, 

thus leading to a stronger global expression of the protein (Zhao, Jiang et al. 2015). Mice 

inoculated i.n. with 104.3 TCID50 of MERS-CoV exhibited significant weight loss starting at 

day 6 and they were dead by day 10. They also developed neurological symptoms (with brain 

damage) including paralysis at day 9. Damage to other organs such as lungs, spleen, kidney, 

and liver was also seen. This model seems to closely resemble multiorgan failure seen in 

some human cases. While, some CNS involvement has been seen in a few human cases 

(Arabi, Harthi et al. 2015), severe neurological complications such as exaggerated CNS 

damage leading to paralysis seen in these mice have not been reported in any of the human 

MERS cases. 

The most significant advantage of this model is that it is a lethal model and it 

resembles the multiorgan failure seen in some patients. However, its limitation lies in the 

fact that infection of the brain is probably the cause of death (Table 6) 

5. Transgenic mouse model (IOWA) 

Li Kun’s group (Li, Wohlford-Lenane et al. 2016) have also developed a transgenic 

mice model expressing hDPP4 using two different promoters. They used the human 

surfactant protein C (SPC) promoter (Glasser, Korfhagen et al. 1991) to drive hDPP4 
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expression in the epithelia of the bronchi and the alveoli, thus generating the  SPC-

hDPP4 lines. On the other hand, K18-hDPP4 line using the cytokeratin 18 (K18) promoter 

was generated to express hDPP4 in the airway, alveolar, liver kidney and GI tract epithelia, 

as well as in some cells of the nervous system (Chow, O'Brodovich et al. 1997). Both the 

transgenic mice lineages were challenged via i.n. inoculation with 1 × 105 pfu of MERS-

CoV. While the SPC-hDPP4 mice did not show any sign of disease (body temperature 

changes or weight loss) or mortality and, cleared the virus by 14 dpi, the K18-

hDPP4 transgenic mice developed hypothermia and weight loss and died at 6–7 dpi.  

K18-hDPP4 mice had high virus titers in their lung (day 2) and the brain (day 6) 

tissues and developed disseminated infection as indicated by RT-qPCR. Of particular interest 

are the high virus titers in the brain. Out of the seven K18-hDPP4 mice infected even with a 

low infectious dose (10 pfu of MERS-CoV), 3 showed virus titer of approximately 4 × 

106 pfu/g of tissue at 9 dpi. suggesting that high mortality was mostly correlated with brain 

infection.  Even though K18-hDPP4 transgenic mice were successfully used for vaccine 

studies [Immunization with Venezuelan equine encephalitis replicon particles (VRPs) 

expressing MERS-CoV spike glycoprotein (VRP–MERS-S)] (Table 6), the high-titer 

replication and mortality likely caused by CNS infection might make this model not suitable 

for evaluating therapeutic agents, that do not cross the blood-brain barrier (Li, Wohlford-

Lenane et al. 2016).  

The most important advantage of this model is that it develops severe infection and 

disease after being challenged with MERS-CoV; however, its limitation is that infection of 

the brain is probably the cause of death (Table 6). 
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6. CRISPR-Cas 9 genomic engineered mice model (UNC) 

Recently, the CRISPR/Cas9 genome engineering system was used to generate 

another mouse model (288/330+/+) in which amino acids at positions 288 and 330 of the 

mouse DPP4 (mDPP4) were edited to ‘human’ type sequences. (Crockrell AS et al., 2016). 

Changes at these two positions in the mDPP4 can confer susceptibility to MERS-CoV 

infection (Peck, Cockrell et al. 2015). Additionally, Cockrell et al. generated a mouse-

adapted virus (MERS-15) by serial passaging of MERS-CoV in their engineered mice. This 

Mouse-adapted virus was able to replicate efficiently within the lungs of the 288/330+/+ mice 

leading to symptoms of severe acute respiratory distress syndrome (ARDS). Weight loss, 

decreased pulmonary function, pulmonary hemorrhage, mortality and pathological signs that 

correlate with end-stage lung disease were observed. Lethality was only observed in 

homozygous mice 288/330+/+ infected with MERS-15, not in the heterozygous mice 

288/330+/-. To develop the severe/fatal disease, a high viral infectious dose of the MERS-15 

virus was required. Crockrell’s group anticipated that accumulation of mutation in MERS-

