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Abstract 

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

a respiratory disease able to cause high mortality in humans. Severe cases associated to 

MERS-CoV infection are the consequence of the diffuse alveolar damage triggered by 

the pro-inflammatory cytokine storm and impaired interferon (IFN) responses. By 

contrast, camelids, the main virus reservoir, are asymptomatic MERS-CoV carriers, 

suggesting a crucial role for innate immune responses in controlling the infection.  In 

study I of this dissertation, we aim to demonstrate this hypothesis by monitoring the 

transcription of immune response genes in the respiratory tract of MERS-CoV 

Qatar15/2015 (clade B strain) infected alpacas. Concomitant to the peak of infection, 

occurring at 2 days post inoculation (dpi), type I and III IFNs were maximally 

transcribed only in the nasal mucosa of alpacas, provoking the induction of interferon 

stimulated genes (ISGs) along the whole respiratory tract. Simultaneous to mild focal 

infiltration of leukocytes in nasal mucosa and submucosa, upregulation of the anti-

inflammatory cytokine IL10 and dampened transcription of pro-inflammatory genes 

under NF-κB control were observed. In the lung, early (1 dpi) transcription of 

chemokines (CCL2 and CCL3) correlated with a transient accumulation of mainly 

mononuclear leukocytes. A tight regulation of IFNs in lungs with expression of ISGs 

and controlled inflammatory responses, might contribute to virus clearance without 

causing tissue damage. Thus, the nasal mucosa, the main target of MERS-CoV in 

camelids, is central in driving an efficient innate immune response based on triggering 

ISGs as well as the dual anti-inflammatory effects of type III IFNs and IL10. 

While MERS-CoV strains from the Middle East region are subdivided into two clades 

(A and B), all the contemporary epidemic viruses belong to clade B. Thus, clade B 

MERS-CoV strains must display adaptive advantages over clade A in humans/reservoir 

hosts. Therefore, in study II of this dissertation, we compared an early epidemic clade 

A strain (EMC/2012) with a clade B strain (Jordan-1/2015) in an alpaca model 

monitoring virological and immunological parameters. Further, the Jordan-1/2015 

strain has a partial amino acid (aa) deletion in the double stranded (ds) RNA binding 

motif of the open reading frame ORF 4a protein. Animals inoculated with the Jordan-

1/2015 strain had higher MERS-CoV replicative capacities in the respiratory tract and 

larger nasal viral shedding, indicating a better fitness and transmission capability than 
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its clade A strain counterpart. In the nasal mucosa, the Jordan-1/2015 strain provoked 

an early IFN response on 1-day post inoculation (dpi), confirming the role of ORF4a as 

an IFN antagonist in vivo. However, both strains provoked at the peak of infection (on 

2 dpi) maximal transcription of ISGs correlating with decreased tissular viral loads 

observed on 3 dpi. Genome alignment analysis revealed several clade B specific aa 

substitutions occurring in the replicase and the S protein which could explain a better 

adaptation of clade B strains in camelid hosts. 

Overall, the results exposed in the present thesis highlight the complex interactions 

between MERS-CoV and host factors through which camelids control the infection in 

a short period of time. In addition, MERS-CoV strains are still evolving acquiring 

enhanced replicative fitness as shown in alpacas in the present study. This is reflected 

in the field by the dominance of MERS-CoV clade B strains over early epidemic 

clade A strains in humans and camelids.  
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Resumen 

El coronavirus del síndrome respiratorio de Oriente Medio (del inglés, MERS-CoV) es 

el agente etiológico de una enfermedad respiratoria que causa una alta mortalidad en 

los seres humanos, con 2.562 casos confirmados laboratorialmente y 881 muertes 

notificadas a la OMS hasta noviembre de 2020. Se cree que éste patógeno zoonótico 

emergente ha evolucionado a partir de un coronavirus de murciélago, pero el 

dromedario es la única fuente confirmada de infección zoonótica. A pesar de la 

reducción global de casos de MERS desde 2015, el virus sigue siendo enzoótico en 

dromedarios en la Península Arábiga y África. 

En los seres humanos, los casos graves asociados a la infección por MERS-CoV son la 

consecuencia de un daño alveolar difuso desencadenado por una tormenta de citocinas 

proinflamatorias y una alteración de las respuestas de interferón (IFN). Por el contrario, 

los camélidos, el principal reservorio del virus, son portadores asintomáticos del 

MERS-CoV, lo que sugiere un papel crucial de la respuesta inmunitaria innata en el 

control de la infección en estos animales. Para obtener información sobre la 

inmunopatogénesis del MERS-CoV en camélidos, se diseñaron dos estudios. 

El objetivo del estudio I de esta tesis doctoral fue demostrar esta hipótesis mediante la 

evaluación de la transcripción de genes involucrados en la respuesta inmune en el tracto 

respiratorio de alpacas infectadas con MERS-CoV Qatar15/2015 (cepa perteneciente al 

clado B). Los IFN tipo I y III se transcribieron a su máximo nivel sólo en la mucosa 

nasal de las alpacas y en concomitancia con el pico de infección (momento de mayor 

carga vírica en el tracto respiratorio), que ocurrió 2 días después de la inoculación (dpi). 

Esta transcripción se asoció a la inducción de genes estimulados por interferón (ISG) a 

lo largo de todo el tracto respiratorio. Simultáneamente a la infiltración focal leve de 

leucocitos en la mucosa nasal y submucosa, también se observó una regulación positiva 

de la citocina antiinflamatoria IL10 y una transcripción amortiguada de genes 

proinflamatorios bajo control de NF-κB. En el pulmón, la transcripción temprana (1 

dpi) de quimiocinas (CCL2 y CCL3) se correlacionó con una acumulación leve y 

transitoria de leucocitos principalmente mononucleares. Una regulación estricta de los 

IFNs en los pulmones con expresión de ISG y una respuesta inflamatoria controladas 

podría contribuir a la eliminación del virus sin causar daño tisular. Por tanto, la mucosa 

nasal, la principal diana del MERS-CoV en los camélidos, es fundamental para 
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impulsar una respuesta inmune innata eficaz basada en la activación de ISG, así como 

en los efectos antiinflamatorios duales de los IFNs de tipo III y la IL10. 

Mientras que las cepas de MERS-CoV de la región de Oriente Medio se subdividen en 

dos clados (A y B), todos los virus epidémicos contemporáneos pertenecen al clado B. 

Por lo tanto, las cepas de MERS-CoV del clado B parecen mostrar ventajas adaptativas 

sobre el clado A en humanos / huéspedes reservorios. En el estudio II de esta tesis 

doctoral se comparó una cepa de clado A epidémico temprano (EMC / 2012) con una 

cepa de clado B (Jordan-1/2015) en un modelo de alpaca que evaluó parámetros 

virológicos e inmunológicos. Además, la cepa Jordan-1/2015 tiene una deleción parcial 

de aminoácidos (aa) en el motivo de unión del ARN bicatenario (ds) de la proteína del 

marco de lectura abierto 4a (ORF4a). Los animales inoculados con la cepa Jordan-

1/2015 tuvieron una mayor replicación de MERS-CoV en el tracto respiratorio y una 

mayor diseminación viral nasal, lo que indica una aparente mejor aptitud y capacidad 

de transmisión que su contraparte de la cepa del clado A. En la mucosa nasal, la cepa 

Jordan-1/2015 provocó una respuesta de IFNs temprana a 1 dpi, lo que confirma el 

papel de ORF4a como antagonista de IFNs in vivo. Sin embargo, ambas cepas 

provocaron la máxima transcripción de ISGs en el pico de la infección (a 2 dpi), 

correlacionándose con una disminución de las cargas virales tisulares (evidente a 3 dpi). 

El análisis de alineación del genoma reveló varias sustituciones de aa específicas del 

clado B que se producen en el gen de la replicasa y la proteína S, lo que podría explicar 

una mejor adaptación de las cepas del clado B en los huéspedes camélidos. 

En general, los resultados expuestos en la presente tesis doctoral destacan las complejas 

interacciones entre el MERS-CoV y los factores del huésped mediante los cuales los 

camélidos controlan la infección en un corto período de tiempo. Además, las cepas de 

MERS-CoV aún están evolucionando, adquiriendo una mayor capacidad replicativa 

como se muestra en las alpacas en esta tesis. Esto se refleja en el campo por un 

predominio de las cepas del clado B de MERS-CoV sobre las cepas del clado A de la 

epidemia temprana, tanto en humanos como en camélidos. 
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Resum 

El coronavirus de la síndrome respiratòria de l’Orient Mitjà (en anglès, MERS-CoV) 

és l’agent etiològic d’una malaltia respiratòria que causa una elevada mortalitat a les 

persones, amb 2.562 casos confirmats laboratorialmente i 881 morts notificades a 

l’OMS fins Novembre de 2020. Es pensa que aquest patogen zoonòtic emergent ha 

evolucionat a partir d’un coronavirus de rat penat, però el dromedari és l’única font 

confirmada d’infecció zoonòtic. Malgrat la reducció global de casos de MERS des de 

2015, el virus segueix essent enzoòtic en dromedaris de la Península Aràbiga i Àfrica. 

A les persones, els casos greus associats a la infecció per MERS-CoV són la 

conseqüència d’un dany alveolar difús desencadenat per una tempesta de citocines pro-

inflamatòries i una alteració de les respostes d’interferó (IFN). Pel contrari, els camèlids, 

el principal reservori del virus, són portadors asimptomàtics del MERS-CoV, fet que 

suggereix un paper fonamental de la resposta immunitària innata en el control de la 

infecció en aquests animals. De cara a obtenir informació sobre l’immunopatogènia del 

MERS-CoV en camèlids, es van dissenyar dos estudis. 

L’objectiu de l’estudi I d’aquesta tesi doctoral fou demostrar aquesta hipòtesi 

mitjançant l’avaluació de la transcripció de gens involucrats en la resposta immunitària 

en el tracte respiratori d’alpaques infectades amb MERS-CoV Qatar15/2015 (soca 

pertanyent al clade B). Els IFN tipus I i III es van transcriure al seu màxim nivell només 

a la mucosa nasal de les alpaques i en concomitància amb el pic de la infecció (moment 

de màxima càrrega vírica al tracte respiratori), fet que es va donar 2 dies després de la 

infecció (dpi). Aquesta transcripció es va associar a la inducció de gens estimulats per 

interferó (ISG) al llarg de tot el tracte respiratori. Simultàniament a la infiltració focal 

lleu de leucòcits a la mucosa i submucosa nasal, també es va observar una regulació 

positiva de la citocina antiinflamatòria IL10 i una transcripció esmorteïda de gens 

proinflamatoris sota el control de NF-κB. En el pulmó, la transcripció primerenca (1 

dpi) de quimiocines (CCL2 i CCL3) es va correlacionar amb una acumulació lleu i 

transitòria de leucòcits principalment mononuclears. Una regulació estricta dels IFNs 

en pulmons amb expressió de ISGs i una resposta inflamatòria controlades podrien 

contribuir a l’eliminació del virus sense causar dany tissular. Per tant, la mucosa nasal, 

la principal diana del MERS-CoV en camèlids, és fonamental per impulsar una resposta 
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immunitària innata eficient basada en l’activació d’ISGs, així com dels efectes 

antiinflamatoris duals dels IFNs de tipus III i l’IL10. 

Mentre que les soques de MERS-CoV de la regió d’Orient Mitjà es subdivideixen en 

dues clades (A i B), tots els virus epidèmics contemporanis pertanyen al clade B. Per 

tant, les soques d’aquest clade B sembla que tenen avantatges adaptatives sobre el clade 

A en persones i hostes reservoris. A l’estudi II d’aquesta tesi doctoral es va comparar 

una soca de clade A de les epidèmies inicials (EMC / 2012) amb una soca de la clade 

B (Jordan-1/2015) en un model d’alpaca que avaluà paràmetres virològics i 

immunològics. A més, la soca Jordan-1/2015 té una deleció parcial d’aminoàcids (aa) 

en el motif d’unió de l’ARN bicatenari (ds) de la proteïna del marc de lectura oberta 4a 

(ORF4a). Els animals inoculats amb la soca Jordan-1/2015 van tenir una major 

replicació del MERS-CoV al tracte respiratori i una major disseminació viral nasal, fet 

que indicaria una millor aptitud i capacitat de transmissió que la seva contrapart de la 

soca del clade A. A la mucosa nasal, la soca Jordan-1/2015 va provocar una resposta 

primerenca d’IFNs a 1 dpi, cosa que confirmaria el paper de l’ORF4a com antagonista 

d’IFNs en condicions in vivo. No obstant, les dues soques van provocar la màxima 

transcripció d’ISGs durant el pic de la infecció (2 dpi), correlacionant-se amb una 

disminució de les càrregues víriques tissulars (evident a 3 dpi). L’anàlisi d’alineació del 

genoma va mostrar diverses substitucions d’aa específiques del clade B que es 

produeixen a la replicasa i la proteïna S, fet que podria explicar una millor adaptació de 

les soques del clade B en els camèlids. 

En general, els resultats exposats en aquesta tesi doctoral destaquen les interaccions 

complexes entre el MERS-CoV i els factors de l’hoste mitjançant els quals els camèlids 

controlen la infecció en un curt període de temps. A més, les soques de MERS-CoV 

encara estan evolucionant, adquirint així una major capacitat replicativa com es mostra 

en les alpaques d’aquesta tesi. Aquest fet es reflexa a nivell de camp per un predomini 

de les soques del clade B de MERS-CoV sobre les soques del clade A dels moments 

inicials de l’epidèmia, tant en humans com en camèlids. 
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1.1 History of MERS-CoV 
A previously unknown human coronavirus emerged in the Kingdom of Saudi Arabia 

(KSA) in June 2012 (Zaki et al., 2012a). The novel virus was named Middle East 

respiratory syndrome coronavirus (MERS-CoV) due to its geographic origin. 

Dromedary camels (Camelus dromedarius) are the main source for zoonotic 

transmission to humans, and MERS-CoV retrospective studies have shown its 

circulation in camels for at least several decades (Azhar et al., 2014; Corman et al., 

2014a; Reusken et al., 2013b; Stalin Raj et al., 2014). Proof for a bat reservoir of 

MERS-CoV has also been reported, indicating a possible bat origin of this virus 

(Corman et al., 2014b; Ithete et al., 2013; Memish et al., 2013; Wang et al., 2014). 

According to World Health Organization (WHO), 2,562 laboratory-confirmed cases 

and at least 881 fatalities have been reported to the as per November 2020 (WHO, 2020). 

The KSA is the most affected country with 2,121 laboratory-confirmed patients. 

Although most cases were diagnosed in the countries from Middle East, travel-

associated cases have been documented in other regions (Bermingham et al., 2012; 

Cotten et al., 2013; Hsieh, 2015; Tsiodras et al., 2014). So far, all patients reported in 

North America, Europe and Asia had a previous history of travel to the Middle East 

region. However, in 2015 a major outbreak occurred in South Korea with 186 cases and 

38 associated deaths, highlighting the cause for worldwide public health concern (Kim 

et al., 2017). Currently, MERS-CoV has continued to cause sporadic outbreaks mainly 

in the KSA, suggesting that continuous preparedness is needed for MERS prevention 

and control globally. 

 

1.2. Etiology  

1.2.1 Nomenclature and taxonomy 

In its first description, this previously unknown virus was named human coronavirus 

Erasmus Medical Center (HCoV-EMC) since it was first identified in the mentioned 

hospital, in the Netherlands (Zaki et al., 2012a). Soon afterwards, virus isolates were 

given various names such as human beta-coronavirus 2c England-Qatar, human 

betacoronavirus 2c Jordan-N3, betacoronavirus England 1, and novel coronavirus (de 

Groot et al., 2013). Ten months after its discovery, the Coronavirus Study Group of the 
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International Committee on Taxonomy of Viruses proposed the name of Middle East 

respiratory syndrome coronavirus (MERS-CoV, as acronym) for the novel agent (de 

Groot et al., 2013). 

MERS-CoV belongs to the order Nidovirales, family Coronaviridae, subfamily 

Coronavirinae, subgroup 2c of genus Betacoronavirus. Being the sixth coronavirus 

able to cause human infections, MERS-CoV is phylogenetically related to (90% 

nucleotide sequence homology) several bat coronaviruses including HKU4 and HKU5 

(Bermingham et al., 2012) and more distant from the Severe acute respiratory 

syndrome-coronavirus (SARS-CoV) and the newly discovered SARS-CoV-2 (de Groot 

et al., 2013; Petrosillo et al., 2020; Wu et al., 2020). As characterized by evolutional 

differences as well as MERS-CoV sequences isolated from different geographical 

regions, phylogenetic studies subdivided the virus into three main clades, provisionally 

named clades A, B and C (Alharbi et al., 2015; Chu et al., 2018; Kiambi et al., 2018). 

Clade A contains extinct strains , such as the very first human isolate EMC/2012 (Lau 

et al., 2016); clade B, the only clade circulating in the Arabian Peninsula, encompasses 

hundreds of the human and dromedary isolates including the Qatar15/2015 and the 

Jordan-1/2015 strains that have been used in the present thesis (Lamers et al., 2016; 

Widagdo et al., 2019; Yusof et al., 2017); and clade C only covers dromedary strains 

isolated from North African continent (Chu et al., 2018).  

 

1.2.2 Molecular organization  

MERS-CoV is an enveloped, positive-sense, single-stranded RNA virus with a large 

RNA genome of 30,119 nucleotides (nts), which includes at least 10 predicted open 

reading frames (ORFs), as previously reported (van Boheemen et al., 2012; Cotten et 

al., 2013). The 5’ proximal three-fourths of the single-stranded MERS-CoV RNA 

comprises the large replicase open reading frames ORF1a and ORF1b, which code for 

two large polyproteins, polyprotein 1a (pp1a) and polyprotein 1ab (pp1ab). These 

polyproteins are cleaved by two viral proteases : the papain like protease, PLpro, and 

the 3C-like protease, 3CLpro (Bailey-Elkin et al., 2014; Fehr and Perlman, 2015; 

Mielech et al., 2014a), a process that is needed for the release and maturation of non-

structural proteins (nsps) involving in the replication and transcription of the viral 

genome. Proteolytic processing of pp1a and pp1ab is essential for viral maturation 
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(Yang et al., 2014). The downstream region of ORF1b contains a variable number of 

smaller genes, such as structural and accessory proteins. The structural proteins include 

the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins, and their 

organization within the virus and the viral genome is shown in Figure 1-1. Among all 

these proteins, the S protein is critical for receptor binding and virus-cell membrane 

fusion, thereby initiating the infection process. Upon MERS-CoV entry to the host cells, 

the S protein is cleaved into a receptor-binding subunit S1, and a membrane-fusion 

subunit S2 (Gao et al., 2013a; Li, 2015; Lu et al., 2013; Wang et al., 2013). The receptor 

binding domain (RBD) of the S1-protein mediates viral entrance through binding to 

dipeptidyl peptidase-4 (DPP4, also known as CD26), a serine protease that is identified 

as the functional receptor of MERS-CoV (Raj et al., 2013). The MERS-CoV RBD may 

bind DPP4 from various animal species, such as dromedary camels, bats, pigs, ferrets 

and llamas. The binding affinity depends on key residues of DPP4 that determine host 

species restriction and susceptibility to MERS-CoV (van Doremalen et al., 2014; 

Vergara-Alert et al., 2017a; Widagdo et al., 2016a, 2017). The RBD (aa residues 358–

588) of the MERS-CoV S1 protein is composed of a core subdomain and a receptor-

binding motif (RBM) (Mou et al., 2013). The core subdomain comprises a five-stranded 

antiparallel β sheet (b1, b3, b4, b5 and b10) in the center and several connecting helices 

(Lu et al., 2013). The RBM is composed of a four-stranded antiparallel β-sheet being 

linked to the core (Lu et al., 2013). Analogous to the S2 subunit of other coronaviruses, 

the MERS-CoV S2 mediates membrane fusion by undergoing structural 

reorganizations (Gao et al., 2013a; Lu et al., 2014). In this process, two heptads repeat 

regions termed HR1 and HR2 in S2 subunit form amphipathic helices of a coiled-coil 

structure. As a result, an hydrophobic fusion peptide is inserted into the cell membrane 

and the viral and cell membranes are brought into proximity for fusion (Du et al., 2017). 

Additionally, some MERS-CoV accessory proteins facilitate the virus to circumvent 

the immune responses. For instance, MERS-CoV ORF3, ORF4a, ORF4b, ORF5 and 

ORF8b coded proteins inhibit interferon (IFN) induction. (Lee et al., 2019; Menachery 

et al., 2017; Yang et al., 2013). 
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Figure 1-1. MERS-CoV structure and genomic organization. The Middle East respiratory syndrome 

coronavirus (MERS-CoV) is enveloped virus that contains a single-stranded, positive-sense RNA 

genome. The virion particle is approximately 120 to 160 nanometers in diameter and contains a genome 

of 30 kb in length. The genome is arranged in the order of 5’ to 3’ with the replicase, the spike (S), ORF3, 

4a, 4b, 5, the envelope (E), the matrix (M), ORF8b and the nucleocapsid (N). A polyadenylated tail is 

positioned at the end of the genome. 

 

1.2.3 Replication cycle 

CoVs replication is dependent on the host RNA processing machinery. To complete the 

replication cycle, the virus needs to bind to the host cell and get imported into the 

cytoplasm. Then the genomic RNA is released for replication and synthesis of the 

different proteins before assembling and then egress of the newly formed viral particles 

(Perlman and Netland, 2009). As mentioned above, MERS-CoV enters the host cells 

by binding of the S1 domain of the S protein to the DPP4. Subsequently, the S2 domain 

fuses with the cellular membrane, following the release and uncoating of viral genomic 

RNA into the cytoplasm. The translation begins at ORF1a and then continues at ORF1b 

after a frameshift, by which MERS-CoV pp1a and pp1ab are synthesized. Subsequently, 

the proteases Mpro/3CLpro and PLpro cleave pp1a and pp1ab, resulting in 16 mature 

non-structural proteins (nsp1–nsp16). The nsps of CoVs are essential to build up the 

replication-transcription complex used for genomic replication and gene transcription 

(Snijder et al., 2006). The complexes assemble at the perinuclear cell regions and 



Chapter 1 

9 
 

rearrange the nsps, which are derived from the rough endoplasmic reticulum (RER), 

into double-membrane vesicles (DMVs). The N proteins encapsidate the newly 

synthesized genomic viral RNAs. The structural proteins S, M and E are then embedded 

into the RER membrane and are immediately carried to the endoplasmic reticulum–

Golgi intermediate compartment (ERGIC), in which the assembled virion is formed. 

The assembly of CoV particles is completed through budding viral particles out as a 

smooth-wall vesicle to the plasma membrane to egress via exocytosis (Figure 1-2). 

 
Figure 1-2. Schematic of the replication cycle of MERS-CoV. MERS-CoV binds to DPP4 on the host 

cell through its RBD in the S1 subunit of the S glycoprotein, resulting in virus-cell fusion followed by 

the release of genomic RNA into the cytoplasm. Subsequently, ORF1a and b are translated into pp1a 

and pp1ab, respectively, which are then cleaved by the PLpro and 3CLpro into 16 mature nsps. Viral 

replication and transcription occur in DMVs. The newly produced genomic RNAs are encapsidated by 

the N proteins in the cytoplasm and then transported to the ERGIC for further assembly. The structural 

proteins S, M and E are inserted into the membrane of the RER and then translocated to the ERGIC to 

interact with the RNA-encapsidated N proteins. The budded vesicles are then transported to the cell 

surface for release following maturation in the Golgi bodies. Double-stranded RNA is partially 

generated during viral replication. Adapted from Durai et al, 2015 (Durai et al., 2015). 
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1.3 Epidemiology and transmission 
To date, 27 countries have reported MERS cases, with most of them described in the 

KSA. Moreover, all MERS cases reported in other continents can be linked to patients 

who had previously visited the Middle East region. Several MERS-CoV outbreaks have 

been related to healthcare settings, with the largest one detected in the KSA, especially 

in 2014 and 2015, when hospital-acquired cases occurred (Alenazi et al., 2017; Hastings 

et al., 2016). Additionally, secondary and tertiary cases were reported in community 

clusters and hospital outbreaks in the KSA and South Korea. Tertiary, quaternary, and 

quinary generations accounted for 24%, 13%, and 3% of all hospital-based 

transmissions in a large outbreak in the KSA (Alenazi et al., 2017). This was largely 

due to infection control deficiencies, including limited isolation of suspected MERS-

CoV patients and patient crowdedness and inconsistent or inadequate use of protective 

precautions (Hastings et al., 2016), as shown in Figure 1-3. These large and complex 

outbreaks were halted by increased awareness and reporting, by robust contact tracing, 

active surveillance, quarantine and isolation.  

Bats were initially suspected to be original hosts for MERS-CoV due to existing 

coronaviruses known to reside among them (Memish et al., 2013; Shi, 2013; Smith and 

Wang, 2013). Analysis of DPP4 sequences, distribution of the DPP4 receptor in various 

bat species, and in vitro infection studies with different bat cell lines as well as in vivo 

data revealed that bats are potentially susceptible to MERS-CoV (Caì et al., 2014; Cui 

et al., 2013; Munster et al., 2016; Widagdo et al., 2017). However, MERS-CoV direct 

transmission from bat to human is so far speculative, since this hypothesis has yet to be 

supported by any conclusive evidence. It is considered that bats are more likely to be 

the primary host  of the ancestor of MERS-CoV (Corman et al., 2014b). 

Dromedary camels are the major source for zoonotic MERS transmission to humans as 

serological surveys in these animals from the Arabian Peninsula and African countries 

(Tunisia, the KSA, Qatar, Egypt, Jordan, Oman, Nigeria, Kenya, and Ethiopia) showed 

a high prevalence of neutralizing antibodies against MERS-CoV (Chu et al., 2015; 

Corman et al., 2014a; Farag et al., 2015; Haagmans et al., 2014; Raj et al., 2014a; 

Reusken et al., 2013a, 2014, 2013b). In fact, this virus has been circulating widely in 

this species for a relative long period of time, as MERS-CoV neutralizing antibodies 

have been found in eastern Africa as early as 1983 (Müller et al., 2014). Further 

evidences came with the detection of identical sequences in viruses obtained from nasal 
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swabs (NS) of dromedary camels and infected patients (Azhar et al., 2014; Haagmans 

et al., 2014; Hemida et al., 2014). In addition, several MERS-CoV lineages, including 

those that have caused human infections, have been isolated from dromedaries in the 

KSA (Alharbi et al., 2015). The sequence of a virus isolate obtained from dromedary 

camels, on different occasions over a month, was not altered, indicating the high 

genomic stability and thus suggesting that this specie is probably the natural and not 

necessarily the intermediate host for MERS-CoV (Hemida et al., 2014). 

However, the exact route by which MERS- CoV humans remains unclear. Studies have 

shown that the large proportional of primary cases lack contact with animals (Gossner 

et al., 2016). Indeed, there is a potential risk of transmission from milk and meat 

products derived from these animals. Frequent ingestion of raw, unsterilized camel milk 

is commonly seen among the desert Bedouin as well as in the KSA, and viral RNA was 

found in raw milk collected in a marketplace in Qatar (Mackay and Arden, 2015a; 

Reusken et al., 2014). Although viral RNA was detected in lymph nodes of 

experimentally infected animals and slaughtered camels, infected animals did not 

exhibit any evidence for the presence of the live virus in the meat (Adney et al., 2014; 

Bart L. Haagmans et al., 2016; Farag et al., 2015). Nevertheless, a potential respiratory 

secretion or fecal contamination of milk or meat during slaughter cannot be ruled out. 

Camel urine is also consumed in the Middle East for supposed health benefits (Gossner 

et al., 2016). Apart from consumption, close contact between human and dromedary 

camels occurs in a variety of ways. Several festivals, races, sales, and parades with the 

presence of dromedaries imply a close contact of the animals with humans. During the 

Hajj pilgrimage, dromedary camels represent an animal of ritual significance (Mackay 

and Arden, 2015a). Therefore, the aforementioned activities may result in close human-

camel contacts that could represent potential risks to human exposure to MERS-CoV 

(Figure 1-3). Several screening studies have shown that juvenile camels (<2 years) with 

primary infections rather play a more important role in MERS-CoV epidemiology than 

aged animals, which tend to be seropositive but with no evidence of ongoing viral 

infection (Farag et al., 2015; Hemida et al., 2013, 2014). 

MERS-CoV transmission between humans occurs mainly via close contact and is 

probably via large droplets. While transmission of MERS-CoV among family members 

accounts for 13–21% of MERS cases, 62–79% cases of infection have been reported in 

hospitals (Chowell et al., 2015), as indicated in Figure 1-3. The outcome of the very 
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first documented MERS-CoV human-to-human transmission was a person with severe 

pulmonary disease acquired in a healthcare setting in Jordan (Mackay and Arden, 

2015b). It seems that transmission of MERS-CoV is mostly characterized as sporadic, 

inefficient, and requires close and prolonged contact, and most human cases of MERS-

CoV do not efficiently transmit to more than another human so far (Drosten et al., 2014, 

2015) (reproduction ration ≤1). Transmission of MERS-CoV among people can occur 

during both symptomatic and incubation phases (Al-Abdallat et al., 2014; Al-Tawfiq 

and Auwaerter, 2019; Alfaraj et al., 2018; Omrani et al., 2013). The virus can persist in 

the environment for up to 24 hours, which is also an unneglectable risk for human 

exposure (van Doremalen et al., 2013).  

In terms of the transmission dynamics and time-dependent reproduction number, some 

patients affected by MERS were likely infected in the context of super spreading events 

in South Korea (Kim et al., 2016b). In order to control healthcare setting-associated 

transmission between humans, the WHO established effective prevention and control 

guidelines for dealing with human to human MERS-CoV spread. These include 

improved infection control awareness and implementation measures for patients with 

severe disease outcome, as well as reinforcing the education to healthcare workers 

(WHO, 2015). Since people with comorbidities, such as diabetes, renal failure or a 

compromised immune system, are at a higher risk of developing acute symptoms of 

MERS, they should keep distance with camels from the region in which the virus is 

known to be pandemic. 
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Figure 1-3. A speculative model of how MERS are transmitted between humans and dromedary camels. 

a. Potential risk factors of MERS-CoV spillover at the camel-human interface. The model depicts risks 

that may originate from an aerosol transmission mode (wet droplets) or a direct contact component 

(within the green circle). b. A speculative model of how humans acquire and spread MERS-CoV 

following close contact with camels. Although the direct transmission from dromedary camels to humans 

appears to be infrequent, person to person spread of MERS-CoV is regularly facilitated by the lack of 

effective control measures. c. A speculative model in which potential subclinical/asymptomatic (an 

infection has no symptoms or noticeable signs of illness) infection might be implicated during person to 

person transmission. Adapted from Mackay and Arden, 2015 (Mackay and Arden, 2015b). 

 

1.4 Pathology 

1.4.1 Pathology of MERS-CoV in humans 

Knowledge on MERS-CoV induced pathological changes comes from few autopsy and 

biopsy cases, and from experimental studies with different animal models of disease.  
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Pathological features of MERS include exudative diffuse alveolar damage with hyaline 

membranes, pulmonary edema, congestion of alveolar walls, type two pneumocyte 

hyperplasia, multinucleate syncytial cells and interstitial pneumonia (mainly 

lymphocytic) or severe acute hemorrhagic pneumonia (Alsaad et al., 2018; Ng et al., 

2016). Infiltration of few neutrophils, lymphocytes and plasma cells can be found in 

mucosa and submucosa of trachea and bronchus. Bronchial submucosal glands might 

be focally necrotic. The kidney may show thickened Bowman capsules, tubular 

epithelial cell degeneration, increased globally sclerotic glomeruli (five to ten percent 

of total glomeruli), nuclear hyperchromasia, loss of brush surface of the proximal 

tubular epithelial cells, atherosclerosis, hyaline arteriolosclerosis and focal interstitial 

inflammation. No interstitial fibrosis, tubular atrophy, endarteritis- like lesion or 

vasculitis have been reported (Alsaad et al., 2018; Ng et al., 2016). Evidence of 

diminished lymphoid follicles and a polymorphic population of reactive lymphocytes 

have been described in several lymph nodes (Ng et al., 2016). Liver may display mild 

chronic lymphocytic portal inflammatory cell infiltrates as well as perivenular necrosis 

and inflammation as well as loss of hepatocytes (Alsaad et al., 2018; Ng et al., 2016). 

Multiple immunoblasts and normal cells with left-shifted granulopoiesis have been 

described in spleen and bone marrow, respectively (Ng et al., 2016). Skeletal muscles 

may be atrophic with myofibre changes including lymphohistiocytic inflammatory 

infiltrate (Alsaad et al., 2018), although this is not a direct lesion attributed to MERS-

CoV infection. Electron microscopy studies  have shown the presence of viral particles 

in lung epithelial cells, alveolar macrophages, macrophages infiltrating the skeletal 

muscles, and renal proximal tubular epithelial cells (Alsaad et al., 2018). 

 

1.4.1 Pathology of MERS-CoV in infected animals 

MERS-CoV infection results in variable pathological outcomes depending on the 

animal species tested.  

Rhesus macaque: Gross examination of the lungs of MERS-CoV inoculated animals 

revealed that lungs were firm, edematous, with discolored foci. Microscopically, 

animals developed moderate interstitial pneumonia characterized by thickened alveolar 

wall with edema, fibrin and some inflammatory cells, hyaline membranes formation, 

type II pneumocyte hyperplasia, perivascular inflammatory infiltrates, hemorrhages, 
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and degeneration and necrosis of pneumocytes and bronchial epithelial cells (Falzarano 

et al., 2013; Munster et al., 2013; De Wit et al., 2013; Yao et al., 2014). 

Common marmoset: Grossly lungs from experimentally inoculated animals may be 

dark red and edematous. Microscopically, animals developed bronchointerstitial 

pneumonia accompanied by a mixed population of multinucleated cells, and type two 

pneumocyte hyperplasia accompanied with bronchiolar lesions. Respiratory epithelial 

cells in bronchi were eroded and attenuated. Airways were largely infiltrated by 

inflammatory cells mixed with varying amounts of fibrin, edema, and hemorrhage 

(Baseler et al., 2016; Yu et al., 2017). 

Camelids: Dromedary camels inoculated with MERS-CoV have shown mild to 

moderate rhinitis characterized by multifocal necrosis of epithelial cells and infiltration 

of few leukocytes in nasal mucosa and lamina propria. Multifocal mild tracheitis and 

bronchitis with infiltration of inflammatory cells in the lamina propria, as well as 

epithelial necrosis and exocytosis of lymphocytes and neutrophils, have been described. 

In addition, follicular hyperplasia may be observed in lymphoid tissues (Adney et al., 

2014; Bart L. Haagmans et al., 2016). Bactrian camels and new world camelids, alpacas 

and llamas, exhibited a very similar pathological outcome than that of dromedaries. 

Despite infiltration of some leukocytes, no severe histopathological lesions were 

observed in the lungs of any camelid species tested, upon MERS-CoV infection. 

Rabbit: On days 3 and 4 post-MERS-CoV inoculation, mild rhinitis with heterophils in 

the epithelia and underlying lamina propria and mild to moderate necrosis and epithelial 

hyperplasia and hypertrophy were noted in the nasal turbinate of MERS-CoV infected 

rabbits. Lung lesions were characterized by the mild thickened alveolar septa, with mild 

hypertrophy of type two pneumocytes. Additionally, some alveoli were often 

accumulated by moderate numbers of alveolar macrophages (Haagmans et al., 2015). 

 

1.5 Modulation of innate host response by MERS-CoV 
infection 
When functioning properly, the host immune system identifies invading MERS-CoV, 

leading to viral clearance without promoting immunopathology. This is evidenced by 

the fact that camelids or humans with mild symptoms eventually recover after MERS-

CoV infection (Adney et al., 2014, 2016a; Zhao et al., 2017). However, an aberrant 
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immune response causes acute inflammation, tissue damage or even lethal outcome to 

the severely infected patients and common marmosets (Alosaimi et al., 2020; Falzarano 

et al., 2014; Ng et al., 2016). Mechanistic aspects of how the host recognize MERS-

CoV and eventually establish either protective or pathological countermeasures are 

complex and involve diverse immune signaling pathways.  

Similar to other RNA virus infections, the host immune response against MERS-CoV 

can be canonically divided into two significant branches, innate and adaptive immunity. 

The innate immune response is initiated upon the rapid recognition of the viral antigen 

by various types of immune cells, such as monocytes or macrophages, dendritic cells 

(DCs) and natural killer cells (NKs), as well as non-immune cells including epithelial 

ones (Nicholson, 2016). All these cells exert their function through complex effector 

mechanisms, including pathogen sensing via pattern recognition receptors (PRR) 

signaling pathways, type I and III IFNs, inflammatory cytokines and chemokines, and 

the complement cascade (Takeuchi and Akira, 2009). The two arms of the adaptive 

immune system are the humoral and cell mediated immunity. The adaptive immune 

response is comparatively slow upon the first encounter with the virus but highly 

specific.  

Since the pathogenesis of MERS-CoV and the innate immunity are the two main 

focuses of this PhD Thesis, these will be reviewed in the corresponding sections. 

 

1.5.1 Viral detection and activation of the innate immunity 

The primary targets for MERS-CoV are epithelial cells lining the respiratory tract 

(Adney et al., 2014; Kindler et al., 2013; Ng et al., 2016; Zhou et al., 2015) in which 

the innate immune response is initiated. Cell PRRs comprising toll like receptors (TLRs) 

and retinoic acid-inducible gene like receptors (RLRs) recognize invading pathogens 

and thus initiate a signaling cascade that eventually induce cytokines, such as 

inflammatory cytokines/chemokines and IFNs. The signaling of a specific route 

depends on the type of pathogens, type of the infected cell and the stage of infection in 

that same cell.  
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1.5.1.1 Sensing of RNA viruses via pattern recognition receptors 

RIG like receptors 

RLRs are constitutively located in the cytosol of almost all cell types and are always 

prepared for capturing non-self double stranded RNA (dsRNA). Two main types of 

RLRs bind to viral RNA, RIG1 (retinoic acid-inducible gene 1) and MDA5 (melanoma 

differentiation-associated protein 5), thereby initiating the downstream signaling 

pathway (Figure 1-4). The inactive form of RIG1/MDA5 has a RNA helicase domain 

with an ATP-binding motif and two N-terminal caspase recruitment domains, CARD 

(Rawling and Pyle, 2014; Yoneyama et al., 2004). Upon recognition of viral dsRNA 

through ATP-driven translocase activity of CARDs and helicases, RIG1/MDA5 

undergoes conformational changes to an open and activated state and form a translocon 

complex with a chaperone molecule, 14-3-3ε (Liu et al., 2012). This chaperone protein 

mainly stabilizes the tripartite motif-containing protein 25 (TRIM25)-mediated 

ubiquitination in the CARD domains of RIG1/MDA5, thereby facilitating its 

oligomerization and translocation from the cytosol to the mitochondria (Liu et al., 2012). 

Of note, RIG1 can be further stimulated by the protein activator of the IFN-induced 

protein kinase (PACT) (Kok et al., 2011). On the mitochondrial surface, tandem CARD 

domains of RIG1/MDA5 form homotypic interactions with the CARD of the adapter, 

the mitochondrial antiviral-signaling protein (MAVS, also referred to as IPS-1, VISA, 

or CARDIF).  
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Figure 1-4. Induction of innate immune genes by RLRs. In response to RNA viruses, IFNs and 

proinflammatory genes were induced by RLRs signaling pathways in the infected cells. Type I and III 

IFNs bind to respective receptors, activate the JAK-STAT pathway and then induce various ISGs. 

Abbreviations: RIG1, Retinoic Acid-Inducible Gene I; MDA5, Melanoma Differentiation-Associated 

Protein 5; CTD, C-terminal domain; CARD, Caspase recruitment domain-containing protein; PACT, 

Protein ACTivator of the interferon-induced protein kinase; TRIM25, Tripartite motif-containing protein 

25; MAVS, Mitochondrial antiviral-signaling protein; TRADD, TNFRSF1A Associated Via Death 

Domain; FADD, Fas-associated protein with death domain; RIP1, Receptor-interacting serine/threonine-

protein kinase 1, TRAF, TNF Receptor Associated Factor; IKK, Inhibitor of nuclear factor kappa-B 

kinase subunit; IκBA, Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; 

NF-κB, Nuclear factor NF-kappa-B; P50, Nuclear factor NF-kappa-B p50 subunit; P65, Nuclear factor 

NF-kappa-B p65 subunit; TANK, TRAF family member-associated NF-kappa-B activator; NAP1, 5-

azacytidine-induced protein 2; TBK1, TANK-binding kinase 1; IRF, Interferon Regulatory Factor; ISRE, 

the Interferon-Stimulated Response Element; JAK, Janus kinase; TYK2, Non-receptor tyrosine-protein  

(Continued) 
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kinase; STAT, the signal transducer and activator of transcription; ISGF3, Interferon Stimulated Gene 

Factor 3; CCL2, The chemokine (C-C motif) ligand 2; CXCL1,  The chemokine (C-C motif) ligand 1; 

TNFα, Tumor necrosis factor α; MIF, Macrophage Migration Inhibitory Factor; ISG15, Interferon-

stimulated gene 15; OAS1, 2'-5'-oligoadenylate synthetase 1; IFITM, Interferon-induced transmembrane 

protein; CXCL10, C-X-C motif chemokine 10; MX1, Interferon-induced GTP-binding protein Mx1; 

PKR, Protein kinase RNA-activated also known as protein kinase R. 

 

Toll like receptors 

On the other hand, endosomal TLRs, mainly TLR3 and TLR7, are also responsible for 

uptaking the viral RNA. Unlike RLRs localizing in the cytosol of most cell types, some 

TLRs (e.g. TLR7) are restricted to specific cell types. Dimerization of TLR3 monomers 

occurs upon viral dsRNA binding, followed by signal transmission through interaction 

between the toll/interleukin-1 receptor (TIR) homology domains and a TIR-domain-

containing adapter-inducing interferon-β (TRIF) in the cytosol (Liu et al., 2008). This 

interaction is responsible for the recruitments of TRAF, TBK1 and IKKε, transmitting 

signals downstream to phosphorylate IRF3. Thus, phosphorylated IRF3 dimerizes and 

translocates into the nucleus, thereby activating NF-κB (Nuclear factor NF-kappa-B) 

and inducing pro-inflammatory cytokines. TRAF3 also recruits the IKK and TBK1 

along with NEMO for IRF3/IRF7 phosphorylation, dimer-formation and translocation 

into the nucleus, in which induction of type I/III IFNs occurs in a manner similar to 

what is described in the RIG1/MDA5 pathway (Akira et al., 2006; Kawai and Akira, 

2010). Besides, TLR7 captures viral ssRNA. Dimerization of TLR7 leads to the 

interactions of TIR domains and the adaptor molecule Myeloid differentiation primary 

response 88 (MyD88), thereby recruiting the Myddosome complex encompassing 

MyD88, phosphorylated Interleukin-1 receptor-associated kinase1 (IRAK1), IRAK4, 

and TRAF6 (De Nardo, 2015). Afterwards, TRAF6 is ubiquitinated and activates 

mitogen-activated protein kinase 7 (TAK1) complex. As a result, pro-inflammatory 

cytokines are induced via NF-κB signaling pathway (Napetschnig and Wu, 2013), the 

same process that one of the downstream events of TLR3 has been described above. 

Ubiquitinated TRAF6 also recruits and activates a TRAF3-IRAK-IKKα complex, 

which in turn phosphorylates IRF7, leading to its translocation into the nucleus to 

induce IFN production (Kawasaki and Kawai, 2014) as shown in Figure 1-5. 



General introduction 

20 
 

  

Figure 1-5. Induction of innate immune genes by TLRs. In response to RNA viruses, IFNs and 

proinflammatory genes were induced by TLRs signaling pathways in the infected cells. Once type I and 

III IFNs bind to their own receptors, the JAK-STAT pathway is activated, thereby inducing various ISGs. 

 

1.5.1.2 Production of Interferon stimulated genes in response to RNA viruses 

Following the recognition of RNA viruses via PRRs, the associated adapter proteins 

transmit downstream signals to nuclear factor (NF-κB) and IFN regulatory factors 

(IRF3, IRF5 and IRF7), further inducing pro-inflammatory cytokines (IL6, IL8, IL15, 

TNFα, CCL3, CCL2 CXCL1, NLRP3 and pro-IL1β) and IFNs (predominantly type I 

and III IFNs), respectively (Figure 1-4 and 5). Subsequently, IFNs are released from 

the cells and bind to specific IFN receptors in the cell membrane, leading to induction 

of the JAK-STAT intracellular signal transduction (Figure 1-4 and 5). Type I IFNs 



Chapter 1 

21 
 

signal through the IFN receptor (IFNAR) complex that is composed of an α-chain 

(IFNR1) and a β-chain (IFNR2). Afterwards, phosphorylation of tyrosine kinase 2 

(TYK2) and Janus kinase 1 (JAK1) occurs. Similarly, type III IFNs bind to a 

heterodimeric receptor complex comprising IL28R1 and IL10R2 chains, followed by 

the phosphorylation of TYK2, JAK1 and JAK2 (Mendoza et al., 2017a). Type I and III 

IFNs, through distinct receptors, bind to the same JAK1 and TYK2 and activate a 

similar JAK/STAT pathway to induce interferon stimulated genes (ISGs) (Mendoza et 

al., 2017b). Phosphorylation of the JAK proteins further activates and phosphorylates 

the signal transducer and activator of transcription (STAT)1 and STAT2 to form a 

heterodimer  (Dumoutier et al., 2003; Stark et al., 1998). As a result, STAT1-STAT2 

dimers bind to IRF9, forming an ISGF3 complex that translocates to the nucleus and 

signals through the Interferon-Stimulated Response Element (ISRE) on the promoters 

of ISGs, initiating their transcription (Kotenko et al., 2003; Sheppard et al., 2003). 

While type I and III IFNs induce the expression of a comparable set of ISGs (Hoffmann 

et al., 2015), type I IFN signaling also activates pro-inflammatory cytokines and 

chemokines, which in turn recruit leukocytes to the site of infection.  

 

1.5.2 IFN induction by MERS-CoV 

The ability of the host cells to counteract RNA viruses, at the early infection stages, is 

dependent largely on the induction of IFNs and proinflammatory cytokines, and their 

relative contributions are the critical determinants for the disease outcome (L. Ferreira 

et al., 2019). Based on the structural features, receptor usage and biological activities, 

so far three distinct types of IFNs have been discovered: type I, II and III IFNs (Kotenko 

et al., 2003; Sheppard et al., 2003; Zanoni et al., 2017). Mainly type I and III IFNs 

participate in the innate host response. Type I IFNs suppress viral replication by 

inducing up to hundred types of ISGs and are also critical for orchestrating adaptive 

immunity. In response to the viral infection, type I IFNs are abundantly produced and 

become easily detectable in the blood (L. Ferreira et al., 2019). Type III IFNs, however, 

become particularly important in response to the early infection against respiratory 

viruses such as MERS-CoV, SARS-CoV or influenza viruses, as they are 

predominantly expressed by airway epithelial cells and specific myeloid cells (Kotenko 

et al., 2019). Although type III IFNs show expression profiles, signaling pathways and 
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gene expression programs resembling those of type I IFNs, they are known to induce 

milder inflammatory responses (Lazear et al., 2019). Both type I and III IFNs induce a 

wide range of ISGs which are effective for viral resistance (Hoffmann et al., 2015; 

Kotenko, 2011). In this section, IFN responses from MERS-CoV infected patients, 

human cell lines and animal models are reviewed. 

 

1.5.2.1 IFNs in clinical specimens 

Limited data available from the patient who succumbed to MERS-CoV infection 

showed no expression of IFNα in their broncho-alveolar lavage cells as well as in serum 

on the first week post infection. By contrast, the patient with mild symptoms could 

promote innate antiviral response, with a paucity of IFNα expression and thus control 

viral replication, suggesting a key role of the type I IFN in modulating the host immune 

response (Faure et al., 2014).  

 

1.5.2.2 IFNs in MERS-CoV infected human cell lines 

Due to the insufficient clinical data and limited autopsy samples, the investigation of 

IFN-mediated innate immune responses has mainly been focused on human cell lines. 

Monocyte-derived dendritic cells (Mo-DCs) fail to express IFNβ in response to MERS-

CoV (Chu et al., 2014b); IFNs are not produced by human macrophages and 

immortalized epithelial cells (Comar et al., 2019; Zielecki et al., 2013) after infection 

with MERS-CoV. The absence of IFN response suggests that this highly pathogenic 

CoV has evolved mechanisms to block the production of IFNs and thus suppress innate 

antiviral responses (Kindler and Thiel, 2016). A wide range of viral factors modulates 

the host IFN responses and their underlying mechanisms have been broadly 

investigated. For instance, MERS-CoV ORF4a blocks MDA5 activation by dsRNA 

binding or sequestration (Niemeyer et al., 2013) and efficiently antagonizes PACT-

induced activation of RIG1 and MDA5 (Siu et al., 2014); ORF4b, another MERS-CoV 

accessory protein, perturbs phosphorylation of IRF3 and subsequent activation of IFNβ 

in both the cytoplasm and nucleus (Yang et al., 2015). Efficient MERS-CoV replication 

can be achieved, leading to cell damage via direct cytopathic effect (CPE) or 

immunopathology via exacerbated pro-inflammatory cytokine responses. Accordingly, 

recombinant viruses lacking ORF4a and ORF4b elicited a strong type I and III 
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induction in various cell types (Comar et al., 2019). Some MERS-CoV African strains 

displaying genome deletions, particularly in the ORF4b, can induce higher levels of 

IFNβ, IFNλ1 and ISGs after 48 hours of infection as compared to that of the prototypic 

strain EMC/2012 (Chu et al., 2018). Plasmacytoid DCs (pDCs) are the only type of 

cells promoting the large production of type I and III IFNs in response to the MERS-

CoV EMC/2012 (Scheuplein et al., 2015). Nonetheless, whether such a high secretion 

of IFNs by pDCs also occurred in vivo condition and responsible for viral clearance 

remains to be demonstrated in further studies. 