CoV during the mouse adaptation process. They isolated two viral clones from the MERS-

15 heterogeneous viral population: MERS-15 clone 1 (MERS-15 C1) and MERS-15 clone 

2 (MERS-15 C2). The sequence of the MERS-15 C1 revealed mutations in nsP2 and an 

extended deletion from orf4b into orf5, while the sequence of MERS-15 C2, showed 

mutations in the genes encoding the non-structural proteins, nsP2, nsP6 and nsP8, and a large 

deletion in orf4b.  

MERS-15 C2 infection caused higher incidence of hemorrhage and mortality of the 

mice as compared to MERS-15 C1. However, MERS-15 C2 elicited a lung pathology that 

resembled the one caused the parental MERS-15 virus and exhibited hyaline membrane 
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formation, perivascular cuffing, and edema. These mouse adapted MERS-CoV strains might 

reflect the complexity of the clinical isolates obtained from human cases of MERS, where 

some deletions in ORF4A and ORF3 have been identified (Lamers, Raj et al. 2016).  Mouse 

line 288/330+/+ in combination with MERS-15 C2 constitute a lung infection model that has 

been used for the evaluation of a vaccine candidate as well as a human monoclonal antibody. 

Notably, MERS-15 does not cause disease in a classic transgenic mice model. 

The authors also demonstrated that this model is useful for the evaluation of a 

Human monoclonal antibody 3B11 showing that this antibody is able to protect mice from 

severe respiratory disease, also they showed that vaccination of their mice with a VRP 

delivering MERS-CoV S protein protects them from challenge with MERS-CoV (Table 6).    

The principal advantage shown by this model is that the outcome of the 

infection/disease developed could range from mild to severe. The disadvantages however 

are that Mouse adapted virus (MERS-15) is needed, thi MERS-15 does not cause disease in 

classic transgenic mice model, and lethality was only observed in homozygous but not in 

heterozygous mice (Table 6). 

7. DPP4 KI model (IOWA) 

Another hDPP4 KI mouse model was generated by humanizing exons 10-12 of the 

mouse DPP4 (Li, Wohlford-Lenane et al. 2017). While these mice support MERS-CoV 

replication in the lungs, they did not develop disease. They generated a mouse-adapted 

MERS-CoV (MERS-CoV MA) after 30 passages in their KI model. Using their KI model and 

the MERS-CoV MA, they were finally able to observe weight loss and fatal disease. However, 

the mutations identified in MERS-CoV MA have not been reported in isolates from human 
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cases (Cotten, Watson et al. 2014, Kim, Cheon et al. 2016) and MERS-CoV MA does not 

cause disease in a classic transgenic mice model. 

he advantages of this KI model are that it is a lung infection model and mild to severe 

infection and disease can be observed. However, as disadvantages it required the use of a 

Mouse adapted virus (MERS-CoVMA). This mouse adapted virus has shown not to cause 

disease in classic transgenic mice model (Table 6). 

As discussed above, there are three KI mouse models. Two of them i.e. the UNC 

CRISPR-Cas9 genomic engineered mice model, and the IOWA DPP4 KI model require 

mouse adapted viruses to demonstrate disease. However, the Regeneron KI model does not 

require any mouse adaptive viral mutations to produce disease. We speculate that these 

differences could be due to the differences in the promoters that were used to express hDPP4. 

The Regeneron KI model expresses hDPP4 ORF under the endogenous mDPP4 promoter. 