Intriguingly, MERS-CoV infection in Calu3 cells delayed type I and III IFN production 

(Menachery et al., 2014). Such an aberrant IFN response can be lethal, since in vivo 

study confirmed that delayed induction of IFNβ by MERS-CoV failed to effectively 

inhibit virus replication, thereby enhancing immunopathology (Channappanavar et al., 

2019a). 

 

1.5.2.3 IFNs in MERS-CoV susceptible animals 

Although numerous animal species are susceptible to MERS-CoV under experimental 

condition, limited data are available for immunopathogenesis purposes. It has been 

shown that IFNβ was not induced in lungs of common marmosets upon MERS-CoV 

infection (Falzarano et al., 2014). In IFNAR−/−, hDPP4–transduced mice, viral 

clearance was delayed and MERS-CoV mediated histopathological alteration, such as 

peribronchial, perivascular, and interstitial infiltrates and increased leukocytes, 

appeared earlier relative to wild type mice (Zhao et al., 2014), indicating the protective 

role of type I IFNs. Similarly, increased viral loads and mortality were also noted when 

blocking IFNAR1 in mice (Channappanavar et al., 2019a). 

Remarkably, it has been shown that early type I IFN administration (before virus titers 

peak) protected mice and rhesus macaques from MERS-CoV infections 

(Channappanavar et al., 2019a; Falzarano et al., 2013; Zhao et al., 2014) while delayed 

type I IFN treatment promotes infiltration of inflammatory monocytes and 

macrophages towards lung tissue of mice (Channappanavar et al., 2019a), leading to 

lethal disease. Accordingly, the timing of type I IFN response in vivo relative to viral 

replication is also a determinant of the disease outcome in MERS-CoV infection. 

Together, type I and III IFNs are critical for counteracting MERS-CoV at the early 
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stage of the infection. However, dysregulated (impaired or delayed) type I IFN 

responses in host cells lead to increased accumulation of lung leukocytes and thus 

immunopathology (Channappanavar et al., 2019a). 

 

1.5.3 MERS-CoV induced pathogenic pathways in target cells 

Severe pulmonary injury caused by MERS-CoV infection in humans and other animal 

models indicates diverse potentially pathogenic pathways. Most prominent, however, 

is the aberrant immune response upon MERS-CoV infection, characterized by the 

overexpression of various proinflammatory cytokines and chemokines (Alosaimi et al., 

2020). Aforementioned cytokines play an essential role in response to MERS-CoV as 

they orchestrate cellular functions, including pro/anti-inflammatory and antiviral 

responses. A proper inflammatory response is beneficial and disturbs viral infected cells 

while extensive pro-inflammatory responses increase the concentrations of cytokines 

in the systemic circulation. Therefore, persistent production of these cytokines may lead 

to the development of pathological consequences such as tissue damage or even severe 

acute respiratory distress syndrome (ARDS) in some cases (Bohmwald et al., 2019; 

Mogensen and Paludan, 2001). 

In the lower respiratory tract of MERS-CoV infected patients, proinflammatory genes 

IL1α, IL1β, IL8, IL18, CXCR3, SOCS5 and CCR2 were highly expressed (Alosaimi et 

al., 2020). Also, in the serum samples from MERS-patients who developed severe 

diseases, the levels of IL6 and CXCL10 were significantly elevated (Kim et al., 2016a). 

In vitro results are in line with what is observed in humans. MERS-CoV infection 

resulted in delayed but high induction of IL1β, IL6 and IL6 in Calu-3 cells (Lau et al., 

2013). Furthermore, and compared with SARS-CoV, MERS-CoV induced significantly 

higher levels of IFN-γ, CXCL10, IL12, and CCL5 expression in Mo-DCs (Chu et al., 

2014b), and remarkably upregulated IL12, IFNγ, CXCL10, CCL2, CCL3, CCL5, and 

IL8 in monocyte-derived macrophages (Zhou et al., 2014). Another in vitro study also 

demonstrated that the overexpression of MERS-CoV N protein in A549 and 293FT cell 

lines resulted in high expression of TNF, IL6, IL8 and CXCL10 transcripts (Aboagye 

et al., 2018). Intriguingly, in response to MERS-CoV, common marmosets induced 

signs that resemble human MERS-CoV disease, with extensive lung lesions 

accompanied by the upregulation of pro-inflammatory cytokines (Falzarano et al., 
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2014). Serum levels of IL1RA, IL2, IL13, IL15, IFNγ, and MCP1 were also 

significantly upregulated at 1 day post inoculation (dpi) in rhesus macaques with mild 

to marked interstitial pneumonia, and all levels returned to baseline by 6 dpi (De Wit et 

al., 2013). Most of these cytokines/chemokines are essential for chemotaxis and 

activation of neutrophils and monocytes (Fan et al., 2001; Tsushima et al., 2009; Ware 

and Matthay, 2000).  

Thus, there are cumulative evidences that most of the pathology in humans and Non-

human primates (NHPs) could be attributed to the exacerbated pro-inflammatory 

responses, with macrophages and DCs playing a central role in inflammatory cytokine 

regulation; meanwhile, inhibition of IFN synthesis favours virus replication in 

pneumocytes. 

 

1.5.4 Evasion of the innate antiviral response 

CoVs successfully utilize a number of strategies to block or evade host innate immune 

responses, including those triggered by activation of the type I IFN pathway, which 

appears crucial for the initial immune response (Katze et al., 2002; Randall and 

Goodbourn, 2008). In that respect, MERS-CoV is not an exception. MERS-CoV 

encodes at least nine proteins that suppress host IFN production through distinct 

pathways. These include accessory proteins ORF3, 4a, 4b, 5 and 8b, structural protein 

M and N and non-structural proteins PLpro and nsp1. 

 

1.5.4.1 Open reading frame 4a  

MERS-CoV ORF4a protein functions as an IFN-antagonist involving the dsRNA 

binding and leading to the inhibitory effect on MDA5/RIG1-dependent IFN activation. 

However, it does not significantly affect the biological activities of genes involved in 

the downstream cascades (Niemeyer et al., 2013; Siu et al., 2014). ORF4a protein also 

inhibits dsRNA-mediated protein kinase R (PKR) activation, probably by sequestering 

dsRNA, thereby preventing translation and formation of stress granules that play 

important roles in antiviral signaling pathways (Rabouw et al., 2016). Compared to 

other accessory proteins, ORF4a protein shows a potent role of antagonist, impeding 

IFN response through inhibition of the IFNβ promoter activity, NF-κB activation and 
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the downstream cascades (Yang et al., 2013). During MERS-CoV infection in human 

airway epithelium-derived A549 cells, a recombinant virus lacking ORF4a resulted in 

increased IFNL expression (Comar et al., 2019). However, the deletion of ORF4a did 

not activate PKR or OAS-RNase L pathways (Comar et al., 2019), indicating that 

MERS-CoV ORF4a protein is not the only viral factor involving in the innate immune 

evasion. 

 

1.5.4.2 Open reading frame 4b 

ORF4b protein potentially suppresses phosphorylation of IRF3 and activation of IFNβ 

through interfering with IKKε /TBK1 in the cytosol. Interestingly, ORF4b inhibits IRF3 

and IRF7 signaling, while the deletion of the nuclear localization signal of ORF4b is 

unable to impede IFNβ production (Yang et al., 2015). It has been shown that the 

ORF4b protein inhibits the type I IFN and NF-kB signaling pathways, thereby 

facilitating immune evasion strategies (Matthews et al., 2014). ORF4b protein also 

suppresses the antiviral effects of IFN via the counteraction of ISRE promoter element 

signaling pathways (Yang et al., 2013). In addition, ORF4b protein antagonizes IFNL1 

production; this function is dependent on both its catalytic activity and nuclear 

localization and independent of its interaction with the OAS-RNase L pathway (Comar 

et al., 2019). 

 

1.5.4.3 Open reading frame 5 

ORF5 protein of MERS-CoV is able to modulate NF-κB mediated inflammation. The 

depletion of ORF5 (dORF5) activates a robust pro-inflammatory cytokine cascade in 

response to MERS-CoV. However, the dORF5 mutant failed to induce changes in IFN 

signaling, suggesting a limited role for the accessory ORF5 (Menachery et al., 2017; 

Yang et al., 2013). More studies are required to decipher the exact mechanism of this 

ORF5 protein. 

 

1.5.4.4 Open reading frame 3 

Although ORF3 is conserved among CoVs, the function of its coded protein is largely 

unknown. With the removal of ORF3, 4a, 4b and 5, robust type I and III IFN responses 
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are induced (Menachery et al., 2017). However, the depletion of ORF3 alone may not 

influence MERS-CoV replication in vitro, as a growth-curve analysis showed the virus 

still grew efficiently in Vero cells (Tamin et al., 2019). 

 

1.5.4.5 Open reading frame 8b 

MERS-CoV ORF8b protein is another IFN-antagonist. ORF8b strongly inhibits MDA5 

and RIG1 mediated IFNβ promoter activity, but the expression of downstream 

signaling molecules, including MAVS and TBK1, is largely unaltered (Lee et al., 2019). 

 

1.5.4.6 M protein 

M protein is a multiple membrane-spanning protein that plays a central role in the 

assembly and budding of CoVs. It localizes predominantly into the Golgi apparatus and 

overlaps with the ERGIC (Nal et al., 2005). Besides, the MERS-CoV M protein is also 

reported to suppress type I IFN expression by inhibiting the phosphorylation of IRF3 

(Lui et al., 2016). 

 

1.5.4.7 N protein 

In epithelial cell lines, the structural protein N interacts with TRIM25 impeding 

ubiquitination of RIG1 and further expression of type I and III IFNs. Ectopic expression 

of TRIM25 attenuates the suppressive effect of the N protein. Besides, the C-terminal 

domain of the N protein effectively suppresses IFNβ promoter activity (Chang et al., 

2020).  

 

1.5.4.8 Papain like protease 

PLpro of CoVs cleaves the polyprotein to generate various nsps by which the 

replication complex is formed (Clementz et al., 2010; Lindner et al., 2005, 2007). 

Besides, PLpro might contribute to the modulation of innate host responses to MERS-

CoV infection. A previous study has shown that MERS-CoV PLpro antagonizes IFN 

and NF-κB expression via deISGylating and deubiquitinating activities. Subsequently, 

several endogenous pro-inflammatory cytokines, including CCL5 and CXCL10, are 
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also downregulated (Mielech et al., 2014a). However, the exact role of PLpro and its 

associated deISGylating and deubiquitinating activities in these processes needs to be 

further investigated. 

 

1.5.4.9 Non-structural protein 1 

Analogous to the nsp1 of SARS-CoV that subverts host cell pathways at the 

translational level, the nsp1 of MERS-CoV directly targets host-cell functions and 

immune responses to inhibits host mRNA translation as well as host mRNAs 

degradation (Lokugamage et al., 2015). Such activity is likely triggered by the induction 

of endonucleolytic RNA cleavage. Moreover, MERS-CoV nsp1 has a unique strategy 

to inhibit mRNA translation that is distinct from the SARS-CoV nsp1(Lokugamage et 

al., 2015). While MERS-CoV nsp1 is localized in both the nucleus and the cytoplasm 

of target cells and does not bind firmly to the 40S subunit, SARS-CoV nsp1 is 

distributed only in the cytoplasm and binds to the 40S ribosomal subunit to facilitate 

mRNA translation (Lokugamage et al., 2015). 

As mentioned in this introduction, MERS-CoV does not rely solely on single virulence 

factors but employs various strategies to evade host responses. Otherwise, it would not 

be able to replicate, hijack the host cells and even adapt to new hosts in the presence of 

effective IFN responses. It is also worth noting that all these proteins of MERS-CoV 

act as innate immune antagonists (at least described by in vitro studies), which rely 

largely on the overexpression of viral and cellular proteins, and these interactions have 

rarely been tested in vivo models (De Wit et al., 2016). More mechanistic investigation 

on immune evasion of MERS-CoV is needed not only for the more detailed insight into 

the pathogenesis but also for improving the treatment against MERS. 

 

1.6 Animal models 
Several research groups worldwide have been focused on the development of new 

therapies and vaccines against MERS-CoV infection (Bart L. Haagmans et al., 2016; 

Channappanavar et al., 2019a; Rodon et al., 2019; de Wit et al., 2020). All compounds 

must be rigorously validated before they are implemented in humans and/or animals. A 

large part of testing involves in vivo trials that are usually demanded by regulatory 



Chapter 1 

29 
 

bodies. Therefore, searching for an appropriate animal model is mandatory to develop 

vaccines and antivirals against MERS-CoV. Currently, multiple animal species have 

been tested experimentally to ascertain their susceptibility to MERS-CoV infection.   

In this section, the current situation on animal models for the MERS disease is reviewed. 

 

1.6.1 Non-human primates 

NHPs have been chosen for modeling MERS-CoV infection in humans. These include 

Old World Monkeys (i.e. rhesus macaque) and New World Monkeys (i.e. common 

marmoset).  

Rhesus macaques showed transient, mild to moderate respiratory disease that appeared 

within 24 hours post-inoculation (hpi). Microscopically, lung lesions consisted of 

thickened alveolar septa by edema fluid and fibrin, and infiltration of few macrophages 

and neutrophils. Viral RNA was found in nasal and oropharyngeal swabs, 

bronchoalveolar lavage fluids, and upper and lower respiratory tracts (URT and LRT, 

respectively), while the lung was the only organ that harbored infectious virus (De Wit 

et al., 2013). 

In contrast to rhesus macaques, common marmoset showed severe progressive 

pneumonia after the MERS-CoV challenge via several routes (ocular, oral, intratracheal, 

and intranasal). The animals had clinical signs of tachypnea, labored or shallow 

breathing, cyanosis, and oral hemorrhagic discharge that were noted at 1dpi, peaked at 

4 to 6 dpi, and resolved around two weeks. Besides, a pulmonary interstitial pattern was 

detected radiographically as early as 1 dpi and was resolved by 13 dpi. MERS-CoV 

RNA was found in various tissues, including the respiratory, gastral, cardiovascular and 

lymphatic organs. The highest viral loads were detected in the lungs. In line with 

reported human infections, an increased level of alanine aminotransferase, aspartate 

transferase and creatinine were noted. Histological findings were characterized as 

multifocal to coalescing, moderate to marked acute bronchointerstitial pneumonia. The 

lesion was also characterized by type II pneumocyte hyperplasia on 6 dpi, indicating a 

chronic reparative stage of pneumonia. Induction of  robust antiviral and inflammatory 

transcriptional responses was evidenced in lungs (Falzarano et al., 2014). Therefore, 

the marmoset model seems to recapitulate well severe MERS cases in humans, as both 
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exhibited similar disease progression in response to the virus.  

The limitations of using NHP for MERS-CoV research include their cost and the need 

for complex husbandry requirements (level-3 biocontention facilities for animals, 

ABSL3). 

 

1.6.2 Mice 

Wild-type mice are resistant to MERS-CoV infection because a lack of interaction 

between DPP4 and the viral S1 protein (Cockrell et al., 2014). An alternative to infect 

mice with MERS-CoV is to express the human DPP4 (hDPP4) in murine tissues. Mice 

transduced with hDPP4 developed disease upon MERS-CoV infection (Zhao et al., 

2014). As these mice showed pulmonary lesions but no clinical signs, they can be used 

as an animal model to mimic mild MERS-CoV disease (Zhao et al., 2014). 

Alternatively, hDPP4-transgenic mice were generated to modulate more acute disease 

in response to MERS-CoV infection (Agrawal et al., 2015). Unlike hDPP4-transduced 

mice that only express DPP4 in epithelial cells lining the airways and alveoli, hDPP4-

transgenic mice globally expose hDPP4 in cells of a variety of organs. Upon intranasal 

inoculation with MERS-CoV, hDPP4-transgenic mice exhibited acute progressive 

respiratory disease that eventually resulted in a fatal outcome by 6 dpi. Gross and 

microscopic lesions have been observed in the lung, as represented by extensive 

pulmonary congestion and consolidation as well as bronchointerstitial pneumonia with 

perivasculitis. In line with the histological observations, high levels of infectious virus 

were detected in the lung at early dpi (Agrawal et al., 2015; Pascal et al., 2015). 

Interestingly, a study used CRISPR/Cas9 to modify the mouse DPP4 gene at two amino 

acids (aa) positions (288 and 330); thus, resembling the hDPP4 (Cockrell et al., 2017). 

After serial MERS-CoV passages in these mice, the virus replicated productively within 

the lungs, and evoked clinical signs indicative of ARDS (Cockrell et al., 2017). To 

conclude, wild-type mice do not support MERS-CoV replication whereas hDPP4-

transduced, hDPP4 transgenic and CRISPR/Cas9-edited mice are susceptible to MERS-

CoV, resulting in mild to severe, fatal disease.  
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1.6.3 Non-camelid domestic species 

Inoculation of domestic pigs with MERS-CoV did not cause disease while a low level 

of virus replication, shedding, and seroconversion was described (Vergara-Alert et al., 

2017b; De Wit et al., 2017). In addition, New Zealand white rabbits were used to model 

asymptomatic MERS-CoV infection. Like pigs, clinical signs were not noticed in 

rabbits (Haagmans et al., 2015). Although they shed infectious MERS-CoV from the 

URT, transmission virus between rabbits did not  occur (Widagdo et al., 2019). 

Moreover, goats, sheep, and horses inoculated with MERS-CoV did not get infected 

(Adney et al., 2016b; Vergara-Alert et al., 2017a). Overall, pigs and rabbits can be used 

to model asymptomatic disease while goats, sheep, and horses seem to be of limited or 

no value for modeling MERS-CoV infections, indicating the resistance of these species 

to infection. 

 

1.6.4 Other small animal models 

Syrian hamsters (Mesocricetus auratus) inoculated with the HCoV-EMC/2012 isolate 

did not show clinical signs, weight loss, gross or microscopic lesions, nor viral RNA in 

tissues or nasal, oropharyngeal, urogenital and fecal swabs (de Wit et al., 2013). Since 

ferrets (Mustela putorius furo) can be infected by SARS-CoV, these animals were also 

tested for susceptibility to MERS-CoV. However, no infectious virus was detected from 

nasal and oropharyngeal swabs of inoculated ferrets but viral RNA was found up to 2 

dpi (Raj et al., 2014b). 

 

1.6.5 Camelids 

1.6.5.1 Old world camelids 

Dromedary camels are thought to be the major reservoir of MERS-CoV. Experimental 

inoculation of dromedaries with MERS-CoV led to mild nasal discharge, accompanied 

by rhinorrhea that persisted for two weeks and a mild increase in body temperature on 

2 and 5–6 dpi. NS, URT, LRT and lymphoid tissues also contained viral RNA. However, 

infectious MERS-CoV was found only in the URT, trachea, large bronchi and tracheo-
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bronchial lymph nodes. Although gross lesions were not detected, mild microscopic 

lesions were present in both the URT and LRT, but not in the alveoli. In association 

with the observed lesions, MERS-CoV antigen was detected in epithelial cells lining 

the URT, trachea and bronchus. Neutralizing antibodies were also detected as early as 

14 dpi (Adney et al., 2014).  

On the other hand, Bactrian camels are also susceptible to MERS-CoV infection 

(Adney et al., 2019). The DPP4 of Bactrian camels is 98.3% identical to that of the 

dromedary camels at the aa level, and identical for the 14 residues of the RBD able to 

bind the MERS-CoV S protein. In response to MERS-CoV inoculation, Bactrian 

camels developed a transient, primarily URT infection, accompanied by large quantities 

of MERS-CoV shedding (Adney et al., 2019).  

However, it is rather impractical to work with such large animals due to their special 

requirement for housing conditions, costs and the need for large ABSL3. 

 

1.6.5.2 New world camelids 

New world camelids (alpacas and llamas) have been reported to be naturally and 

experimentally  susceptible to MERS-CoV infection (Adney et al., 2016a; Crameri et 

al., 2016a; David et al., 2018; Reusken et al., 2016; Vergara-Alert et al., 2017a). Upon 

MERS-CoV intranasal inoculation, both species displayed a similar clinical-

pathological outcome to that of dromedaries, but alpacas showed no clinical signs, 

while llamas exhibited mild mucus secretion. The virus was found in NS, the URT and 

trachea of both species. None of these animal species exhibited gross lesions, but mild 

to severe rhinitis characterized by epithelial necrosis with infiltration of leukocytes in 

the nasal mucosa (Adney et al., 2016a; Vergara-Alert et al., 2017a). Furthermore, 

experimentally inoculated alpacas and llamas can transmit infectious MERS-CoV to 

other non-inoculated animals via close contact (Adney et al., 2016a; Rodon et al., 2019), 

indicating that these new world camelids might be useful surrogates for camels in 

experimental studies.  

These new world camelids behave more gently compared to dromedaries, and are of 

smaller body size, thereby lessening difficulties on handling under ABSL3 facilities. 

Additionally, these animals are more available at a commercial level than dromedary 

camels. Also important for research purposes, some specific reagents for immune 
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monitoring have been limitedly commercialized for new world camelids (Davis et al., 

2000) but their efficiency was not tested for immunohistochemistry (IHC). Hence, new 

world camelids could represent suitable animal models as a surrogate for dromedaries 

under experimental conditions. 
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Hypothesis  

Currently, it is acknowledged that the MERS immunopathology in humans is caused 

by an aberrant immune response of the host, characterized by excessive production of 

various inflammatory cytokines, leading to progressive atypical pneumonia with 

extrapulmonary manifestations (Alosaimi et al., 2020; Chan et al., 2013a, 2015a). In 

contrast, camelids, the natural reservoir of MERS-CoV, show minimal to no clinical 

signs and clear the virus around one week after the infection. How 

reservoir/intermediate hosts control MERS-CoV still remains a mystery. Unraveling 

these mechanisms will be useful for the improvement of antiviral treatments and 

vaccines against MERS-CoV and by extension to other highly pathogenic CoVs, such 

as a newly emerged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 

Since bats, one of the primary reservoir for many CoVs, are susceptible to MERS-CoV 

but do not succumb to the disease probably due to a dampened NLRP3 inflammasome 

(Ahn et al., 2019), the first hypothesis of the present PhD Thesis is that (i) camelids 

may also control acute inflammation through adjusted inflammatory responses, and that 

clearance of MERS-CoV is due mainly to a robust and timely host innate immune 

response.  

In the Arabian Peninsula, all the contemporary epidemic MERS-CoVs belong to clade 

B strains that have replaced early epidemic clade A strains (Alharbi et al., 2015; El-

Kafrawy et al., 2019; Naeem et al., 2020). However, characterization of phenotypic and 

pathogenic differences between these strains in animal models are scarce. A recent 

study by Wang et al has compared the pathogenicity and virulence of a clade B strain 

(ChinaGD01) with a clade A strain (EMC/2012) in vitro and in vivo. Mice infected with 

the ChinaGD01 strain showed more weight loss, higher viral titer and severe 

immunopathology in their lungs, and decreased T cells responses than did the 

EMC/2012 strain (Wang et al., 2020). Still, whether these differences can be reflected 

in MERS-CoV intermediate hosts requires a more in depth investigation. In 2015, a 

clade B mutant variant (Jordan-1/2015 strain), which exhibits a partial deletion in 

ORF4a gene, was isolated from a patient from Jordan (Lamers et al., 2016). ORF4a 

functions as a strong IFN antagonist as assessed by in vitro studies (Niemeyer et al., 

2013; Siu et al., 2014). However, data is missing on the pathogenicity of the Jordan-

1/2015 strain in vivo. Thus, the second hypothesis of this PhD Thesis is that (ii) clade 

B strain show a better replicative fitness and in particular the Jordan-1/2015 strain 
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would elicit a more robust IFN responses than the prototype strain EMC/2012 in a 

camelid host. 

 

Objectives 

1. To investigate the innate immune response of alpacas upon MERS-CoV 

experimental infection with a contemporary epidemic clade B MERS-CoV.  

2. To compare the pathogenesis of the variant Jordan-1/2015 strain with the Qatar 

15/2015 strain and the MERS-CoV prototype strain EMC/2012 in an alpaca model. 
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Introduction 

MERS is a disease caused by a zoonotic Coronavirus (MERS-CoV) that emerged in 2012 

in the KSA (Zaki et al., 2012b) raising a total of 2,562 confirmed human cases in 27 

countries, with 881 deaths until the November 2020 (WHO, 2020). In humans, MERS-

CoV infection ranges from asymptomatic to severe or even fatal respiratory disease 

(Zumla et al., 2015). Dromedary camels are the main viral reservoir (Alharbi et al., 2015), 

and all camelids are susceptible to the virus, under both natural and experimental 

conditions (Adney et al., 2016a, 2019; Crameri et al., 2016a; David et al., 2018; Reusken 

et al., 2016; Vergara-Alert et al., 2017a). However, despite consequent tissue viral loads 

and high viral shedding at URT level, infection in camelids is asymptomatic, leading to 

a rapid clearance of the virus (Adney et al., 2014, 2016a; Vergara-Alert et al., 2017a) and 

the establishment of a solid acquired immunity. Indeed, field studies revealed a high 

proportion of serum neutralizing antibodies in dromedary camels (David et al., 2018; 

Reusken et al., 2013c). Innate immune responses are essential as they link adaptive 

immunity (Akira et al., 2001) and are key players in the pathology of diseases (Hartl et 

al., 2018). Nevertheless, the severity of MERS lesions in humans has been attributed to 

aberrant innate and adaptive immune responses based essentially on data obtained from 

macrophages isolated from healthy donors or infected patients, as well as dosage of 

cytokines/chemokines from bronchoalveolar lavages. The outcome of these studies 

reveals an overproduction of proinflammatory cytokines/chemokines due to the 

activation of C-type lectin receptors, RLRs and an impaired production of type I IFNs 

(Alosaimi et al., 2020; Kindler et al., 2013; Zhao et al., 2020; Zhou et al., 2014). High 

production and persistent high levels of these cytokines in macrophages are likely to 

exacerbate disease severity. Despite that macrophages can be infected, at least in vitro, 

MERS-CoV has a preferable tropism for respiratory epithelial cells (Kindler et al., 2013). 

To date, no data is available on innate immune responses affecting the human respiratory 

mucosa  in vivo and most information was mainly obtained from ex vivo pseudostratified 

primary bronchial airway epithelial cells (Kindler et al., 2013; Zielecki et al., 2013), 

immortalized epithelial cells (Comar et al., 2019; Zielecki et al., 2013) or respiratory 

explants (Chan et al., 2013b, 2014; Chu et al., 2018). Although some contradictory results 

have been reported, MERS-CoV infections in these cells or tissues led to the conclusion 

that type I and III IFN are inhibited (Niemeyer et al., 2013; Yang et al., 2013) or, when 

delayed (Menachery et al., 2014), weakly expressed (Lau et al., 2013). Nonetheless, some 
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MERS-CoV African strains isolated from dromedary camels, as opposed to the Arabian 

human isolated EMC/2012 strain, can induce higher levels of IFNβ, IFNλ1, ISGs and 

proinflammatory cytokines mRNA in Calu-3 cells after 48 h of infection (Chu et al., 

2018). Indeed, the prototypic strain EMC/2012 and MERS-CoV African strains belong 

to different clades (A and C respectively) displaying deletions particularly in the ORF4b 

(Chu et al., 2018).  In that respect, several viral factors, including MERS-CoV accessory 

proteins 4a and 4b, have been shown in respiratory epithelial cell lines to antagonize the 

production of IFNs, to interfere with the NF-κB signaling pathway by avoiding 

production of proinflammatory cytokines (Matthews et al., 2014) and inhibiting the PKR-

mediated stress response (Rabouw et al., 2016). In addition, in epithelial cell lines, the 

structural viral protein N interacts with TRIM25 impeding ubiquitination of RIG1 and 

further expression of type I IFNs and IFN-λ1 (Chang et al., 2020). Therefore, in contrast 

to the cytokine storm provoked by macrophages, epithelial innate immune responses 

seem to be profoundly paralyzed. This is of major consequence for the progression of the 

disease, since the respiratory mucosa is the primary barrier for MERS-CoV. Recent 

findings indicate that type III IFNs confer initial protection, restricting tissue damage at 

the mucosa level by limiting inflammatory responses and potentiating adaptive immunity. 

Furthermore, it is postulated that when the viral burden is high and the mucosal fitness is 

broken, type I IFNs take over, leading to enhanced immune responses provoking also 

uncontrolled pro-inflammatory responses (Lazear et al., 2019).  

Owing that bats, the primary reservoir for coronaviruses, are tolerant to MERS-CoV (and 

other viruses) due to a dampened NRLP3 inflammasome (Ahn et al., 2019), it was of 

major interest to gain insights into innate immune responses induced by MERS-CoV in 

camelids. Therefore, by understanding how reservoir/intermediary hosts control MERS-

CoV and by extension other coronaviruses, a wealth of information could be translated to 

other species experimenting severe disease for the improvement of prevention, treatments 

and vaccines. 

In the present study, alpacas were experimentally infected and monitored at the 

transcriptional level for a set of innate immune response genes along URT and LRT 

during four consecutive days. Special attention was given to the nasal epithelium as it is 

the primary site of MERS-CoV replication. Regulation of IFNs, PRRs, IFN regulatory 

transcription factors (IRFs) and enzymes constituting the NRLP3 inflammasome or the 

NF-κB pathway was analyzed providing insights on signaling mechanisms important for 
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MERS-CoV replication and disease progression, elucidating key regulatory host factors 

to counteract MERS-CoV infection.   

 

Material and methods  

Cell culture and virus 

A passage 2 of MERS-CoV Qatar15/2015 isolate (GenBank Accession MK280984) was 

propagated in Vero E6 cells and its infectious titer was calculated by determining the 

dilution that caused CPE in 50% of the inoculated Vero E6 cultures (50% tissue culture 

infectious dose endpoint [TCID50]), as previously described (Vergara-Alert et al., 

2017a). 

 

Ethics statement 

All animal experiments were approved by the Ethical and Animal Welfare Committee of 

IRTA (CEEA-IRTA) and by the Ethical Commission of Animal Experimentation of the 

Autonomous Government of Catalonia (file Nº FUE-2018-00884575 – Project Nº10370). 

The work with the infectious MERS-CoV Qatar15/2015 strain was performed under 

BSL3) facilities of the Biocontainment Unit of IRTA-CReSA in Barcelona, Spain. 

 

Animal study 

Fifteen 6-8 month-old alpacas (Vicugna pacos) were purchased by private sale and 

housed at the ABSL3 animal facilities of the Biocontainment Unit of IRTA-CReSA, in 

Barcelona, Spain. Animals were randomly numbered (AP1-AP15) and acclimated for 

one week. Twelve alpacas (AP1-AP12) were intranasally inoculated with a 107 TCID50 

dose of MERS-CoV Qatar15/2015 isolate in 3 mL saline solution (1.5 mL in each nostril) 

by using a mucosal atomization device (LMA® MADgic®, Teleflex Inc; USA), as 

described previously (Rodon et al., 2019; Vergara-Alert et al., 2017a). Three alpacas 

(AP13-AP15) were kept as non-infected controls.  

All animals were monitored at least once per day for clinical signs (nasal discharge, 

coughing or dyspnea), food consumption, and rectal temperature until euthanasia. NS 

samples were collected on the day of euthanasia for MERS-CoV RNA detection and 



Study I 

46 
 

  
 

titration in Vero E6 cells as previously described (Vergara-Alert et al., 2017a). Three 

alpacas were euthanized per day with an overdose of pentobarbital followed by 

exsanguination on 0, 1, 2, 3 and 4 dpi. Complete necropsies were performed, and the 

following tissues were collected: nasal turbinate, trachea, large and small bronchus, and 

lung parenchyma (apical, medial and caudal lobes). All tissues were collected in (a) 

Dulbecco's Modified Eagle Medium supplemented with 100 U/ml penicillin and 100 

μg/ml streptomycin for virus isolation and genomic RNA detection; in (b) 10% neutral-

buffered formalin for histopathology and IHC; and in (c) methacarn (60% absolute 

methanol, 30% chloroform and 10% Glacial acetic acid) fixative for cytokine, MERS-

CoV genomic and subgenomic mRNA detection in paraffin embedded tissues.  

 

Genomic viral RNA detection by RT-qPCR 

MERS-CoV viral RNA obtained from NS and tissue samples were prepared and analyzed 

according to a previously published RT-qPCR protocol (Vergara-Alert et al., 2017a). 

Genomic MERS-CoV RNA was quantified by the UpE qPCR (Corman et al., 2012). 

Samples with a cycle threshold of less than 40 were considered positive.  

 

Virus isolation from NS 

NS samples collected at various dpi were evaluated for the presence of infectious virus 

by titration in Vero E6 cells, as previously reported by scoring for the presence of CPE 

at 6 days after culturing (Vergara-Alert et al., 2017a). The amount of infectious virus in 

each sample was calculated by determining the TCID50. 

 

Histopathology and IHC 

A monoclonal mouse anti-MERS-CoV N protein antibody (Sino Biological Inc., Beijing, 

China) was used to detect the presence of MERS-CoV antigen, following a previously 

established protocol (Te et al., 2019). A grading system for IHC was established by a 

board-certified veterinary pathologist (-, no positive cells detected; +/-, less than 10 

positive cells per tissue section; +, 10 to 50 positive cells per tissue section; ++, 50 to 150 

positive cells per tissue section; +++, 150 to 300 positive cells per tissue section; and 

++++, more than 300 positive cells per tissue section). Table 1 summarizes the 
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distribution and number of MERS-CoV infected cells found in the different tissue 

sections for each inoculated animal.  

 

Methacarn-fixed paraffin-embedded tissue (MFPE) specimens 

For the assessment of cytokine mRNA profiles and presence of genomic and subgenomic 

MERS-CoV, nasal turbinates, trachea and lung were fixed by immersion in methacarn 

for best preservation of RNA (Dotti et al., 2010) and paraffin embedded. Tissue 

specimens were cut into four serial sections of 6 to 7 μm each and subsequently mounted 

onto Leica RNase-free PEN slides (Leica, Bannockburn, IL, USA). Prior to 

deparaffinization, the slides were air-dried for 30 min, followed by staining with 1% 

Cresyl Violet acetate for MFPE-nasal specimens, and dehydrated through a series of 

graded ethanol steps prepared with RNase-free water before being air dried. The whole 

process was performed under RNase-free environment. MFPE-tracheal and lung samples 

were immediately processed for RNA isolation by scraping the whole section from the 

slides and referred thereafter to as ‘scraped’ tissues. MFPE-nasal specimens were 

processed for Laser capture microdissection (LCM) prior RNA extraction. 

Histopathology was also performed on tracheal and lung MFPE sections stained with 

hematoxylin and eosin. 

 

Laser capture microdissection 

For each animal, four consecutive sections from the same MFPE-block containing nasal 

specimens were cut and processed as described in the supplementary material and method 

section. One of the sections was subjected to IHC to localize infected/non infected cells 

in the tissues and served as a reference (template) for the three subsequent sections which 

were subjected to LCM. Infected and non-infected nasal epithelium (mucosa) areas, as 

assessed by IHC in the template section, as well as their respective underlying submucosa 

areas were delineated and micro-dissected using the Leica LMD6500 (Leica AS LMD; 

Wetzlar, Germany) system (6.3× magnification, Laser Microdissection 6500 software 

version 6.7.0.3754). More detailed information is provided in Figure 3-1 for visualization 

of the microdissection process.  

Dissected specific areas from each three MFPE sections were measured (Supplementary 

table 3-1) and introduced into RNase-free 0.5 ml Eppendorf tubes with buffer PKD from 
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the miRNeasy FFPE Kit (Qiagen, Valencia, CA, USA). Direct microdissection of IHC 

stained MFPE sections were attempted but failed to provide RNA with enough quality 

and yields for further microfluidic quantitative PCR assays. 

 

(Legend in the next page) 
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Figure 3-1. LCM of the nasal turbinate mucosa and underlying submucosa of MERS-CoV infected 
alpacas. For each animal, four consecutive 6-7 μm sections from the same MFPE block were performed 
and mounted onto Leica RNase-free PEN slides. One of the sections was stained by IHC to detect the 
presence of the viral N protein and visualize heavily infected mucosa areas (A) from non-stained areas 
apparently devoided of virus (E). This IHC stained section served as a template to localize by 
overlapping on the other contiguous MFPE sections, stained only with cresyl violet, infected (B) and 
"non- infected" (F) areas prior LCM. Then LCM was applied to collect the respective selected areas in 
the mucosa (C and G) and the underlying submucosa (D and H). 

 

Total RNA isolation and cDNA synthesis  

Total RNA extraction from micro-dissected or scraped tissues was performed using the 

miRNeasy FFPE Kit, following the manufacturer's instruction. Isolated RNA was 

concentrated by precipitation in ethanol, purified using RNeasy MinElute spin columns 

(Qiagen, Hilden, Germany) and treated for 10 min with DNase I (ArcticZymes, Norway). 

Supplementary table 3-1 summarizes the amount of tissues collected by LCM and their 

respective yields of RNA. cDNA was generated from 110 ng of total RNA using the 

PrimeScript™ RT reagent Kit (Takara, Japan) with a combination of both oligo-dT and 

random hexamers following manufacturer’s instructions. Additionally, total RNA 

extracts from MERS-CoV infected nasal epithelia of AP5, 6, 7, 8, 9 and 11 were pooled 

at the same proportion per animal and used to generate cDNA controls for validation of 

gene expression assays. 

 

Selection of innate immune genes, primers design 

Thirty-seven innate immune genes were selected to study the gene expression and 

transcriptional regulation of the main known canonical signaling pathways acting on 

antiviral innate immunity and inflammation (Figure 3-2). Supplementary table 3-2 

provides a brief description of their function within their respective signaling pathway. 

Alpaca genes and mRNAs (Wu et al., 2014) were obtained from GenBank database 

(https://www.ncbi.nlm.nih.gov/genbank). Primers were designed through comparative 

genomics of sequences of alpaca (Vicugna pacos) and also other camelid species. 

Comparison of mRNA and genomic sequences of each studied gene were performed with 

the alignment tool ClustalW to determine exon boundaries, even in some instances exons 

were already annotated in camelid genomes. Primer pairs were designed with the Primer3 

(http://bioinfo.ut.ee/primer3-0.4.0/), or Primer Express 2.0 (ThermoFisher Scientific, 
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Life Technologies, Waltham, USA) with the following specifications: (i) bind at different 

exons or span exon-exon boundaries to avoid amplification of residual contaminating 

genomic DNA, (ii) 17-23 nts in length,  (iii) GC content between 45 and 55%, (iv) 

amplicon length of approximately 80-200 bp, (v) melting temperature (Tm) of primers 

between 57-63°C with less than 2°C difference within primer pairs, and (vi) avoiding 

primer hairpin, self-primer dimer or cross-primer dimer formation. Furthermore, the 

avoidance of primer secondary structure arrangement and the specificity of each primer 

sequence was assessed in silico through the Beacon DesignerTM 

(http://www.premierbiosoft.com/qOligo/Oligo.jsp?PID=1), by selecting for primers with 

greater ΔG than - 3.5 kcal/mol when possible, and Blast 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), respectively. Potential transcription of 

predicted pseudogenes was discarded by carrying out promoter region analyses.  

Stimulated PBMCs from healthy alpacas were used for primer validation. 

Phytohemagglutinin, a combination of phorbol 12-myristate 13-acetate and ionomycin 

calcium salt, or Poly(I:C)-LMW/LyoVecTM stimulated PBMCs were used to induce the 

expression of the genes of interest. Total RNA was isolated from PBMCs using the 

RNeasy Mini kit (Qiagen, Germany), which was reverse-transcribed into cDNA using 

Primescript First strand (Takara, Japan). Primer efficiency, specificity, optimal annealing 

temperature, and differences of expression between stimulated and non-stimulated 

PBMCs were assessed by combining conventional PCR, gradient PCR, 2-step qPCR, 

Fluidigm Biomark qPCR and melting temperature analyses. Minus RT controls were 

included to all PCR assays to check the presence of DNA contamination. The whole set 

of reagents was fully validated prior the study of the innate immune responses occurring 

in alpaca upon MERS-CoV infection. 
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Figure 3-2. Pattern recognition receptors (PRRs), IFN signaling and pro-inflammatory cytokine pathways 
triggering antiviral innate immunity induced by RNA viruses. Upon sensing of RNA viruses, PRRs interact 
with their associated adapter proteins, thereby transmitting downstream signals to nuclear factor (NF-κB) 
and interferon regulatory factors (IRF3, IRF5 and IRF7) which further stimulate the production of pro-
inflammatory cytokines (IL6, IL8, IL15, TNFα, CCL3, CCL2 CXCL1, NLRP3 and pro-IL1β) and IFNs 
(predominantly type I and III IFNs), respectively. Importantly, IRF5, is also a potent inductor of pro-
inflammatory cytokines. The production of IFNs enhances the release of interferon stimulated genes (ISGs) 
which exert both, antiviral and host gene regulatory activities. IFNs can act in an autocrine and paracrine 
manner to induce the expression of ISGs via the JAK- STAT signaling pathway. While type I and III IFNs 
induce a similar set of ISGs (RIG1, MDA5, STAT1, IRF3, IRF5, IRF7, CXCL10, MX1, OAS1, ISG15, 
TRIM25), type I IFN signaling also activates pro-inflammatory cytokines and chemokines, which in turn 
recruit leukocytes to the site of infection. IL10 functions as an anti-inflammatory cytokine that activates 
STAT3 which is involved in the negative regulation of NF-κB. AZI2 and TBK1 (which also phosphorylate 
IRFs) participate positively in the NF-κB signaling pathway while IκBα inhibits translocation of NF-κB in 
the nucleus until degradation. Activation of the inflammasome, composed of NLRP3, PYCARD (ACS) 
and pro-CASP1 leads to the auto- cleavage of pro-CASP1 releasing CASP1 which further cleaves pro-IL1β 
into its mature form. The pro-apoptotic enzyme CASP10 and the adaptor CARD9 (acting downstream of 
C- type lectins signaling and upstream of the NF-κB pathway) are not represented in the diagram but were 
assayed for transcriptional regulation. Gene products, depicted with frames and colors were selected for 
microfluidic PCR assays, on basis of bibliographical data showing that they can be transcriptionally 
regulated following infection by RNA viruses. Furthermore, the selected genes sample most of the known 
signaling pathways triggered during a viral infectious process. P, phosphorylation. 
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Microfluidic quantitative PCR assay 

The 96.96 Dynamic Array IFC was used to analyze the expression of 40 genes (37 target 

genes and 3 reference genes) and detect genomic and subgenomic viral regions using the 

UpE and M mRNA assays, respectively. This assay was performed in MFPE tissues from 

micro-dissected (nasal epithelia and submucosa) or scraped (trachea and lung) tissue 

sections of MERS-CoV infected (AP1-12) and non-infected (AP13-15) alpacas at 

different dpi (1 to 4 dpi). Briefly, cDNA samples, prepared as above, were preamplified 

for 16 cycles using a Preamp Master Mix (Fluidigm Corporation, South San Francisco, 

USA), treated with Exonuclease I (New England Biolabs, Ipswich, USA), diluted 1:20 

with Nuclease free H2O, loaded in duplicates into the corresponding array inlets and 

distributed across multiple reaction chambers. Quantification of the samples was 

performed on a Biomark HD system. The thermal cycle of the microfluidic qPCR was 

60 s at 95°C, followed by 30 cycles of 5 s at 96°C and 60 s at 60°C. A dissociation step 

using EvaGreen detection was included for all reactions and was coupled with melting 

temperature analysis in order to confirm specific PCR amplifications of the designed 

primers. Additionally, total RNA extracts from MERS-CoV infected nasal epithelia of 

AP5, 6, 7, 8, 9 and 11 were pooled at the same proportion per animal and used to generate 

cDNA controls for validation of gene expression assays. The pooled cDNA controls were 

serially diluted 1:4 (1:4, 1:16, 1:64, 1:256, 1:1024) and assayed in triplicates to create 

relative standard curves and calculate primer efficiencies (Supplementary table 3-3). 

Non-template controls without nucleic acids were also included in the assays. 

 

 Relative quantification of innate immune response genes and statistical analyses 

Data from the samples used for gene expression analyses by microfluidic qPCR was 

collected using the Fluidigm Real-Time PCR analysis software 4.1.3 (Fluidigm 

Corporation, South San Francisco, USA) and analyzed using the DAG expression 

software 1.0.5.6 (Ballester et al., 2013) to apply the relative standard curve method (see 

Applied Biosystems user bulletin #2). Briefly, the Cq threshold detection value was set 

at 0.020, the amplification quality threshold cut off value was established at 0.65 and 

amplification specificity was assessed by Tm analyses for each reaction. All reactions 

quantified before the assay endpoint showed specific amplification. Cq values obtained 

at the Fluidigm qPCR from the serially diluted cDNA controls were used to create 

standard curves for each gene, and to extrapolate the quantity values of the studied 
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samples. R-squared values were determined for each standard curve and the specific PCR 

efficiencies were calculated by applying the formula (10^(-1/slope value)-1)*100 

(Supplementary table 3-3). The target amount is normalized by using the combination of 

three reference control genes (GAPDH, HPRT1 and UBC). After, their suitability for 

normalization procedures was confirmed by control-gene stability analyses using the 

DAG expression software 1.0.5.6 (Ballester et al., 2013). The normalized quantity (NQ) 

values of individual samples from infected animals at different dpi were used for 

comparison against the NQ mean of three non-infected control animals (calibrator) per 

assay. Thus, the up- or down-regulated expression of each gene was expressed in fold 

changes (Fc) after dividing each individual NQ value with the calibrator. Unlike all other 

tested genes, IFNβ mRNA was undetectable in the nasal epithelia of non-infected control 

animals, therefore, comparisons for this gene in the nasal epithelia were performed in 

relation to the mean of IFNβ levels of three infected alpacas on 1 dpi. Supplementary 

table 3-4C, D, E and F recompiles all the results expressed in Fc relative to the control 

alpacas obtained with the Fluidigm microfluidic assay for all 37 genes tested. 

Supplementary table 3-4A shows the quantification, expressed in Cq values, of MERS-

CoV UpE and M mRNA, obtained with the microfluidic qPCR assay. Supplementary 

table 3-4B indicates the expression levels (in Cq values) of all genes from non-infected 

alpacas euthanized at 0 dpi. The limit of detection for expressed genes was Cq=25.  

 

Generation of graphs and heatmaps 

All the line and bar graphs were created with Prism version 8 software (GraphPad 

Software Inc., La Jolla, CA). Data obtained from the relative quantification analyses was 

plotted as heatmaps, using the Pheatmap package in R program (https://cran.r-

project.org/).  

 

Statistical analysis 

A logarithmic 10 transformations were applied on Fc values to approach a log normal 

distribution. Thus, the Student’s t-test could be used to compare the means of the 

logarithmic Fc obtained at different dpi for each group of animals. Significant 

upregulation or downregulation of genes was considered if they met the criteria of a 

relative Fc of ≥2-fold or ≤2-fold respectively with P < 0.05. Having determined that RT-

https://cran.r-project.org/
https://cran.r-project.org/
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qPCR data (Cq values) are normally distributed according to the Shapiro-Wilk normality 

test, the Tukey's multiple comparisons test was applied to compare Cq values of tissue 

samples at different dpi. Differences were considered significant at P < 0.05. Correlation 

coefficients were determined using the Spearman’s correlation test.  

 

Results 

Clinical signs 

 The MERS-CoV Qatar15/2015 strain was selected for this study because Clade B strains 

are nowadays exclusively circulating in the Arabian Peninsula (Alharbi et al., 2015; El-

Kafrawy et al., 2019). Following inoculation with this strain, only one alpaca (AP6) 

secreted a mild amount of nasal mucus on 2 dpi. None of the remaining animals showed 

clinical signs and basal body temperatures remained constant (below 39.5ºC) throughout 

the study.  

 

Nasal viral shedding and MERS-CoV loads in respiratory tracts during infection in 

alpacas 

On the day of euthanasia (0, 1, 2, 3, and 4 dpi), NS were collected. All MERS-CoV 

inoculated alpacas (AP1-AP12) shed viral RNA, but no major differences were detected 

between the different time points. Also, all inoculated animals excreted infectious MERS-

CoV. Maximal viral loads in the nasal cavity were reached at 2 dpi. Of note, animal AP6 

shed the highest loads of infectious virus (4.8 TCID50/ml). None of the alpacas, including 

negative controls (AP13-AP15), had viral RNA or infectious virus on 0 dpi (Figure 3-

3A). 

MERS-CoV RNA was detected in all homogenized respiratory tissues during infection. 