Maintaining the pattern of mouse DPP4 expression likely permits a better physiological 

response to the MERS-CoV infection. The differences between the KI models can also be 

attributed to the regions/sequences of the mDPP4 ORF that were ‘humanized’. While only 

amino acids 228 and 230 of mDPP4 were ‘humanized’ the UNC KI mice, exons 10-12 of 

were changed to hDPP4 in the IOWA KI mice. On the other hand, entire hDDP4 ORF was 

replaced in the Regeneron model generating a more complete “humanized hDDP4 knock-

in”. It is likely that sequences outside the exons 10-12 of DDP4 play a role in mediating 

efficient virus entry and infection and compensating mutations need to be acquired in the 

MERS CoV to efficiently replicate in the partially ‘humanized’ KI mice. Studying the 

molecular basis of these differences can help us better map out the MERS-CoV-hDPP4 
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interactions and also serve as a starting point to generate a model for MERS-CoV that 

reproduces human infection better.  

 

Conclusions. 

Taken together, current animal models available for MERS reproduce the wide range 

of disease severity (from asymptomatic to fatal disease) observed in human cases. However, 

none of them independently completely recapitulates the human infection and disease and 

also there is still need of more human autopsies to better understand the pathology. While 

significant progress has been made, further improvements in MERS animal models are also 

required.    

Table 5. Advantages and disadvantages of naturally permissive animal models 

Species Advantages Disadvantages 

Used for testing 

antivirals and/or 

vaccines 

Rhesus 

macaques  

Non-human primate: highly 

resembles human immune 

response. 

Mild infection and disease 

only. Expensive and limited 

availability.  

ND 

Common 

marmosets 

Non-human primate. Severe 

infection/disease has been 

reported by some, but not 

other. 

Reproducibility of disease. 

Expensive and limited 

availability. 

Antiviral treatment. 

New Zealand 

white rabbit  

Relative low cost and readily 

available. Easy handling.  

Mild disease limited to URT. ND 

Dromedary 

camels 

Natural host for MERS-CoV. 

Efficient animal-to-animal 

transmission (field studies). 

Mild disease limited to URT. 

Expensive and limited 

availability.  

Vaccine candidate. 

Alpacas  Good model for transmission 

studies. 

Mild disease limited to URT 

(similar to camels). Reagents 

readily available. 

ND 

ND = Not determined 

NHP, camels, and alpacas are not ease to handle (they require very large ABSL-3 facilities). 
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Table 6. Advantages and disadvantages of mice ( non-naturally permissive animal models) 

Species Advantages Disadvantages 

Used for testing 

antivirals and/or 

vaccines 

Ad5-hDPP4-

transduced 

mice 

(IOWA) 

Can be rapididly established 

in WT and KO mice.  

Mild disease if any. hDPP4 

inconsistenly expressedin the 

lungs.  

Vaccine candidates. 

hDPP4-

transgenic 

mice 

(UTMB) 

Severe infection and disease. 

Fully characterized in terms 

of LD50 and ID50. Consistent 

morbidity and mortality 

through generations. 

Infection of the lung and 

especially brain probably 

cause of death. 

Vaccine candidate 

and prohylactic 

efficacy of a fusion 

inhibitor. 

KI model 

(Regeneron)  

Mild and severe infection 

and disease.  

Death was not confirmed 

(mice infected with high dose 

developed severe weight loss, 

therefore they were 

euthanized) 

Monoclonal antibody 

theraphy 

Codon-

optimized 

hDPP4 

transgenic 

mice (China) 

Lethal model. Resemble 

multiorgan failure seen in 

some human cases. 

Infection of the brain 

probably cause of death. 

ND 

Transgenic 

mouse model 

(IOWA) 

Severe infection and disease.  Infection of the brain 

probably cause of death. 

Vaccine candidate. 

CRISPR-Cas 

9 genomic 

engineered 

mice model 

(UNC) 

Mild and severe 

infection/disease. Lung 

infection model.  

Mouse adapted virus (MERS-

15) is needed. MERS-15 does 

not cause disease in classic 

transgenic mice model. 

Lethality was only observed 

in homozygous but not in 

heterozygous mice. 

Vaccine candidate 

and Human 

monoclonal antibody 

3B11.               

DPP4 KI 

model 

(IOWA) 

Mild and severe infection 

and disease. Lung infection 

model.  

Mouse adapted virus (MERS-

CoVMA) is needed. MERS-

CoVMA does not cause disease 

in classic transgenic mice 

model.  

ND 

Mice: easy to handle and house; reagents and assays are widely available   
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