The higher viral loads were found on 2 dpi in nasal turbinates and bronchus with a 

significant increase compared to those detected on 1 dpi. Trachea and lung displayed the 

lowest viral RNA loads. In all cases, at 4 dpi, infectious virus was still excreted, and viral 

RNA was present in the respiratory tract (Figure 3-3B). 
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Figure 3-3. Viral loads in NS and respiratory tissues of MERS-CoV-infected alpacas. (A) Viral RNA (left) 
and infectious MERS-CoV (right) loads from NS samples collected at the day of euthanasia. (B) Viral RNA 
from respiratory tissues of alpacas collected at different dpi. Viral loads were determined by the UpE real-
time RT-qPCR (A and B). Each bar represents the mean Cq value +SD of infected tissues from 3 animals 
euthanized on 0, 1, 2, 3 and 4 dpi, respectively (in total 15 animals). Statistical significance was determined 
by Tukey's multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001. Dashed lines depict the 
detection limit of the assays. Cq, quantification cycle; TCID50, 50% tissue culture infective dose. 
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MERS-CoV establishes early infections in URTs and LRTs of alpacas 

On 2 and 3 dpi, histological lesions in MERS-CoV infected alpacas were limited to the 

respiratory tract, being of multifocal distribution and mild. Lesions in nasal turbinates 

were characterized by mild rhinitis, segmental hyperplasia of the nasal epithelium, 

lymphocytic exocytosis, loss of epithelial polarity and tight junction integrity. 

Additionally, small numbers of lymphocytes with fewer macrophages infiltrated the 

underlying submucosa. No microscopic lesions were observed in nasal turbinates on 0, 1 

and 4 dpi in any of the animals, which displayed a multifocal localization of the MERS-

CoV antigen detected by IHC. While only a few pseudostratified columnar epithelial cells 

in the nose contained MERS-CoV antigen on 1 dpi, the number of positive epithelial cells 

was remarkably high on 2 dpi; such number steadily decreased in the alpacas necropsied 

on the following days. On 4 dpi, the MERS-CoV antigen was scarcely detected with no 

evidence of microscopic lesions (Figure 3-4A). 

Trachea and bronchus showed multifocal, mild tracheitis/bronchitis, with the presence of 

few lymphocytes in the epithelium and mild infiltration of the submucosa by lymphocytes 

and macrophages on 2 dpi. In line with these observations, MERS-CoV infected cells 

were rarely detected within the epithelium on 2 dpi by IHC, mostly in areas displaying 

these minimal lesions (Figure 3-4B). Remarkably, the trachea of AP6 harbored the 

highest viral load as detected by IHC. Few labeled cells were observed on 4 dpi (table 1) 

with no evidence of lesions. Additionally, lung lobes showed mild multifocal perivascular 

and peribronchiolar infiltration by lymphocytes and the presence of 

monocyte/macrophages within the alveoli, being more evident on 2 dpi. MERS-CoV 

antigen was occasionally observed in bronchiolar epithelial cells on 2 dpi (Figure 3-4B), 

and rarely on 4 dpi (table 1). Of note, pneumocytes were not labeled by MERS-CoV IHC 

(Figure 3-4B).  
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Figure 3-4. Histopathological changes and viral detection in respiratory tracts of alpacas inoculated with 
MERS-CoV. All respiratory tissues were fixed in 10% neutral-buffered formalin. (A) Nasal turbinate tissue 
sections of alpacas from the non-infected group (0 dpi), and from those necropsied on1 to 4 dpi. (B) Tissue 
sections of trachea, bronchus and lung (bronchiole and alveoli) from infected alpacas at 2 dpi. Original 
magnification: ×400 for all tissues. See table 1 for the detailed distribution of MERS-CoV antigen in 
respiratory tracts. Abbreviations: H/E, hematoxylin and eosin stain; IHC, immunohistochemistry; LB, large 
bronchus; SB, small bronchus. 
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Table 1. MERS-CoV N protein distribution in alpaca respiratory tracts by IHC. 

 

 1 dpi 2 dpi 3 dpi 4 dpi 

Tissue AP1 AP2 AP3 AP4 AP5 AP6 AP7 AP8 AP9 AP10 AP11 AP12 

NT +/− +/− + ++ +++ ++++ ++ + + + + + 

TC + + － +/− － ++ － － － － + － 

LB － － － ++ + ++ － － － － + － 

SB － － － ++ － － － － － － ++ － 

AL  － － － － + + － － － － － + 

ML  － － － － + － － － － + － － 

CL － － － － － － － － － － － － 

 

Abbreviations: dpi, days post inoculation; AP, alpaca; day post inoculation; NT, nasal turbinate; TC, 
trachea, LB, large bronchus, SB, small bronchus; AL, apical lung; ML, medial lung; CL, caudal lung; -, no 
positive cells detected; +/-, less than 10 positive cells per tissue section; +, 10 to 50 positive cells per tissue 
section; ++, 50 to 150 positive cells per tissue section; +++, 150 to 300 positive cells per tissue section; and 
++++, more than 300 positive cells per tissue section. 

 

Viral loads in micro-dissected nasal tissues and whole tracheal and lung sections 

Viral loads and viral transcription/replication were also assessed on MFPE tissue sections 

which were further used for cytokine quantification. Special attention was given to the 

nasal epithelium as it is the privileged tissue for viral replication. Thus, LCM was used 

to obtain, when possible and for each animal, nasal epithelial areas positive or negative 

for MERS-CoV, as assessed by IHC, in different but consecutive (parallel) MFPE tissue 

sections. Their respective underlying submucosa were also collected at 1 and 3 dpi 

(Figure 3-1).  

Moreover, MFPE sections of tracheas and lungs were directly scrapped from the slide. 

Between 0.04 and 0.15 cm2 were obtained for each LCM specimen and approximately 

0.3-1 cm2 per scrapped tissue were recovered. Between 0.27 to 2.41 µg of total RNA 

was obtained for each LCM and scrapped sample, respectively (Supplementary table 

3-1). On 1 dpi only a few isolated nasal epithelial cells were IHC positive. These were 

micro-dissected, as described above, with the surrounding IHC negative cells to get 

enough RNA for the microfluidic PCR quantitative assay. To the contrary, due to the 

massive infection in nasal tissues at 2 dpi, only IHC negative nasal epithelial areas from 

AP4 could be collected. Viral loads in micro-dissected nasal tissues and MFPE tracheal 
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and lung scrapped samples were quantified with UpE primers using the microfluidic 

quantitative PCR assay. As illustrated in Figure 3-5, micro-dissected MERS-CoV 

infected epithelial areas, as assessed by their parallel IHC stained sections, showed 

higher viral loads than non-labelled epithelial areas, confirming the validity of the 

technique. In agreement with immunohistochemical observations, MERS-CoV RNA 

was of lower abundance in submucosal layers. As expected, and according to results 

obtained with tissue macerates, microfluidic quantification of MERS-CoV viral RNA 

revealed a much lower degree of virus replication in trachea and lung than in nasal 

tissues (Figure 3-5A). These results were confirmed with the M mRNA microfluidic 

PCR (Figure 3-5B and Supplementary table 3-4A) and, as expected, showed a greater 

extension of MERS-CoV infection in tissues, in particular in the nasal epithelia, than 

that revealed by IHC. 

 

(Legend in the next page) 
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Figure 3-5. MERS-CoV UpE gene and M mRNA loads in MFPE samples. Micro-dissected (Nasal 
epithelia and underlying submucosa) and scrapped (Trachea and lung) MFPE tissue sections were 
prepared on the basis of an overlapping template section stained by IHC to localize the MERS-CoV N 
protein as described in Figure 3-1. RNA extracted from these samples collected in alpacas prior (0 dpi, 
n=3) MERS-CoV inoculation and after during 4 consecutive days (1 to 4 dpi, n=3 per day) were 
converted into cDNA and (A) the MERS-CoV UpE gene and (B) the M mRNA amplified with a PCR 
microfluidic assay (Fluidigm Biomark). Error bars indicate SDs when results were positive in more 
than one animal. At 1 dpi, only Epi+ were sampled by LCM, the majority of cells were IHC negative. 
At 2 dpi, only one animal displayed distinct Epi- areas within the nasal turbinates which could be 
micro- dissected. All other animals at 2 dpi had a massive infection of nasal turbinates with few IHC 
negative cells. Supplementary table 3-4A provides detailed information on Cq values obtained for each 
animal and indicates also the samples with no detectable viral RNA in the nasal submucosa trachea 
and lung. Abbreviations: Epi-, non-infected nasal epithelia, as assessed by IHC; Epi+, MERS-CoV 
infected nasal epithelia, as assessed by IHC; Sub-, submucosa underlying non-infected nasal epithelia, 
as assessed by IHC; Sub+, submucosa underlying MERS-CoV infected nasal epithelia, as assessed by 
IHC; MFPE, methacarn-fixed embedded-tissues; LCM, laser capture microdissection. 

 

High induction of type I and III IFNs in the nasal mucosa occurs at the peak of 

infection in alpacas 

In order to investigate the antiviral pathways induced upon MERS-CoV infection, relative 

mRNA expression levels for 37 innate immune response genes were assessed along the 

respiratory tract with the same cDNA samples as those used for viral UpE and M mRNA 

quantifications in a Fluidigm BioMark microfluidic assay. In all nasal mucosa of non-

infected animals, IFNβ mRNA was undetectable and comparisons for this gene were 

performed against levels of expression found in animals infected on 1 dpi. For IFNλ3 

very low basal levels, at the limit of detection (Cq=25), were found in 2 out of 3 animals 

on 0 dpi. All other gene transcripts were detected at basal levels in control non-infected 

animals and were used as calibrator values (Supplementary table 3-4B). 

At the level of MERS-CoV infected nasal epithelia (positively stained by IHC), most of 

the transcription variations occurred and peaked at 2 dpi. Genes coding for IFNβ (mean 

of 200 Fc) and IFNλ3 (mean of 350 Fc), and to a lesser extent IFNα (mean of 6 Fc) and 

IFNλ1 (mean of 11 Fc) were significantly upregulated. Relative expression of type I IFNs 

(α and β) and type III IFNs (λ1 and λ3) decreased progressively on 3 and 4 dpi (Figure 3-

6A and B).  

The same patterns of gene transcription were observed for ISGs with antiviral activity 

(ISG15, MX1, CXCL10 and OAS1), IRF7, cytoplasmic viral RNA sensors (RIG1 and 

MDA5) and, although moderately upregulated, the endosome viral double and single 

stranded (ss) RNA sensors (TLR3 and TLR7 respectively) and the transcription factor 
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STAT1. The E3 ubiquitin ligase TRIM25, an important enzyme that plays a key role in 

RIG1 ubiquitination, was upregulated on 2 dpi (mean of 4.5 Fc) and decreased afterward 

(Figure 3-6A and B and Supplementary table 3-4C). 

The pro-inflammatory antagonist IL10 was upregulated at 2 dpi (mean of 10 Fc) and 

returned to nearly steady state levels in the following days (Figure 3-6A and B). Only 

three genes involved in inflammation, TNFα, IL6 and IRF5 (mean of 2.5-3 Fc for each 

of them), were found slightly upregulated at 2 dpi, while the levels of expression of other 

critical pro-inflammatory factors, such as the cytokines IL8, IL1β, the adaptor PYCARD 

and the PRRs NLRP3, were marginally or not affected by the infection (Figure 3-6A and 

B and Supplementary table 3-4C). Although not statistically significant, CASP1, an 

essential component of the inflammasome (as PYCARD and NLRP3), experienced 

moderate mRNA increases (2 to 8 Fc following the animals) at 2 and 3 dpi (Figure 3-6A). 

Finally, the chemo-attractant chemokines CCL2 and CCL3 were non-significantly 

upregulated (mean of 5 Fc) as shown in Figure 3-6B. 

Nasal epithelium negative by IHC for MERS-CoV exhibited a moderate but non-

significant increase for type I and III IFNs mRNA on 2, 3 and 4 dpi. However, ISG15, 

MX1, RIG1, MDA5, TLR3, IRF7, IL10 and TRIM25 genes were upregulated at 3 dpi 

but to a lower degree than in positive IHC epithelial areas (Figure 3-6A and B). Invariably, 

all the above-mentioned genes had a significant decreased expression from 2 dpi onwards. 

Transcription of most of the inflammatory cytokines was not affected or slightly 

downregulated upon infection (Figure 3-6A and B, and Supplementary table 3-4C).  
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Figure 3-6. Kinetics of innate immune response genes induced at the nasal epithelia from MERS-CoV 
Qatar15/2015 infected alpacas. (A) The nasal epithelium of each alpaca (AP1 to AP15) was micro-dissected, 
as assessed by IHC (see the image of the nasal turbinate section in the upper right). Infected (orange)/non-
infected (green) areas were isolated by LCM for RNA extraction and conversion to cDNA. The Fluidigm 
Biomark microfluidic assay was used to quantify transcripts of innate immune genes at different dpi. After 
normalization, Fc values between controls and infected animals were calculated. The resulting heatmap 
shows color variations corresponding to log2 Fc values; blue for increased and red for decreased gene 
expression values of infected animals compared to control animals, respectively. IFNβ was normalized with 
1 dpi samples because it was not detected at 0 dpi. Grey rectangles indicate no detection of the 
corresponding gene. TFs, transcription factors; CKs, chemokines; ADs, adaptors; RT, receptor. MERS-
CoV+ and MERS-CoV-, MERS-CoV positive and negative epithelium areas as assessed by IHC, 
respectively. (B) Average Fc of IFNs, ISGs, PRRs, transcription factors, inflammatory cytokines and 
chemokines, enzymes and adaptor genes in MERS-CoV+ nasal epithelia (white bars) and MERS-CoV-
nasal epithelia (black bars) as assessed by IHC. Data are shown as means of ±SD. Statistical significance 
was determined by Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001 when compared with the average 
values of non-infected alpacas (n = 3); #P < 0.05; ##P < 0.01; ###P < 0.001 when comparisons between 
groups are performed at different dpi.  
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As shown in Figure 3-7, increased induction of type I IFNs in nasal epithelial micro-

dissected samples was weakly correlated to increased viral MERS-CoV loads and 

transcription levels of IL10. In contrast, upregulation of type III IFNs had a stronger 

correlation with higher viral loads, as assessed by microfluidic PCR quantification of the 

viral M mRNA (r = 0.64, P = 0.004 for IFNλ1 and r = 0.64, P = 0.0163 for IFNλ3), the 

UpE gene (r = 0.65, P = 0.0033 for IFNλ1 and r = 0.64, P = 0.0163 for IFNλ3) and 

increased relative mRNA levels of IL10 (r = 0.9, P <0.0001 for IFNλ1 and r = 0.8, P = 

0.0009 for IFNλ3). Our data indicate that antiviral mechanisms are set during the peak of 

infection in the nasal epithelia with a timely induction of type I and III IFNs, ISGs and 

IL10 without exacerbation of pro-inflammatory cytokines.  

 

 

(Legend in the next page) 
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Figure 3-7. MERS-CoV loads and IL10 upregulation correlate with induction of type III IFNs but not type 
I IFNs in micro-dissected nasal epithelia. Portions of the nasal epithelia of each alpaca (AP1 to AP15) were 
micro-dissected from MFPE tissue sections on the basis of a section template stained by IHC allowing 
selection of areas positive or negative for the MERS-CoV N protein (Figure 3-1). After RNA extraction 
and conversion to cDNA the Fluidigm Biomark microfluidic assay was used to amplify, among others, 
transcripts IFNα, IFNβ, IFNλ1, IFNλ3 and IL10 and the viral UpE gene and M mRNA from all nasal 
epithelia (negative and positive by IHC) collected at different dpi (0 to 4 dpi). Values are expressed, after 
normalization with the HPRT1, GAPDH and UbC gene transcripts, as fold changes of the expression of 
cytokines in infected animals versus control animals (AP13-15 sacrificed at 0 dpi) and inverted Cq for the 
viral UpE gene and M mRNA (see Supplementary table 3-4A and Figure 3-5). IFNβ (IFNb) was normalized 
with 1 dpi samples because it was not expressed at 0 dpi. Inverted Cq values of MERS-CoV M mRNA and 
UpE, and relative expression levels of IL10 were plotted against relative expression levels of (A) IFNα, (B) 
IFNβ, (C) IFNλ1 and (D) IFNλ3 in micro-dissected nasal epithelia. Correlation coefficients were 
established using the Spearman’s correlation test. dpi, days post inoculation. 

 

ISGs and PRRs but not IFNs are upregulated in the nasal submucosa of infected 

alpacas: evidence for a potential IFN paracrine signaling 

To further investigate the repercussion of MERS-CoV infection in the mucosa, innate 

immune responses occurring in the underlying submucosa were determined. Micro-

dissected areas from the submucosa of control and infected animals (1 and 3 dpi) were 

analyzed for relative mRNA expression of innate immune genes. Except for IFNλ3 which 

was not detected in any inoculated or control animals, all other IFNs were expressed at 

basal levels in control non-infected alpacas. IFNβ was undetected at 1 dpi in two 

inoculated animals (AP2 and AP3) and below basal levels in alpaca AP1 while IFNα and 

IFNλ1 were marginally fluctuating. Most of the major transcriptional modifications 

occurred at 3 dpi. In submucosa underlying the most infected epithelia areas, IFNλ1 was 

expressed at basal levels while IFNα and IFNβ were not induced. On the contrary, ISGs, 

IRFs and PRRs, like ISG15 (mean of 77 Fc), OAS1 (mean of 6 Fc), MX1 (mean of 46 

Fc), CXCL10 (mean of 14 Fc), RIG1 (mean of 12 Fc), MDA5 (mean of 16 Fc), IRF7 

(mean of 9 Fc) and TLR7 (mean of 5 Fc) were highly to moderately upregulated. 

Expression of genes constituting the inflammasome was mostly not altered for NRLP3 or 

moderately increased for CASP1 (mean of 5 Fc) and PYCARD (mean of 3 Fc); but 

remarkably, IL1β was significantly downregulated (mean of 3 Fc; Figure 3-8A and B). 

Also, except for a non-significant increase of TNFα (mean of 5 Fc) and a slight 

upregulation of IRF5 (mean of 3 Fc; P < 0.05), no other pro-inflammatory factors were 

upregulated. Indeed, IL8 was downregulated (mean of -40 Fc). According to these 

findings, the anti-inflammatory cytokine IL10 (mean of 3.5 Fc) was moderately 

upregulated (Figure 3-8A, B and Supplementary table 3-4D). Furthermore, the 
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submucosa underlying epithelial cells with no MERS-CoV IHC labelling showed the 

same patterns of cytokine profiles as for that underlying heavily MERS-CoV infected 

mucosa but to a lesser degree of expression (Figure 3-8A and B). Overall, results obtained 

in the submucosa are indicative of a potential IFN paracrine signaling from the epithelium 

for the occurrence of ISGs induction in the absence of significant IFN mRNA synthesis. 

Moreover, despite mild focal infiltrations (Figure 3-4), genes involved in the 

inflammatory process were either suppressed, unaltered or mildly activated. 
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Figure 3-8. Kinetics of alpaca innate immune responses at the nasal submucosa in response to MERS-CoV 
Qatar15/2015. (A) The nasal submucosa of each alpaca (AP1, 2, 3, 7, 8, 9, 13, 14 and 15) was micro-
dissected and areas underlying infected (orange)/non-infected (green) epithelium, as assessed by IHC (see 
the right panel), were selected and isolated for RNA extraction and conversion to cDNA. The Fluidigm 
Biomark microfluidic assay was used to quantify transcripts of innate immune genes at different dpi. After 
normalization, Fc values between controls and infected animals were calculated. The resulting heatmap 
shows color variations corresponding to log2 Fc values; blue for increased and red for decreased gene 
expression, respectively. The grey rectangles indicate no detection of the corresponding gene. TFs, 
transcription factors; CKs, chemokines; ADs, adaptors; RT, receptor. MERS-CoV+ and MERS-CoV-, 
MERS-CoV positive and negative epithelium areas as assessed by IHC, respectively. (B) Average Fc of 
ISGs, PRRs, IRF7, IL10, IL1β, IL8, NLRP3, CASP1and PYCARD genes in the submucosa underneath 
IHC MERS-CoV+ nasal epithelium (white bars) and IHC MERS-CoV- nasal epithelium (black bars). Data 
are shown as means of ±SD. Statistical significance was determined by Student’s t-test. *P < 0.05; **P < 
0.01; ***P < 0.001 when compared with the average values of non-infected alpacas (n = 3); #P < 0.05; ##P 
< 0.01; ###P < 0.001 when comparisons between groups are performed at different dpi.  

 

ISGs are upregulated in the trachea of infected alpacas without increased 

endogenous IFNs mRNA  

Innate immune response genes were further monitored along the URT. In trachea, IFNβ 

and IFNλ3 mRNA transcripts were not detected at any time post-inoculation including 

on 0 dpi. From 1 to 4 dpi, expression of IFNα and λ1 was slightly downregulated or 

unaltered, compared to basal levels found in non-infected controls (Figure 3-9A and 

Supplementary table 3-4E). Genes coding for ISGs (ISG15, MX1 and OAS1) and PRRs 
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(RIG1, MDA5 and TLR3) showed a significant mRNA upregulation mainly at 2 and 3 

dpi. When compared with animals necropsied at 1 dpi, IRF7 was significantly upregulated 

(mean of 9 Fc) at 2 dpi (Figure 3-9A and B). The expression of IL10 was not significantly 

altered (Figure 3-9A and B). The induction of proinflammatory cytokine genes was 

inhibited or remained unchanged at all post-inoculation points (Figure 3-9A and B), 

except for AP6. This animal unlike other alpacas sacrificed at 2 dpi experienced an 

upregulation of proinflammatory cytokines and the inflammasome in the trachea. 

However, IL6 and PYCARD mRNA levels were almost unaltered (Figure 3-9A and B, 

and Supplementary table 3-4E). Excluding OAS1, AP6 was the animal with the highest 

expression levels of ISGs, RNA sensors, transcriptional factors and chemokines as shown 

in Figure 3-9A and B, and Supplementary table 3-4E. In that respect, AP6 could be 

considered as an out layer since, unlike other animals, it presented nasal discharges with 

the highest number of infected cells in nose and trachea and the highest viral loads in 

trachea (table 1 and Supplementary table 3-4A). Moreover, when compared to AP4 and 

AP5, which displayed nearly basal levels of CCL2 and CCL3 transcripts (Figure 3-9C 

and D), the tracheal submucosa of AP6 was moderately infiltrated by macrophages and 

lymphocytes (Figure 3-9E). This also provides indirect proof that the chemokines CCL2 

and CCL3 were produced at the protein level and exerted chemoattraction. 
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(Legend in the next page) 
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Figure 3-9. Kinetics of alpaca innate immune responses at the tracheal level in response to MERS-CoV 
Qatar15/2015. (A) Trachea samples were obtained by scraping MFPE sections from control (AP13-15) and 
infected alpacas (AP1-12), followed by RNA extraction and conversion to cDNA. A Fluidigm Biomark 
microfluidic assay was used to quantify transcripts of innate immune genes at different dpi. After 
normalization, Fc values between controls and infected animals were calculated. The resulting heatmap 
shows color variations corresponding to log2 Fc values; blue for increased and red for decreased gene 
expression, respectively. The grey rectangles indicate no detection of the corresponding gene. TFs, 
transcription factors; CKs, chemokines; ADs, adaptors; RT, receptor. (B) Average Fc of ISGs, PRRs, 
transcription factors, inflammatory cytokines and chemokines, enzymes and adaptor genes in trachea. Data 
are shown as means of ±SD. Statistical significance was determined by Student’s t-test. *P < 0.05; **P < 
0.01; ***P < 0.001 (n = 3) when compared with non-infected alpacas (n = 3). On 2 dpi, no inflammatory 
cells were observed in the tracheal submucosa of AP4 (C) and AP5 (D) (see H/E stained MFPE tracheal 
section at the left). The graph at the right depicts Fc of mRNA transcripts for CCL2 and CCL3 in relation 
to control animals.  (E) Infiltration of monocytes and lymphocytes in the tracheal submucosa of AP6 (see 
H/E stained MFPE tracheal section at the left) was associated with increased mRNA transcripts of CCL2 
and CCL3 (see the bar graph at the right). (F) No inflammatory cells were observed in the tracheal 
submucosa of the control animal. 

 

Early induction of CCL2 and CCL3 correlates with infiltration of macrophages and 

lymphocyte like cells in the lungs of infected alpacas 

Despite low infectivity of MERS-CoV in the LRT, infiltration of leukocytes was observed 

suggesting that cytokines and chemokines are at play. At the lung level, IFNα and IFNλ1 

were expressed on 0 dpi in non-infected controls. In response to MERS-CoV, transcripts 

of IFNα and IFNλ1 fluctuated around basal levels (Figure 3-10A and Supplementary table 

3-4F). IFNλ3 and IFNβ mRNAs were not detected in any of the animals including 

controls. Upregulation of ISGs (ISG15, MX1 and OAS1) and IRF7 started at 1 dpi, 

reached a peak at 2 dpi and weaned at 4 dpi. RIG1 and MDA5 were unevenly upregulated 

with a lower intensity than for other tissues (Figure 3-10B and Supplementary table 3-

4F). Remarkably, NLRP3 was moderately but significantly upregulated at 1, 2 and 4 dpi 

concomitant with increased levels of TNFα and IL1β at 1 dpi (Figure 3-10A and B). 

However, transcription of CASP1 remained unaltered and the PYCARD gene was 

downregulated at 1, 2 and 4 dpi or unaltered at 3 dpi (Figure 3-10A and B, and 

Supplementary table 3-4F). IL15, a NKs activator cytokine, was significantly upregulated 

at 1 and 2 dpi while expression patterns of other proinflammatory cytokines varied 

between animals and days of infection (Figure 3-10A and B, and Supplementary table 3-

4F). 
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Figure 3-10. Kinetics of alpaca innate immune responses in the lungs following MERS-CoV 
Qatar15/2015 infection. (A) The lung sample of each infected alpaca (AP1 to AP15) was isolated for 
RNA extraction and conversion to cDNA. A Fluidigm Biomark microfluidic assay was used to quantify 
transcripts of innate immune genes at different dpi. After normalization, Fc values between controls and 
infected animals were calculated. The resulting heatmap shows color variations corresponding to log2 
Fc values; blue for increased and red for decreased gene expression, respectively. The grey rectangles 
indicate no expression of the corresponding gene. TFs, transcription factors; CKs, chemokines; ADs, 
adaptors; RT, receptor. (B) Average Fc of ISGs, PRRs, transcription factors, inflammatory cytokines and 
chemokines, enzymes, adaptor and the IFN receptor genes in lung. Data are shown as means of ±SD. 
Statistical significance was determined by Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 3) 
compared with non-infected alpacas (n = 3); #P < 0.05; ##P < 0.01; ###P < 0.001 (n = 3) when 
comparisons between groups are performed at different dpi.  

  

In addition, CCL2 and CCL3 were moderately to highly upregulated at most of the time 

points (Figure 3-10A and B). All animals showed very mild infiltration of leukocytes 

in the alveoli in response to MERS-CoV (Figure 3-11B and 12B). Remarkably, AP6 

showed accumulation of leukocytes without a notable induction of CCL2 and CCL3 

mRNAs (Figure 3-12A and B).  Moreover, this animal was the highest producer of 
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 these chemoattractant chemokines in trachea. Nonetheless, the number of infiltrating 

leukocytes correlated with the induction of CCL2 (r = 0.62, P = 0.0236) and CCL3 (r 

= 0.59, P = 0.0323) as shown in Figure 3-12C and D. When considering AP6 as an out 

layer, correlations became stronger for both CCL2 (r = 0.72, P = 0.0077) and CCL3 (r 

= 0.87, P = 0.0002) as shown in Figure 3-11A. Overall, ISGs were induced in the 

absence of IFN gene expression suggesting an endocrine effect of IFNs produced in the 

nasal epithelia. In addition, despite transient accumulation of leukocytes correlating 

with induction of CCL2 and CCL3 in the lung, exacerbation of inflammatory responses 

did not occur. 
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Figure 3-11. Infiltration of leukocytes in alveoli are correlated with upregulation of CCL2 and CCL3 
mRNA. (A) Relative expression of CCL2 and CCL3 mRNA (Bar graphs at the left) was performed with 
a microfluidic PCR assay in the lung of alpacas (except AP6, see text). Leukocytes were counted in 3 
microscopic fields (400X) per lung section in all animals (except AP6), including non-infected controls. 
Relative expression levels of CCL2 and CCL3 were plotted against the number of inflammatory cells 
(dot plot at the right). Correlation coefficients were established using the Spearman’s correlation test 
(right panel). (B) The number of leukocytes in alveoli was the highest in AP5, lower in AP10 (arrows), 
occasional in AP7 (arrow) and hardly detectable in AP13. Original magnification: ×1000 for all samples.  
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 Figure 3-12. Correlation between the relative expression of chemokines (CCL2 and CCL3) and the 

number of inflammatory cells infiltrating lungs in alpacas. (A) Relative expression of CCL2 and CCL3 

mRNA was performed with a Fluidigm Biomark microfluidic assay in the lung of alpacas (including 

AP6). Inflammatory cells were counted in 3 microscopic fields (400X) per MFPE lung section in all 

animals, including non-infected controls. (B) The number of inflammatory cells in alveoli was high in 

AP6, lower in AP4, 8 and 12 (arrows), occasional in AP2 and 3 (arrow). Original magnification: ×1000 

for all samples. Relative expression levels of (C) CCL2 and (D) CCL3 were plotted against the number 

of inflammatory cells in lungs. Correlation coefficients were established using the Spearman’s 

correlation. MFPE: methacarn-fixed paraffin-embedded. 

 

Genes of the NF-κB pathway and IRF5 are transcriptionally unaltered in 

respiratory tissues during MERS-CoV infection  

Transcription of the NF-κB p50 subunit (NFKB1) and some important regulators of the 

NF-κB pathway were checked along URTs and LRTs. These regulators included two 

enzymes, AZI2 and TBK1, downstream of the RLRs and TLR signaling pathways, 

essential for the phosphorylation of NF-κB, the NF-κB inhibitor NFKBIA and an 

adaptor CARD9 that mediates signals from C-type lectins to regulate the NF-κB 

pathway (Figure 3-2). All these genes were expressed at basal levels in the nasal mucosa, 

submucosa, trachea and lung of control non-infected alpacas. NFKB1, AZI2 and TBK1 

were only marginally induced or remained unaltered in the nasal epithelia; however, 

NFKBIA and CARD9 were expressed at basal levels or even slightly downregulated in 

all the tissues. All the above mentioned genes were fluctuating around basal 

transcriptional levels across alpaca respiratory tracts (Figure 3-6A, 7A, 9A, 10A and 

Supplementary table 3-4 C, D, E and F) indicating that the NF-κB mediated signaling 

pathway was not exacerbated or downregulated in response to MERS-CoV. Moreover, 

IRF5, an inducer of TNFα and IL6 as well as an important factor for the polarization 

of M1 macrophages, was only slightly but significantly upregulated in the nasal 

epithelium (2 dpi) and submucosa (3 dpi). In all other tissues and, in particular lung, 

the majority of animals did not reach the threshold of 2 Fc for IRF5 (Figure 3-10B and 

Supplementary table 3-4F). 

 

 

Discussion 
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To the authors’ knowledge, the present study represents the first innate immune 

investigation performed in vivo in natural reservoir/intermediate hosts upon MERS-

CoV infection. As camelids are the primary zoonotic reservoirs for human infection, it 

is essential to gain insight into the potential mechanisms of asymptomatic manifestation 

since they can unravel targets for prophylactic treatments in susceptible hosts. In the 

present study, all experimentally inoculated alpacas were successfully infected, as 

genomic viral UpE, subgenomic M mRNA and the N protein could be detected in most 

of the tissues examined by IHC, RT-qPCR or micro fluidic PCR assays from the URT 

and LRT at 1 to 4 dpi. This proved that the MERS-CoV Qatar15/2015 strain had spread 

and in some instance replicated throughout the whole respiratory tracts, although 

mainly at the URT where the virus receptor DPP4 is most abundant (Widagdo et al., 

2016b). Acknowledging that respiratory mucosal epithelial cells are the main primary 

target for MERS-CoV and the paucity of data on the effect in vivo of the virus to the 

mucosal barrier on humans and other laboratory species (mainly human DPP4 

transgenic or transduced mice and non-human primates) a special attention was given 

here to monitor innate immune responses occurring during the first 4 days of infection 

in the nasal epithelium of alpacas and the possible repercussions of these responses in 

the respiratory tract. 

In mucosa, pathogens are sensed by PRRs leading to the production of type I and III 

IFNs via IRFs. In turn, IFNs can activate through the JAK-STAT pathway, in an 

autocrine, paracrine or endocrine manner, transcription of various antiviral and 

regulatory ISGs including also PRRs and IRFs. Fine tuning of these responses is 

paramount in determining the outcome of viral infectious diseases (Lazear et al., 2019). 

In MERS-CoV infected alpacas, during the first 24h, apart from IFNβ which started to 

be induced, type I and III IFNs were not altered in the nasal mucosa when compared to 

control animals. This short period seems to be crucial for the virus to establish a 

productive infection in alpacas for at least 5 to 6 days (Adney et al., 2016a) by delaying 

host protective mechanisms such as activation of PRR pathways (Chang et al., 2020; 

Channappanavar et al., 2019b; Zhao et al., 2020). Nonetheless, and only in the nasal 

epithelium, transcription of all type I and III IFNs peaked simultaneously at 2 dpi and 

weaned progressively. This wave of IFNs was concomitant with the induction of ISGs, 

PRRs and IRF7 not only at the nasal epithelial barrier and its underlying submucosa 

but also in trachea and lungs where IFN mRNAs were never detected or induced. 
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 Therefore, the effect of the IFN response at the nasal mucosa may extend to distant 

respiratory tissues in a paracrine or endocrine manner. In that respect, in mice, IFNλ 

produced in the URT prevents dissemination of influenza virus to the lung 

(Klinkhammer et al., 2018).  

The use of IHC and microfluidic PCR assays combined with LCM permitted to 

compare, in the same and different animals, areas of the nasal epithelium with high and 

low viral loads. Heavily infected mucosal areas were responsible for the highest 

induction of type III IFNs. Although markedly induced, type I IFNs did not significantly 

correlated with tissue viral loads. Consistent with this IFN production, the number of 

MERS-CoV infected cells detected by IHC was maximal on 2 dpi and decreased over 

time. However, all infected alpacas shed infectious viral particles in the nasal cavity 

from 1 dpi onwards according to previous studies (Adney et al., 2016a; Crameri et al., 

2016a). This might be due to a high accumulation of virus in the nasal cavity which 

may take a few days to clear. Remarkably, results obtained herein contrast with those 

found in human epithelial cells and respiratory explants since the induction of type I 

and III IFNs was limited or inhibited in response to MERS-CoV (Chan et al., 2013b; 

Comar et al., 2019; Zielecki et al., 2013). The dampened IFN priming in humans is 

likely due to the role of IFN antagonism by MERS-CoV accessory proteins (Comar et 

al., 2019; Niemeyer et al., 2013; Rabouw et al., 2016; Shokri et al., 2019), through 

which virus replication is facilitated. It is important to note that the MERS-CoV strain 

(Qatar15/2015) used herein is from human origin and, unlike some dromedary isolated 

African strains, it does not display any deletions in the above-mentioned non-structural 

proteins (Chu et al., 2018). Therefore, alpacas are able to overcome IFN inhibitory 

mechanisms in a relative short time with the induction of antiviral or IFN positive 

regulatory ISGs. Nonetheless, the prominent manifestation of MERS in humans occurs 

in lungs with a massive inflammation provoked by infiltration of macrophages and 

lymphocytes (Alsaad et al., 2018). To the contrary, and although AP6 experienced 

discrete nasal discharges and displayed large numbers of infected nasal epithelial cells, 

alpacas only exhibited transient mild and focal infiltration of lymphocytes, 

macrophages and neutrophils in response to MERS-CoV. Such infiltrations were 

mainly observed on 2 dpi and gradually resolved afterwards. These findings suggested 

a rapid fine tuning of specific mechanisms to control inflammation mediated essentially 

by the mucosal barrier, leading to an efficient innate immune response. Indeed, type III 
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IFNs are known to induce milder inflammatory responses than IFNβ (Lazear et al., 

2019) and IL10 is an anti-inflammatory cytokine (Ouyang et al., 2011). Furthermore, 

recent studies in mice indicate intricate mechanisms between IFNλ and IL10 via DCs 

conditioning protective mucosal immunity against influenza virus (Hemann et al., 

2019). In this view, it is noteworthy to mention that pDC are seemingly the only cell-

type that produce in vitro type I and III IFNs after MERS-CoV infection in humans 

(Scheuplein et al., 2015). By contrast, in vivo, pDCs which predominantly localize in 

the submucosa are not the main IFN producers (Ali et al., 2019; Mascarell et al., 2008). 

Due to the lack of specific cell markers for DCs in alpacas, detection of these cells in 

tissues and their contribution to innate immunity could not be performed. Nonetheless, 

a strong positive correlation between IFNλ1,3 and IL10 mRNA levels was observed in 

the nasal epithelium of alpacas and this could reflect a physiological cross-regulation 

between these structurally related cytokines upon MERS-CoV infection. By contrast, 

the weak correlation between IFNβ and IL10 mRNA induction suggests that only type 

III IFNs are directly or indirectly mediating anti-inflammatory action. Furthermore, 

IL10 was significantly up regulated, although at moderate levels, in the nasal 

submucosa underlying heavily infected epithelial cells. Moreover, IRF5 known to be a 

pro-inflammatory transcription factor and a key element in the M1 polarization of 

macrophages (Krausgruber et al., 2011; Weiss et al., 2013) was only slightly induced 

in the nasal mucosa and submucosa on 2 and 3 dpi. However, no IRF5 mRNA increased 

in the lung despite infiltration of mainly macrophages and lymphocytes as early as 1 

dpi. Accordingly, CCL2, CCL3, CXCL10 and TNFα were induced in the lung in the 

absence of type I IFNs, as found for MERS-CoV infected human monocyte-derived 

macrophages (Zhou et al., 2014). With the observation that other pro-inflammatory 

cytokines are either weakly or not induced, it is suspected that inflammatory M1 

macrophages are not abundant in the lung of infected alpacas. Also, IL15, an activator 

and attractor of NK cells and macrophages (Verbist and Klonowski, 2012), was only 

induced in lung as soon as 1 dpi, suggesting a role for clearance of the virus by these 

cells. Strikingly, NLRP3 mRNA was more abundant in the lung (with the exception of 

AP6 in trachea), maybe due to the presence of infiltrating macrophages where NLRP3 

is mostly produced (Guarda et al., 2011; Shao et al., 2015). However, CASP1 and 

PYCARD, the two other components of inflammasome, were not induced. This 

scenario, combined with a discrete upregulation of IL1β and IL6 in some animals, will 
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 not probably result in a cytokine storm in the lung. Accordingly, in other respiratory 

tissues, the major proinflammatory cytokines were occasionally mildly induced, 

suggesting also a functional but attenuated NF-κB signaling (Hayden and Ghosh, 2004). 

Moreover, during infection, genes involved in the regulation of the NF-κB cascade 

(AZI2, TBK1 and NFKBIA) and NFKB1were transcriptionally unaltered in all the 

respiratory tract of alpacas preventing acute inflammation in response to MERS-CoV.  

In a mice model of MERS-CoV (Channappanavar et al., 2019b), IFNs production and 

MERS-CoV replication peaked simultaneously in lungs at 2 dpi resulting in a sublethal 

infection. While early induction or treatment with IFNβ were crucial for virus clearance 

and induction of protective immunity, late administration of IFNs led in lungs to 

enhanced infiltrations of monocytes, macrophages, neutrophils, expression of 

proinflammatory cytokines and increased mortality. Also, indirect proof was given that 

IFNs synthesis was under sensing of TLR7 but not MAVS in airway epithelial cells. 

However, this study did not report the effect of MERS-CoV infection in the URT 

(Channappanavar et al., 2019b). Benefits of early type I IFN treatment were also shown 

for non-human primates (Chan et al., 2015b) but IFN therapy on humans has failed so 

far certainly because it was applied essentially on critically ill patients (Arabi et al., 

2020). Thus, some differences are noticed between a MERS-CoV sublethal infection in 

mice and that occurring in a natural host. Here, we highlighted the essential role of the 

nasal mucosa as a main producer of IFNs upon MERS-CoV infection driving in 

combination with IL10 a mild inflammatory response along the respiratory tract. The 

observation in alpacas of a dimmed NLRP3 inflammasome is consistent with that found 

in bat primary immune cells infected in vitro with MERS-CoV (Ahn et al., 2019), 

suggesting a primary role in the control of inflammation in reservoir/intermediary hosts 

despite high viral loads. Further, this study provides mechanistic insights on how innate 

immunity overcomes a MERS-CoV infection. A proposed model of cytokine and 

signaling pathways interactions resuming innate immune responses upon MERS-CoV 

infection in the respiratory tract of alpacas is depicted in Figure 3-13. Inherent to any 

study performed with large outbred animals under ABSL3 containment, the present 

study suffers some limitations. First, the number of animals used was kept to minimal 

to avoid prolonged exposure of personnel during sampling and necropsies hindering 

some statistical significances with variations between animals. Second, the LCM and 

microfluidic PCR allowed determination of gene expression at the tissue but not the 
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single cell level. This combined with the lack of antibodies defining cell types in alpaca 

and working in IHC impeded further characterization of DCs and leukocytes in tissues. 

 

Figure 3-13. Proposed mechanistic model for MERS-CoV-induced protective innate immune responses 
in alpaca respiratory tracts. (A) Upon MERS-CoV infection of nasal epithelial cells, PRRs and IRFs are 
engaged to induce IFNs and ISGs exerting their effects in an autocrine or paracrine manner. Upregulation 
of IL10 combined with the action of type III IFNs will result in a dimmed synthesis of proinflammatory 
cytokines under NF-κB control. Induced chemokines lead to focal, mild infiltration of leukocytes. The 
paracrine effect of IFNs is evidenced in the nasal submucosa where ISGs are upregulated without 
endogenous induction of IFNs. IL10 and type III IFNs will act on the NF-κB pathway preventing 
production of IL8 and IL1β mRNAs depriving the NLRP3 inflammasome of its substrate. Slight 
increased levels of IRF5 mRNAs will indicate the presence of few M1 macrophages in the submucosa. 
Blue, red and white arrows indicate upregulation, downregulation and unaltered gene transcription 
respectively. (B) Concomitant to decreased viral loads, transcription of ISGs is lowered in trachea and 
lungs where IFNs are not induced. Infiltration of mainly mononuclear leukocytes occurs in the lungs as 
a result of chemokine synthesis in the absence of IRF5 induction but upregulation of IL15. Thus, reduced 
number of M1 macrophages and activation of NK cells will contribute to a controlled inflammation and 
clearance of the virus. PI, Pro-inflammatory cytokines; NI, not induced.  
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 Supplementary tables 3-1, 3-2, 3-3, 3-4 and 3-5 are available online at: 

https://drive.google.com/drive/folders/1RCPD9VoB9MYpHddiB8fkMb3vb6xgdkIr?u

sp=sharing  
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Introduction  

MERS-CoV is a severe respiratory disease with a zoonotic origin representing a significant 

threat worldwide. The Arabian Peninsula continues to be the global epicenter of the disease 

(Memish et al., 2020; National Events et al.). While most cases have been documented in the 

KSA, a travel associated outbreak in South Korea in 2015 reminded that MERS-CoV is of 

global concern (Kim et al., 2017; Oh et al., 2018). Due to negative impacts on public health 

and the economy, MERS-CoV is listed as one of the WHO Research and Development 

Blueprint priority pathogens. So far, the dromedary camel is the only confirmed source of 

zoonotic infection, while new world camelids (alpacas and llamas) can also be infected by 

MERS-CoV under both natural and experimental conditions (Adney et al., 2016a; Crameri et 

al., 2016a; David et al., 2018; Reusken et al., 2016; Vergara-Alert et al., 2017a). Human 

acquisition is primarily due to close contact with infected camels (Azhar et al., 2014). Limited 

human-to-human transmission has been reported within families; contagion mostly occurring 

in health-care settings (Killerby et al., 2020). 

MERS-CoV is phylogenetically divided into three major clades, temporarily named clades A, 

B and C (Alharbi et al., 2015; Chu et al., 2018; Kiambi et al., 2018). Sequence examination of 

various MERS-CoVs revealed that nowadays only clade B viruses are circulating in the 

Arabian Peninsula and have replaced clade A in humans and dromedary camels (Alharbi et al., 

2015; El-Kafrawy et al., 2019; Naeem et al., 2020). Therefore, clade B viruses might possess 

an evolutional advantage against clade A isolates, exhibiting enhanced replicative fitness when 

infecting human/dromedary hosts. However, data characterizing phenotypic and pathogenic 

differences between these two clades of MERS-CoV are scarce. Recently, Wang et al. (Wang 

et al., 2020) showed that a clade B virus (ChinaGD01) led to more weight loss, severe lung 

lesions and higher lung viral titers in hDPP4 transduced mice than did the prototype virus 

EMC/2012 (clade A). However, in a previous study, apparent contradictory results were 

reported since clade A and B viruses exhibited comparable lung viral titers and lesions in 

hDPP4 transduced mice (Chu et al., 2018). Also, there was no significant difference in 

replication competence of these two clade viruses in human bronchial and lung explants (Chan 
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et al., 2014). Despite its role in antagonizing IFN defense mechanisms (Matthews et al., 2014; 

Yang et al., 2013, 2015), the accessory protein ORF4b is probably not implicated in virus 

replication in vivo (Chu et al., 2018). Rather, nsps, which also interfere with IFN production 

(Lokugamage et al., 2015; Mielech et al., 2014a) are thought to play a more important role in 

virus replication than accessory proteins. In that respect, clade B specific mutations were 

observed in ORF1ab (Wang et al., 2020). Also, the role of ORF4a as an IFN antagonist was 

not assessed in vivo but mainly determined under in vitro conditions (Comar et al., 2019; 

Niemeyer et al., 2013; Siu et al., 2014; Yang et al., 2013). A recombinant virus lacking ORF4a 

showed increased expression levels of type I and III IFNs and slightly decreased replication in 

human airway epithelium-derived A549 cells (Comar et al., 2019). Nevertheless, whether 

deletions/mutations of these viral factors lead to the increased zoonotic potential of clade B 

strains lacks direct proof in reservoir hosts. 

Recently, we characterized the pathogenesis of a clade B MERS-CoV strain (Qatar15/2015) in 

an alpaca model (Chapter 3). Upon MERS-CoV infection, a few infected nasal epithelial cells 

could be detected by IHC as soon as 1 dpi. Nasal tissues were maximally infected at 2 dpi and 

infection extended to the bronchus where some infected epithelial cells were observed. On the 

following days, the virus was gradually cleared. Alpacas responded at the peak of MERS-CoV 

infection with an early and transient type I and III IFN responses detected only in the nasal 

mucosa concomitant with an induction of antiviral ISGs along the whole respiratory tract. 

Exacerbated inflammation was not observed in these animals, which displayed attenuated NF-

κB and NLRP3 signaling cascades in conjunction with increased mRNA levels of the anti-

inflammatory cytokines IL10 and type III IFNs. To assess differences in virulence, replication 

and pathogenesis that could explain field observations that MERS-CoV clade B strains have 

replaced clade A in camelids, we selected an early epidemic clade A isolate, EMC/2012 (van 

Boheemen et al., 2012), and a clade B strain, Jordan-1/2015 (Lamers et al., 2016), to 

experimentally infect alpacas. The Jordan-1/2015 strain harbors a 16 aa deletions in ORF4a 

suspected to affect the binding of dsRNA (Lamers et al., 2016). Therefore, this experimental 

set up also allowed to gain insights on the role of ORF4a in MERS-CoV pathogenesis. Alpacas 
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inoculated with Jordan-1/2015 exhibited higher MERS-CoV loads in the respiratory tract and 

larger viral shedding, demonstrating the increased replicative fitness of clade B strains in a 

camelid host. Thus, taken together, with results obtained with the Qatar15/2015 strain (Chapter 

3), a rational explanation is suggested for the predominance of clade B strains in the Arabian 

Peninsula. In addition, mRNA expression of cytokines and chemokines along the respiratory 

tract was monitored for both strains during three consecutive days. 

 

Material and methods 

Ethics statement 

All animal experiments were approved by CEEA-IRTA and by the Ethical Commission of 

Animal Experimentation of the Autonomous Government of Catalonia (file Nº FUE-2018-

00884575 – Project Nº10370). The work with infectious MERS-CoV was performed in BSL3 

of the Biocontainment Unit of IRTA-CReSA in Barcelona, Spain. 

 

Cell culture and viruses 

MERS-CoV EMC/2012 (GenBank Accession JX869059) and Jordan-1/2015 (GenBank 

Accession KU233364) isolates were propagated in Vero E6 cells and titrated, as previously 

described (Vergara-Alert et al., 2017a). 

 

Aa alignment of MERS-CoV proteins from clade A and B strains. 

The aa sequences from thirteen MERS-CoV strains encompassing six lineages (including the 

EMC/2012 and the Jordan-1/2015 strains) were aligned using the UniProt alignment tool 

(https://www.uniprot.org/align/). Details including accession number of the strains are 

provided in table 1. 

 

https://www.uniprot.org/align/
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Table 1. Information of the different MERS-CoV strains used for aa sequence alignment 

Name of strain Origin Clade Lineage Accession Number 

EMC/2012 Human A 1 JX869059 

Jordan-N3/2012 Human A 1 KC776174 

Camelus dromedarius/2015 Dromedary camel A 2 KX108943 

NRCE-HKU205/2013 Dromedary camel A 2 KJ477102 

KSA_CAMEL-376 Dromedary camel B 1 KJ713299 

Al-Hasa25/2013 Human B 2 KJ156866 

Riyadh_2_2012 Human B 2 KF600652 

England-KSA/1/2018 Human B 3 MH822886 

Jeddah/D90/2014 Dromedary camel B 4 KT368844 

Qatar15/2015 Human B 5 MK280984 

Jordan-1/2015 Human B 5 KU233364 

ChinaGD01 Human B 5 KT006149 

Riyadh_1_2012 Human B 6 KF600612 

 

Animal Study and experimental design 

Twenty-one 6-8-month-old alpacas (Vicugna pacos) were purchased and randomly assigned a 

number (AP1-AP21). Three alpacas (AP19-AP21) were kept as non-infected controls and 

sacrificed upon arrival. The remaining animals were acclimated for one week at the ABSL3 

facilities. Alpacas AP1-AP9 (group 1) and AP10-AP18 (group 2) were housed in two different 

pens and intranasally inoculated with a 107 TCID50 dose of the MERS-CoV EMC/2012 and 

Jordan-1/2015 strains respectively, as described previously (Vergara-Alert et al., 2017a). Three 

animals from each group were sacrificed per day with an overdose of pentobarbital followed 

by exsanguination on 1, 2 and 3 dpi. This timing was based on a previous experiment performed 

in alpacas with the EMC/2012 and Qatar15/2015 (clade B) strains where maximal viral 

shedding was observed on 2 dpi (Adney et al. 2016; Chapter 3). Clinical signs were monitored 

and NS samples were collected on the day of euthanasia for MERS-CoV titration and RNA 

detection, as previously described (Vergara-Alert et al., 2017a). Complete necropsies were 

performed. Collected respiratory tissues included: nasal turbinates (frontal, medial and caudal), 
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trachea (frontal, medial and caudal), lung parenchyma (frontal, medial and caudal), large and 

small bronchus. Respiratory tissues were immersed in media for viral detection by RT-qPCR; 

or fixed in formalin or methacarn for IHC (Vergara-Alert et al., 2017a) and cytokine 

quantification respectively (Chapter 3). 

 

Viral RNA detection by RT-qPCR 

Samples from NS and tissue samples were processed as previously described (Vergara-Alert 

et al., 2017a). Genomic MERS-CoV RNA was quantified by the RT-qPCR detecting the UpE 

gene of MERS-CoV (Corman et al., 2012). Samples with a cycle threshold of less than 40 were 

considered positive.  

 

Virus isolation from NS  

NS samples collected at various dpi were evaluated for the presence of infectious virus by 

titration in Vero E6 cells, as previously reported (Vergara-Alert et al., 2017a). The amount of 

infectious virus in each sample was calculated by determining the TCID50/mL. 

 

Histopathology and IHC 

A monoclonal mouse anti-MERS-CoV N protein antibody (Sino Biological Inc., Beijing, 

China) was used to detect the presence of MERS-CoV antigen, following a previously 

established protocol (Vergara-Alert et al., 2017a).  

 

MFPE tissue specimens 

For the assessment of cytokine mRNA profiles, nasal turbinates, trachea, and lung were fixed 

by immersion in methacarn and paraffin embedded. MFPE-tracheal and lung samples were 

processed for RNA isolation by scraping the whole section from the prepared slides and 
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referred to as ‘scraped’ tissues. MFPE-nasal specimens were processed for LCM prior RNA 

extraction. All these procedures were previously established (Chapter 3). 

 

Laser capture microdissection 

LCM was used to micro-dissect IHC-positive and negative nasal epithelia areas from the same 

tissue section, as previously described (Chapter 3). Briefly, four consecutive sections from the 

same MFPE-block containing nasal specimens were cut. One of the sections was subjected to 

IHC to localize infected/non infected cells in the tissues and served as a reference (template) 

for the three subsequent sections which were stained with cresyl violet and then, subjected to 

LCM. 

 

Total RNA isolation and cDNA synthesis  

Total RNA from micro-dissected or scraped tissues was extracted, and converted into cDNA 

synthesis, following standard protocols (Chapter 3). 

 

Relative quantification of cytokines mRNA and viral genomic and subgenomic loads on 

MFPE tissues  

A microfluidic RT-qPCR assay was used to quantify cytokine mRNA from the MFPE samples. 

Selection of innate immune genes and specific pair of primers to amplify their transcriptional 

products were described in a previous work (Chapter 3). In addition, primers specific for the 

genomic (UpE) and subgenomic (M mRNA) viral regions were added to the assay (Chapter 3). 

Data was analyzed with the software 4.1.3 (Fluidigm Corporation, South San Francisco, USA) 

and the DAG expression software 1.0.5. 6, as previously described (Chapter 3). The up- or 

down-regulated expression of each cytokine gene was expressed in Fc. Supplementary table 4-

1 shows the quantification, expressed in Cq values, of MERS-CoV genomic (UpE) and 

subgenomic RNA (M mRNA), obtained with the microfluidic qPCR assay.  
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Statistical analysis 

To use the Student’s t-test, a logarithmic 10 transformations were applied on Fc values to 

approach a log normal distribution. Thus, the means of the logarithmic Fc obtained at different 

dpi for each group of animals could be compared. Significant upregulation or downregulation 

of genes was considered if they met the criteria of a relative Fc of ≥2-fold or ≤2-fold 

respectively with P < 0.05. The Shapiro-Wilk normality test was used to determine the normal 

distribution of RT-qPCR data (Cq values), prior applying the Tukey's multiple comparisons 

test to compare Cq values of tissue samples at different dpi. Differences were considered 

significant at P < 0.05. Correlation coefficients were determined using the Spearman’s 

correlation test. 

 

Results 

Clinical signs 

To compare the pathology induced by strains EMC/2012 (clade A) and Jordan-1/2015 (clade 

B), two groups of alpacas were intranasally inoculated with each strain. Three animals from 

each group were sacrificed per day and during three consecutive days. None of the animals 

showed clinical signs and basal body temperatures remained normal (below 39.5ºC) throughout 

the study, in response to both MERS-CoV strains. 

 

Nasal viral shedding and MERS-CoV loads in respiratory tracts  

NS were obtained from all animals on the day of euthanasia (0, 1, 2 and 3 dpi). All MERS-

CoV inoculated alpacas shed viral RNA but no major differences were seen between the two 

isolates at all dpi. Although statistics could not be performed due to limited number of animals, 

Cq values were numerically lower for alpacas inoculated with Jordan-1/2015 than those with 

EMC/2012 on 2 and 3 dpi. NS were subsequently tested for the presence of infectious virus in 

Vero E6 cells. At 2 and 3 dpi, alpacas infected with the Jordan-1/2015 strain had higher viral 
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titers than did animals infected with EMC/2012. At these days, only one out of three animals 

of group 1 showed infectious virus (Figure 4-1A).  

MERS-CoV viral RNA was detected in all tested tissues upon infection with the two strains. 

The highest loads were found in the nasal turbinates of the Jordan-1/2015 group at 2 and 3 dpi, 

displaying a significant lower Cq value in comparison to the EMC/2012 infected group (Figure 

4-1B). Viral loads were lower in trachea, bronchus, and lung for both strains, but animals from 

group 2, inoculated with the Jordan-1/2015 strain, exhibited significantly higher rates of 

infection for the duration of the experiment (Figure 4-1B). Thus, the Jordan-1/2015 strain 

replicates better than EMC/2012 at least in nasal tissues from alpacas. 
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Figure 4-1. Viral loads in NS and respiratory tissues of MERS-CoV EMC/2012 and Jordan-1 infected alpacas (A) 

Viral RNA (left) and infectious MERS-CoV (right) loads from NS samples collected at different days of 

euthanasia. (B) Viral RNA loads from respiratory tissues of alpacas obtained at 0, 1, 2 and 3 dpi. Black circles: 

frontal turbinate, apical trachea, and apical lung; blue circles: medial turbinate, medial trachea, and medial lung; 

red circles: caudal turbinate, caudal trachea, and caudal lung. Green and yellow circles represent values obtained 

from large and small bronchus, respectively. Viral loads were determined by the UpE real-time RT-qPCR (A and 

B). Each bar represents the mean Cq value ± SEM of infected tissues from 3 animals euthanized at 0, 1, 2 and 3 

dpi, respectively. Statistical significance was determined by Tukey's multiple comparisons test. *P < 0.05; **P < 

0.01; ***P < 0.001; ****P < 0.0001. Dashed lines depict the detection limit of the assays. Cq, quantification 

cycle; MERS-CoV, Middle East respiratory syndrome coronavirus; TCID50, 50% tissue culture infective dose. 
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MERS-CoV Jordan-1/2015 strain possesses stronger epithelial tropism compared to 

EMC/2012 strain. 

To gain further information on viral replication and tissue tropism we performed IHC along 

alpaca respiratory tracts infected with both MERS-CoV strains. Viral antigen was found 

multifocally located in the nasal turbinates of alpacas inoculated with the MERS-CoV 

EMC/2012 isolate (Figure 4-2A). At 1 and 3 dpi, MERS-CoV positive nasal epithelial cells 

were only detected in one out of three animals whereas at 2 dpi all three animals harbored viral 

antigen in their nose (table 2). By contrast, the virus was found in the nasal epithelium of all 

alpacas inoculated with the Jordan-1/2015 strain throughout the whole study (table 2). While a 

moderate number of pseudostratified columnar epithelial cells in the nose contained MERS-

CoV Jordan-1/2015 antigen at 1 dpi, the number of positive epithelial cells became remarkably 

high at 2 dpi; such number steadily decreased in the alpacas necropsied on dpi 3 (Figure 4-2A 

and table 2). 

MERS-CoV Jordan-1/2015 infected cells were unevenly detected within the tracheal and 

bronchial mucosa at 2 dpi by IHC. Also, viral antigen was only scarcely found in bronchiolar 

epithelial cells of a single animal at 3 dpi (Figure 4-2B and table 2). By contrast, MERS-CoV 

EMC/2012 antigen was not present in trachea or LRT tissues (Figure 4-2B and table 2)
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Table 2. MERS-CoV N protein distribution in alpaca respiratory tracts in response to EMC/2012 and Jordan-1/2015 strains 

 1 dpi 

  

2 dpi 

  

3 dpi 

   EMC/2012 Jordan-1/2015 EMC/2012 Jordan-1/2015 EMC/2012 Jordan-1/2015 

 A1 A2 A3 A10 A11 A12 A4 A5 A6 A13 AP14 AP15 A7 A8 A9 A16 AP17

4 

A18 

Frontal turbinate － +/− － +/− － +/++ － － + +++ ++/+++ +++ － － +/++ + + +/− 

Medial turbinate  － +/− － +/++ +/− +/++ － + + +++/+

+++ 
++ +++/+

+++ 
－ － ++ + +/− +/− 

Caudal turbinate － + － － +++/++++ +/++ ＋ － + ＋ ++/+++ ＋ － － +/++ + +/− ＋ 

Apical trachea 

 

 

 

 

 

 

 

 

 

－ － － － － +/− － － − － +/− ＋ － － － － － － 

Medial trachea － － － － － － － － － － +/− ＋ － － － － － － 

Caudal trachea － － － － － － － － － － ＋ ＋ － － － － － － 

Large bronchus － － － － － － － － － － +/− +/++ － － － － － － 

Small bronchus － － － － － － － － － － － +/++ － － － +/− － － 

Apical lung － － － － － － － － － － － － － － － +/− － － 

Medial lung － － － － － － － － － － － － － － － － － － 

Caudal lung － － － － － － － － － － － － － － － － － － 

 

Abbreviations: dpi, days post inoculation; AP, alpaca; day post inoculation; -, no positive cells detected; +/-, less than 10 positive cells per tissue section; +, 10 to 50 positive 
cells per tissue section; ++, 50 to 150 positive cells per tissue section; +++, 150 to 300 positive cells per tissue section; and ++++, more than 300 positive cells per tissue section.
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Both MERS-CoV isolates led to similar degrees of histological lesions that were mainly 

limited to the nasal turbinate, being of multifocal distribution and mild. From 1 to 3 dpi, 

lesions in the nasal turbinates were characterized by mild rhinitis, segmental 

hyperplasia of the nasal epithelium, lymphocytic exocytosis and epithelial vacuolation. 

Additionally, small numbers of lymphocytes with fewer macrophages infiltrated the 

underlying submucosa (Figure 4-2A). No significant microscopic lesions were 

observed in the trachea and bronchus in response to both strains. Besides, lung lobes 

showed very mild multifocal perivascular and peribronchiolar infiltration by 

lymphocytes in few animals. Control animals euthanized on day 0 (AP19 to AP21) did 

not display any significant histological lesion in collected tissues and IHC resulted 

negative in all of them (table 2). Thus, the Jordan-1/2015 strain showed a much better 

replication competence than did EMC/2012 in the alpaca respiratory tract, despite 

similar histopathological alterations provoked by both strains. 
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Figure 4-2. Histopathological changes and viral detection in respiratory tracts of alpacas inoculated with 
two MERS-CoV strains. Respiratory tissues (Nasal turbinate, trachea, bronchus, and lung) were 
harvested upon necropsy and immediately fixed in 10% neutral-buffered formalin. (A) 
Immunohistochemical (IHC) visualization of apical turbinate of alpacas infected with MERS-CoV 
EMC/2012 (left panel) and Jordan-1/2015 (right panel) necropsied on1 to 3 dpi. H/E staining of the apical 
nose collected at 2 dpi for both strains was displayed at the bottom. (B) IHC result of trachea, bronchus 
and lung of alpacas infected with MERS-CoV EMC/2012 (left panel) and Jordan-1/2015 (right panel) 
necropsied at 2 or 3 dpi. See table 2 for the detailed distribution of MERS-CoV antigen. Abbreviations: 
H/E, hematoxylin and eosin stain. 
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Viral loads in micro-dissected nasal tissues and whole tracheal and lung sections 

To evaluate the loads of MERS-CoV genomic UpE and subgenomic M mRNA on 

individual MFPE respiratory tissue sections or micro-dissected mucosa that were used 

for cytokine quantification, we performed a microfluidic RT-qPCR assay. Since the 

nasal mucosa is the major driver of innate immune responses in MERS-CoV infected 

alpacas (Chapter 3), LCM was used to isolate MERS-CoV infected/non-infected nasal 

epithelial areas based on IHC examination. Also, MFPE trachea and lung sections were 

directly scrapped from the slide. The total surfaces obtained by LCM ranged from 0.055 

to 0.095 cm2 per specimen and 0.3 to 1 cm2 were recovered from MFPE trachea and 

lung sections for RNA processing. Between 0.25 and 2.69 µg of total RNA were 

obtained for each LCM sample and scrapped tissue (Supplementary table 4-2). Due to 

the less infectivity of the EMC/2012 strain, nasal epithelial areas significantly labelled 

by IHC could only be harvested from two animals (AP4 on 2 dpi and AP9 on 3 dpi). 

Nasal specimens from animal AP14, infected with the Jordan-1/2015 strain, could not 

be examined due to autolysis before tissue fixation. All other nasal epithelia retrieved 

from animals inoculated by the Jordan-1/2015 strain could be processed as expected. 

As shown in Figure 4-3, UpE and M mRNA loads found in MERS-CoV IHC positive 

nasal epithelial (MPNE) areas were higher than those displayed by MERS-CoV IHC 

negative nasal epithelial (MNNE). In addition, MPNE micro-dissected areas of both 

strains showed comparable viral RNA loads while the Jordan-1/2015 strain had a 

slightly better replication in MNNE areas than that of EMC/2012. Like results obtained 

from tissue homogenates (Figure 4-1B), viral RNA was absent in trachea and lung of 

alpacas inoculated with EMC/2012 strain. Very little UpE (Figure 4-3A) and no M 

mRNA loads, except for one animal (AP14) on 3 dpi, were observed in the lung of 

animals infected with the Jordan-1/2015 strain (Figure 4-3B). MERS-CoV was 

replicating in the trachea of all group 2 animals. 
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Figure 4-3. MERS-CoV UpE gene and M mRNA loads in MFPE samples. Tissue samples were collected 
during 3 consecutive days (1 to 3 dpi, n=3 per day and per strain) from alpacas inoculated with the 
MERS-CoV EMC/2012 and the Jordan-1/2015 strains. Nasal samples from AP14 sacrificed at 2 dpi 
could not be processed due autolysis. Micro-dissected MFPE nasal epithelia were prepared based on an 
overlapping template section stained by IHC to localize the MERS-CoV N protein. Only two IHC 
positive epithelial areas from two animals (AP13 and AP15) with significant labeling could be obtained. 
Trachea and lung were scrapped from MFPE tissue sections. RNA extracted from these samples were 
converted into cDNA and (A) the MERS-CoV UpE gene and (B) the M mRNA were amplified with a 
PCR microfluidic assay (Fluidigm Biomark). Error bars indicate SEM when results were positive in more 
than one animal. Abbreviations: MPNE, MERS-CoV IHC positive nasal epithelia; MNNE, MERS-CoV 
IHC negative nasal epithelia; MFPE, methacarn-fixed paraffin embedded-tissues; LCM, laser capture 
microdissection. 

 

Expression of innate immune genes in the nasal epithelia of alpacas infected with 

the EMC/2012 and Jordan-1/2015 strains 

Studies conducted in vitro have pointed to the antagonistic role of ORF4a in induction 

of IFNs as a key factor in the control of virus replication. Further, the EMC/2012 strain, 

which display a full length genome, has shown higher IFN inhibitory properties in Calu-

3 cells than the clade B strain AH13 (Chu et al., 2018). To test this hypothesis in vivo, 

in a natural host, the Jordan-1/2015, which harbors a deletion in the ORF4a gene, was 

used along the prototype EMC/2012 strain to infect alpacas. To compare antiviral and 
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inflammatory pathways induced by both strains, relative mRNA expression levels for 

37 innate immune response genes (Chapter 3) were assessed in the different respiratory 

tract tissues over the course of infection. After RNA conversion to cDNA, the samples 

were processed through a Fluidigm BioMark microfluidic assay. All the genes were 

detected at basal levels in micro-dissected samples of control non-infected animals. 

In MPNE areas, type I and III IFNs were induced as early as 1 dpi in the group of 

alpacas inoculated with the Jordan-1/2015 isolate. However, MPNE areas could not be 

collected at 1 dpi due to the paucity of MERS-CoV EMC/2012 infected epithelial cells. 

On dpi 2 and 3, IFNs were upregulated in the MPNE areas infected by both strains. Of 

note, the Jordan-1/2015 strain induced much higher levels of IFNs (Figure 4-4A and 

B). Genes coding for PRRs including RIG1 and MDA5, antiviral ISGs (OAS1, 

CXCL10, MX1 and ISG15), chemokines (CCL2 and CCL3), the transcriptional factors 

IRF7 and the NLRP3 inflammasome component CASP1 were highly upregulated at 2 

dpi and levels of expression decreased at 3 dpi. The same kinetic of mRNA transcription 

but with lower induction was observed for the pro-inflammatory cytokines (IL1β, IL6, 

IL8, IL15, TNFα and CXCL1) and the anti-inflammatory gene IL10 in MPNE areas 

infected by both strains. Nonetheless, levels of expression of these cytokines could 

drastically vary among animals (Figure 4-4A and B). Additionally, transcription levels 

of genes coding for the NLRP3 inflammasome components NLRP3 and PYCARD, 

downstream signaling adaptors (NFκBIA and CARD9), enzymes (CASP10, AZI2, 

PACT and TBK1) and the IFNLR1 receptor fluctuated around basal values 

independently of the animals, days of sample collection and the strain used for infection 

(Figure 4-4A and B).  

Type I and III IFNs were not detected or marginally upregulated in MNNE areas from 

alpacas inoculated by both strains. On dpi 2, corresponding to the peak of infection, 

genes coding for ISGs, RLRs, STAT1, IRF7, IL8, CCL2, CCL3 and CASP1 were 

moderate to highly induced in MNNE areas infected by both strains while most of the 

remaining genes were unaltered or slightly downregulated upon infection (Figure 4-4A 

and C). Again, high variations of animals within groups were noticed. 

In a previous study (Chapter 3), transcriptional levels of IFNs were found positively 

correlated with increased viral loads in the nasal mucosa of alpacas inoculated with the 

MERS-CoV Qatar15/2015 strain. To confirm this relation for the Jordan-1/2015 and 

the EMC/2012 strains, mRNA levels of IFNs, expressed in Fc, were plotted against Cq 
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 values found for the MERS-CoV UpE gene in both MPNE and MNNE areas. As shown 

in the Figure 4-4D, MERS-CoV UpE loads in micro-dissected tissues were strongly or 

moderately correlated to the inductions of IFNβ (r = 0.72, P = 0.0007) and IFNλ1 (r = 

0.8, P < 0.0001), or to IFNα (r = 0.65, P = 0.0005) and IFNλ3 (r = 0.66, P = 0.004), 

respectively. Despite similar viral loads (Figure 4-3A), the two MPNE areas infected 

with the EMC/2012 strain collected at 2 and 3 dpi had a comparable induction of IFNs 

than most of mucosal samples infected by the Jordan-1/2015 strain at 1 and 3 dpi. Thus, 

our previous finding that expression of IFNs depends on levels of viral replication was 

further confirmed. However, due to the limited number of heavily infected samples 

obtained from group 1, we could not definitely conclude that the Jordan-1/2015 strain 

is a better inducer of IFNs than the EMC/2012 strain.
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Figure 4-4. Kinetics of innate immune response genes and correlation coefficients between MERS-CoV 
UpE load and IFN induction in alpaca nasal epithelia. (A) The nasal epithelium of each alpaca (AP1 to 
AP21, except for AP14) was microdissected and infected (pink)/non-infected (black) areas, as assessed 
by IHC, were selected and isolated for RNA extraction and conversion to cDNA. However, we failed to 
obtain the RNA from AP14 since nasal turbinate of this animal showed heavy autolysis. The Fluidigm 
Biomark microfluidic assay was used to amplify and quantify transcripts of innate immune genes at 
different dpi (1 to 3 dpi). HPRT1, GAPDH and UbC genes were used as normalizer housekeeping genes 
and values obtained from the infected animals were compared to those obtained from non-infected 
alpacas. The resulting heatmap shows color variations corresponding to log2 fold change values; blue 
for increased and yellow for decreased gene expression, respectively. The grey rectangles indicate no 
expression of the corresponding gene. IFNs, interferons; PRRs, pattern recognition receptors; TFs, 
transcription factors; ISGs, interferon stimulated genes; CKs, chemokines; ADs, adaptors; RTs, receptors. 
MERS-CoV+ Epi and MERS-CoV- Epi, MERS-CoV positive andnegative epithelium areas as assessed 
by IHC, respectively. Average fold change of genes in (B) MPNE and (C) MNNE areas of EMC/2012 
(gray bars) and Jordan-1/2015 (white bars) were shown. Data were displayed as means of ± SEM. 
Statistical significance was determined by Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 3) 
compared with non-infected alpacas; #P < 0.05; ##P < 0.01; ###P < 0.001 (n = 3) compared between 

(Continued) 
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 groups on different dpi. (D) Cq values of MERS-CoV UpE of nasal epithelia were plotted against the 
relative expression levels of IFNα, IFNβ, IFNλ1 and IFNλ3. Correlation coefficients were established 
using the Spearman’s correlation test. 

 

Innate immune response genes follow the same kinetic of expression in trachea 

and lung upon infection with the EMC/2012 and Jordan-1/2015 strains. 

Expression of innate immune response genes was further assessed along the URT and 

LRT. Except for IFNλ3, all other genes were detected at basal levels in the trachea and 

lung of control non-infected animals. Transcription of IFNα, IFNβ and IFNλ1 was not 

induced in the trachea and lungs of alpacas upon infection with any of the strains 

(Figure 4-5A and 6A). In trachea, genes coding for PRRs, ISGs, IRF7 and STAT1 were 

moderately expressed in both groups during the infection. (Figure 4-5A and B). 

Compared to non-infected controls, there was few alterations of mRNA transcription 

in the remaining genes tested during the infection period. 
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Figure 4-5. Kinetics of innate immune response genes in the trachea of alpacas upon infection with MERS-CoV 

EMC/2012 and Jordan-1/2015 strains. Trachea samples were obtained by scraping MFPE sections from control 

and infected alpacas (AP1 to AP21). After RNA extraction and conversion to cDNA, a Fluidigm Biomark 

microfluidic assay was used to amplify and quantify transcripts of innate immune genes at different dpi (1 to 3 

dpi). HPRT1, GAPDH and UbC genes were used as normalizers and values obtained from the infected animals 

were compared to those obtained from noninfected alpacas. (A) The resulting heatmaps show color variations 

corresponding to log2 fold change values; blue for increased and yellow for decreased gene expression, 

respectively. IFNs, interferons; PRRs, pattern recognition receptors; TFs, transcription factors; ISGs, interferon 

stimulated genes; CKs, chemokines; ADs, adaptors. (B) Average fold change of upregulated genes in the trachea 

of alpacas infected with EMC/2012 (gray bars) and Jordan-1/2015 (white bars) were shown. Data were displayed 

as means of ± SEM. Statistical significance was determined by Student’s t-test. *P < 0.05; **P < 0.01; ***P < 

0.001 (n = 3) compared with non-infected alpacas.  

 

In the lung, the EMC/2012 and Jordan-1/2015 strains induced the same pattern of gene 

transcription in the two groups. For both strains, ISGs, RLRs (RIG1 and MDA5), IRF7, IL8, 

CXCL1, CCL2, CCL3 and CASP10 were slightly to moderately upregulated from 1 dpi, 

reaching a peak at 2 dpi to further decay at 3 dpi (Figure 4-6A and B). However, as in trachea, 

one or two animals from group 2 showed higher induction of the abovementioned cytokines. 

The rest of the genes fluctuated around basal levels independently of the animals and days of 

sample collection (Figure 4-6A and B).
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Figure 4-6. Kinetics of innate immune response genes in the lung of alpacas upon infection with MERS-
CoV EMC/2012 and Jordan-1/2015 strains. Lung samples were obtained by scraping MFPE sections 
from control and infected alpacas (AP1 to AP21). After RNA extraction and conversion to cDNA, a 
Fluidigm Biomark microfluidic assay was used to amplify and quantify transcripts of innate immune 
genes at different dpi (1 to 3 dpi). HPRT1, GAPDH and UbC genes were used as normalizers and values 
obtained from the infected animals were compared to those obtained from noninfected alpacas. (A) The 
resulting heatmaps show color variations corresponding to log2 fold change values; blue for increased 
and yellow for decreased gene expression, respectively. IFNs, interferons; PRRs, pattern recognition 
receptors; TFs, transcription factors; ISGs, interferon stimulated genes; CKs, chemokines; ADs, adaptors. 
(B) Average fold change of upregulated genes in the lung of alpacas infected with EMC/2012 (gray bars) 
and Jordan-1/2015 (white bars) were shown. Data were displayed as means of ± SEM. Statistical 
significance was determined by Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 3) compared 
with non-infected alpacas. 

 

Protein alignment of selected clade A and B MERS-CoV strains 

To explore whether the increased replication competence of the Jordan-1/2015 strain 

could be due to clade B specific mutations, all protein coding genes of four clade A and 

nine clade B strains, encompassing linages 1 to 6 (table 1), were aligned using the 

UniProt alignment tool. All clade B MERS-CoV strains tested in this study share 5 

specific aa mutations in the replicase genes of ORF1ab. Of note, a L864I substitution 

occurred in the catalytic domain (palm and fingers subdomains) of PLpro that cleaves 

the viral replicase polyproteins at three sites releasing viral nsp1, nsp2, and nsp3. 

Further, all MERS-CoV clade B strains show a Q1020Rchange in the heptad repeat 

(HR) 1 of the S protein (Figure 4-7). Except for the residue at position 1261 of the nsp3 

protein, remaining aa sequences of clade A strains were highly conserved in the nsp2, 

nsp3, nsp4 and S proteins where all 5 clade B specific mutations occurred. Moreover, 
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compared with the EMC/2012 strain, the two clade B viruses (Qatar15/2015 and 

Jordan-1/2015) used so far to infect alpacas share 36 specific aa mutations mostly in 

the ORF1ab gene and to a lesser extent, in ORF3, M, ORF4a, N and the S gene products. 

The Jordan-1/2015 harbored a unique 16 aa deletions in ORF4a not found in all clade 

A and B strains analyzed. The deleted region contains a predicted β-sheet belonging to 

the classical double-stranded RNA binding αβββα fold of this protein (Figure 4-7, 

boxed in blue). Overall, genomic analysis revealed that clade B viruses have several 

mutations that could affect the fusion of the virus with endosomal membranes, 

replication and the IFN cascade. 
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Figure 4-7. Schematic diagram of divergent amino acids found in proteins of clade A and B 
MERS-CoV strains. Full aa sequences of thirteen MERS-CoV strains were aligned by the 
UniProt alignment tool. Differences in aa residues affecting each protein are indicated by 
single-letter aa codes with positions indicated at the top of the diagram. The black and white 
letters indicate the aa of the prototype strain EMC/2012 and the clade B strains (Qatar15/2015 
and Jordan-1/2015), respectively. The conserved aa sequences within clade A and B strains 
were highlighted by purple and yellow, respectively. The predicted β-sheet belonging to the 
classical double-stranded RNA binding αβββα fold of ORF4a is blue boxed. Abbreviations: 
nsp, non-structural protein; NTD, N terminal domain; CTD, C terminal domain; Ubl, ubiquitin-
like domain; MD, Macro domain; SUD-M, middle region of SARS-CoV unique domain; PLpro, 
papain like protease; NAB, nucleic-acid binding domain; GM2, betacoronavirus-specific 
marker; TM, transmembrane domain; ZBD, Zinc binding domain; MID, middle domain; SP, 
signal peptidase; RBD, receptor binding domain; RBM, receptor binding motif; FP, fusion 
peptide; HR, heptad repeat; CP, cytoplasmic domain. 

 

Discussion 

Despite the worldwide reduction of MERS cases and deaths since 2016 (Donnelly et 

al., 2019), MERS-CoV is nowadays still circulating among dromedary camels (Al-

Shomrani et al., 2020) and sporadic cases of human infection have continuously been 

reported (National Events et al.; WHO, 2020). In the Arabian Peninsula, all 

contemporary zoonotic MERS-CoVs belong to clade B. Hence, the evolution of clade 

B viruses throughout the epidemic must be an advantage over early epidemic clade A 

strains in the reservoir host. Here, our study provides a rational explanation on why B 

strains substituted clade A strains in the field. We compared the viral replication 

competence, tissue tropism and induced innate host immune responses of the prototype 

MERS-CoV strain EMC/2012 (clade A) to the Jordan-1/2015 strain (clade B), all 

isolated from humans. None of the inoculated alpacas had clinical signs at any time, 

and no macroscopic or significant histopathological lesions were observed upon 

infection with both strains. Nonetheless, MERS-CoV EMC/2012 and Jordan-1/2015 

strains exhibited sharp contrasts in viral nasal shedding, tissue tropism and replication 

competence. Alpacas challenged with the Jordan-1/2015 strain had higher titers of 

infectious virus in their nasal cavity than those receiving the EMC/2012 strain, 

suggesting a higher transmission capability of clade B strains by camelids. Indeed, a 

higher replication capacity of the Jordan-1/2015 strain was observed in the nasal 

epithelia of infected alpacas. Moreover, compared to the EMC/2012 strain, the Jordan-

1/2015 strain exhibited a broader tissue tropism, showing productive infection in 

tracheal, bronchial, and bronchiolar epithelial cells. In fact, Qatar15/2015, another 
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MERS-CoV clade B strain used in a previous study, had comparable replication 

competences in the nasal mucosa as observed with the Jordan-1/2015 strain (Chapter 

3). Thus, clade B viral strains are apparently displaying a better replicative fitness in 

camelids than the EMC/2012 strain (a clade A strain). 

At the first 24 h of infection, type I or III IFNs were moderate to highly (see 

Supplementary table 4-1) induced in nasal tissues of alpacas in response to the Jordan-

1/2015 strain, but not to the EMC/2012 strain. Our previous results with the 

Qatar15/2015 strain showed that only IFNβ started to be transcribed on 1 dpi (Chapter 

3). Thus, such an early IFN response is likely due to the partial aa deletion in the ORF4a 

protein affecting the Jordan-1/2015 strain. ORF4a strongly antagonizes the dsRNA-

binding protein PACT, thereby inhibiting PACT-induced activation of RIG1 and 

further suppressing the induction of IFNβ (Siu et al., 2014). Of note, the deleted region 

of the Jordan-1/2015 ORF4a contains a predicted β-sheet that is suspected to affect the 

binding of dsRNA (Lamers et al., 2016). By contrast, the EMC/2012 and the 

Qatar15/2015 strains harbor intact ORF4a genomes. Therefore, ORF4a is not 

implicated in the early replication of MERS-CoV. In addition, the peaks of MERS-CoV 

replication and IFN transcription coincided in all three strains at 2 dpi. We confirmed 

that the levels of IFNs transcription correlated with tissue viral replication; however, 

despite similar viral loads were found in MPNE areas collected at 2 and 3 dpi, the 

Jordan-1/2015 strain elicited a much higher transcription of IFNs than did the 

EMC/2012 strain. Nevertheless, it cannot definitely be concluded that the Jordan-

1/2015 strain is a better inducer of IFNs because of the small number of MPNE samples 

collected in group 1 animals. A more adequate technology, such as single cell RNAseq 

on camelid primary epithelial cells could answer this question.  

Despite an enhanced replication competence and early IFN induction in the nasal 

mucosa, the Jordan-1/2015 strain led to very similar moderate pro-inflammatory gene 

responses as the one caused by the EMC/2012 strain along alpaca respiratory tracts. Of 

interest, and contrary to ISGs, IFNs were not induced at any time of the infection in 

trachea and lungs as observed in a previous study performed with the Qatar15/2015 

strain (Chapter 3), supporting the hypothesis that IFNs produced in the nasal mucosa 

can act in an endocrine manner. Additionally, the same microscopic histopathological 

alterations were noted in nasal turbinates of alpacas infected by strains used in the 

present study and were like those provoked by the Qatar15/2015 strain (Chapter 3 
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manuscript). These tissue alterations were characterized by very mild lesions, with 

infiltration of a low number of macrophages and lymphocytes. Nevertheless, 

differences found between Qatar15/2015 and Jordan-1/2015 strains resided in higher 

numbers of IHC MERS-CoV positive epithelial cells in the LRT and infiltration of 

leukocytes in the lungs of alpacas undergoing an infection with the Qatar15/2015. By 

contrast, the EMC/2012 strains did not replicate within the alpaca lungs, suggesting that 

Qatar15/2015 strain might be the most pathogenic virus used so far in camelids. These 

observations translated at the transcriptional level in Qatar15/2015 infected animals by 

an upregulation of pro-inflammatory genes such as NLRP3, TNFa and IL15 (Chapter 

3). By contrast, in lungs of hDPP4 transduced mice infected with the clade B strain, 

ChinaGD01, only IRF3, IRF5 and IL15 were significantly upregulated in relation to the 

EMC/2012 strain. A more severe inflammation was reported in the lung of mice 

infected with the ChinaGD01 strain, but no differences in transcription of IFNs were 

observed between the two strains (Wang et al., 2020). 

Based on the comparison of coding sequences between all clade A and representative 

clade B strains, it appears that multiple punctual aa mutations are mostly distributed 

along the replicase gene. One of the most striking changes differentiating clade A and 

B strains is the L864I substitution at the palm and fingers subdomain of PLpro but this 

mutation does not occur at the catalytic core of PLpro. Of note, CoV PLpros have a 

dual functionality, as they not only cleave three sites in the polyproteins to release nsp1, 

nsp2 and nsp3, but can also deconjugate ubiquitine (Ub) and ISG15 which play an 

important role in antiviral innate immunity (Mielech et al., 2014b). Further work is 

required to determine whether this mutation or others affect viral replication capacities, 

as observed in this study, or antiviral mechanisms. Another key clade B specific 

mutation (Q1020R) happened in HR1, which is an essential component of the fusion 

mechanism of the CoV S protein allowing passage of the virus across the endosomal 

membrane (Gao et al., 2013b). In fact, Arginine at position 1020 of the S protein was 

believed to be the hallmark of the clade B strains (Lau et al., 2017) and was positively 

selected during the virus evolution (Naeem et al., 2020). Despite the fact that the 

Q1020R mutation is not predicted to alter its alpha helical structure, the arginine 

provides an endosomal protonated residue and a potential endosomal protease cleavage 

site that may affect the S protein membrane fusion function (Cotten et al., 2014). 

Further studies are required to demonstrate the role of this motif in the survival of 
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lineage B strains over lineage A. The remaining three clade B specific mutations 

affecting nsp2 (K533N), nsp3 (M517I) and nsp4 (A40V) occurred at sites of 

undetermined biological functions. Together, all these clade specific mutations could 

contribute to an enhanced replication competence of clade B strains. Overall, we show 

experimental evidence that early epidemic clade A strains could be outcompeted by 

contemporary viruses due to a higher reproductive fitness in camelid populations. 

Nonetheless, none of the strains tested so far in camelids caused disease but rather 

elicited an effective innate immune response based on an early recruitment of antiviral 

mechanisms and a controlled inflammation. Further reverse genetic studies are needed 

to unravel the consequences of mutations differentiating different MERS-CoV clades 

and influencing increased replication capacity as their interaction with host components 

of innate immune pathways. 

 

Supplementary tables 4-1 and 4-2 are available online at: 

https://drive.google.com/drive/folders/1CqA0ynYq-
BQXqKhpLnqg_FTuVFWqUqZO?usp=sharing  
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SARS and MERS outbreaks, which have caused major public concern in the last two 

decades, and the ongoing COVID-19 pandemic urge the need to be fully prepared for 

emerging pathogenic CoVs of zoonotic origin. Among all these life-threatening viruses, 

MERS-CoV infection exhibits the highest case fatality rate of 35% among patients. The 

severe pathogenic features of MERS-CoV infection, including diffuse alveolar damage 

and ARDS or even death, is mainly due to complex and dynamic processes 

characterized by high levels of inflammatory cytokines and chemokines and massive 

infiltration of inflammatory cells towards the lungs (Alosaimi et al., 2020). By contrast, 

the infection in dromedary camels, the natural intermediate/reservoir host for MERS-

CoV (Corman et al., 2014a; Reusken et al., 2013b), is only manifested as asymptomatic, 

accompanied by a quick viral clearance in about 1 week post-infection (Adney et al., 

2014). Since MERS-CoV main acquisition in humans is by close contact with 

dromedary camels (Azhar et al., 2014), it was of major interest to gain insights into how 

this reservoir/intermediate host control MERS-CoV infection. In our study, we selected 

alpacas as the animal model since this new world camelid is also an important surrogate 

for dromedaries under experimental conditions (Adney et al., 2016a; Crameri et al., 

2016b). However, information in camelids on aspects such as innate immune responses 

and susceptibility to different MERS-CoV strains has not been addressed in the existing 

literature before starting of this PhD Thesis. For these reasons, two experimental 

infections with clade A and B MERS-CoV strains were performed in the alpaca model.  

Firstly, we unraveled the mechanistic features underlying asymptomatic clinical 

manifestations of alpacas in response to the Qatar15/2015 MERS-CoV clade B strain. 

These animals elicited a strong type I/III IFN response concomitant with the peak of 

viral infection and induction of the anti-inflammatory cytokine IL10. This was 

associated with a mild to moderate upregulation of pro-inflammatory cytokines in the 

respiratory mucosa, which eventually led to the rapid clearance of the virus (Chapter 

3). Secondly, we studied two viral strains, the EMC/2012 and the Jordan-1/2015 

belonging to MERS-CoV clade A and B strains, respectively. Comparative 

pathogenesis of both strains at the early stages of infection revealed a better replicative 

capacity of the Jordan-1/2015 strain than did the EMC/2012 strain in alpaca respiratory 

tracts, providing a rationale for the substitution of clade A over clade B strains in host 

reservoirs as observed in the Arabian Peninsula (Chapter 4). Furthermore, unlike the 

EMC/2012 strain and its clade B counterpart (Qatar15/2015), the Jordan-1/2015 strain, 
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exhibiting a deletion in ORF4a, induced an earlier type I and III IFN transcription on 1 

dpi. 

Robust, well-timed, and localized type I and III IFN responses in counteracting early 

MERS-CoV infection in camelids are the most noteworthy findings of the present PhD 

Thesis. Existing literature reported that IFNs were either inhibited or delayed in humans 

cells and ex vivo respiratory tissues (Chan et al., 2013b; Comar et al., 2019; Zhao et al., 

2019; Zhou 2, 3 ) et al., 2014; Zielecki et al., 2013). Such an impaired IFN response 

seems to be also a hallmark of other highly pathogenic CoV infections, as described in 

SARS-CoV and SARS-CoV-2 related studies. Aged macaques developed a far more 

severe lung pathology than young adult animals in response to SARS-CoV (Smits et 

al., 2010). Cytokine transcriptional profiles indicated that aged macaques had a stronger 

activation of pro-inflammatory pathways, such as upregulation of IL6, IP10, MCP1 and 

IL8, and significantly lower levels of IFNβ mRNA than did young adult macaques on 

4 dpi. Thus, differential regulation of IFNs and pro-inflammatory cytokine responses 

between young and aged macaques can determine disease outcome (Smits et al., 2010). 

Apparently, young adult macaques avoided lung immunopathology due to both optimal 

IFNβ and probably anti-inflammatory effector responses, like what has been observed 

for MERS-CoV infected alpacas. In that respect, our studies in this camelid species 

highlights the possible role of type III IFNs and IL10 as negative regulators of the 

inflammatory response. By contrast, exacerbated innate immune responses to SARS-

CoV in aged macaques resembles that affecting patients severely affected by SARS, 

MERS and COVID-19 in which the disease progression may lead to widespread 

immune dysregulation and severe pathology such as ARDS (Franks et al., 2003; 

Ksiazek et al., 2003; Nicholls et al., 2003; PY et al., 2004; Yang et al., 2020; Zumla et 

al., 2015). Notably, delayed or dysregulated expression of IFNβ is also known to be the 

major cause for exuberant inflammatory host responses with consequences of severe 

lung injury described in murine models of SARS and MERS (Channappanavar et al., 

2016, 2019a). These latter authors observed that administration of IFNβ after the peak 

of infection promotes a robust pro-inflammatory cytokine response and accumulation 

of activated monocyte–macrophages, resulting in fatal pneumonia in an otherwise 

sublethal illness in SARS-CoV and MERS-CoV infected BALB/c mice. By contrast, 

type I IFNs administered prior to the peak of infection in mice promoted viral clearance 

and protected animals from lethal SARS-CoV and MERS-CoV infections 
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(Channappanavar et al., 2016, 2019a; Kumaki et al., 2011; Zhao et al., 2014). In 

addition, impaired type I and III IFN induction and high expression levels of pro-

inflammatory cytokines and chemokines, such as IL6, CXCL8, CCL8, CXCL9, 

CXCL16 and CCL2, in lungs of critically ill COVID-19 patients have been described 

(Blanco-Melo et al., 2020). In that respect, MERS-CoV induced early and transient type 

I and III IFN transcription simultaneous to the peak of the viral infection in alpacas, 

most likely resulting in protective mucosal immunity and dampened deleterious 

inflammatory responses. Thus, it appears that robust and well-timed (prior or 

concomitant to maximal viral replication) type I/III IFN mucosal responses can 

effectively control viral disease.  

In our studies, we have highlighted the importance of the nasal mucosa, the privileged 

tissue for MERS-CoV replication, as the key location for triggering IFN responses and 

modulating the strong antiviral effect along the respiratory tract. We speculate that the 

cross talk between the viral activated mucosa and infiltrating leukocytes prevent 

exacerbation of inflammatory cell infiltration in intermediary/reservoir hosts leading to 

asymptomatic disease. Most, if not all, studies performed in fully susceptible hosts 

indicate a paralysis of mucosal epithelial cell responses, which could inhibit effector 

mechanisms aimed to modulate the recruitment and activation of inflammatory cells. 

Upregulation of antiviral ISGs elicited by MERS-CoV are key findings of IFN -

mediated protective innate immune responses in alpacas. Despite tight IFN responses 

localized only at the nasal mucosa, antiviral ISGs were induced along the whole 

respiratory tract, suggesting a potential paracrine/endocrine mode of action. In contrast, 

global ISG responses are mostly suppressed in Calu-3 human epithelial cells due to the 

altered histone modification caused by MERS-CoV (Menachery et al., 2014). In 

addition, MERS-CoV accessory and structural proteins also inhibit the production of 

ISGs. For instance, MERS-CoV ORF 4a and 4b antagonize Protein kinase R and OAS1 

respectively, thereby evading infection by limiting antiviral host responses (Rabouw et 

al., 2016; Thornbrough et al., 2016). The MERS-CoV N protein also impedes RIG1 

ubiquitination by interacting with TRIM25, eventually blocking the production of IFNs 

and thus, various antiviral ISGs. In alpaca nasal mucosa, by contrast, MX1, ISG15, 

OAS1, CXCL10 and TRIM25 followed the same transcriptional kinetics as type I and 

III IFNs, starting at 1 dpi, peaking at 2 dpi and dimming from 3 dpi onwards. Such a 

timely induction of ISGs mRNAs was previously reported to be an important 
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mechanism for clearance of RNA viruses (Malterer et al., 2014; Schoggins et al., 2011). 

As a given ISG hardly inhibits virus infection when expressed individually, antiviral 

effects increase once various ISGs are expressed in combination (Malterer et al., 2014; 

Schoggins et al., 2011). Accordingly, in the alpaca mucosa, simultaneous upregulation 

of several antiviral ISGs potentially acting at different stages of the MERS-CoV life 

cycle and survival, such as genomic viral replication (OAS1), ubiquitination of RIG1 

(TRIM 25), protein viral assembly (MX1) or viral translation, replication and egress 

(ISG15), suggests a potential cross talk between all these antiviral effectors. 

Importantly, except for TRIM25, no functional studies have been performed to assess 

the exact role of antiviral ISGs in counteracting highly pathogenic CoVs. In that respect, 

interactions of camelid ISGs at the molecular level with MERS-CoV compounds 

should provide important indications on an effective innate immune response. 

Therefore, further studies and development of specific reagents will be needed to 

ascertain the role of each ISG against MERS-CoV pathogenesis. 

The main manifestation characterizing disease of pathogenic CoVs is an acute 

inflammation occurring in the LRT. This finding sharply contrasts with 

reservoir/intermediary hosts. The NLRP3 inflammasome, an essential cause of 

activation of pro-inflammatory cytokines, is composed of a sensor NLRP3, an adapter 

component ASC (PYCARD), and an effector CASP1 which cleaves pro IL1β to a 

mature IL1β form (Elliott and Sutterwala, 2015; Latz et al., 2013). It has been reported 

that highly pathogenic CoVs initiates the NLRP3 inflammasome cascade (Ahn et al., 

2019; Conti et al., 2020; Shi et al., 2019) with IL1β acting via mechanisms such as 

formation of pores with ion-redistribution and lysosomal disruption (Mangan et al., 

2018; Shah, 2020). SARS-CoV activates the NLRP3 inflammasome in both human 

macrophages and human lung epithelial cells, thereby releasing mature IL1β, a potent 

mediator of pulmonary inflammation and fever (Shi et al., 2019). In humans or mice, 

MERS-CoV and SARS-CoV-2 are also suggested to promote overactivation of the 

NLRP3 inflammasome cascades by eventually triggering an IL1β driven cytokine 

storm (Ahn et al., 2019; Conti et al., 2020). By contrast, reduced activation of pro-

inflammatory pathways in bat cells following MERS-CoV infection is due to a 

dampened NLRP3 inflammasome, being the hallmark of an enhanced innate immune 

tolerance (Ahn et al., 2019). In the alpaca respiratory mucosa, MERS-CoV infection 

did not cause an upregulation of all NLRP3 inflammasome components. Indeed, the 
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transcription of NLRP3 remained at basal levels in the UTR mucosa and was slightly 

upregulated in the lung. Therefore, camelids and bats may control acute inflammatory 

responses caused by MERS-CoV infection via a controlled regulation of the NLRP3 

inflammasome. However, initiation of the inflammatory cascade is not known in fully 

susceptible hosts. Here again, in depth studies in reservoir/intermediary hosts will shed 

insights on how the NLRP3 inflammasome is not fully activated, either by 

transcriptional control or deprivation of compounds (reactive oxygen species or 

cathepsins B for example) initiating the cascade. In all, the NLRP3 inflammasome 

cascade appears to be an interesting druggable target to reduce acute inflammation in 

COVID-19 patients, or in other diseases caused by CoVs (Shah, 2020). 

Taking into account the relatively mild disease manifestation in young people and 

severe or even lethal outcome in elderly patients (Alghamdi et al., 2014; Hon et al., 

2003; Leung and Chiu, 2004; Peiris et al., 2003; Zhou et al., 2020), it is likely that aging 

is also a predisposing factor determining CoV prognosis. It has been shown that 

significant differences of host immune responses between aged and young adult 

macaques infected with SARS-CoV were a result of aging only (Smits et al., 2010). 

This observation was largely in line with studies performed in the murine model. Aged 

mice displayed more severe histopathologic lesions in the lungs and a robust pro-

inflammatory cytokine response to SARS-CoV and SARS-CoV-2 than in young adult 

mice, suggesting an exacerbated and dysregulated host response (Baas et al., 2008; Sun 

et al., 2020). Young adult mice, however, were able to clear the virus as pro-

inflammatory cytokine regressed to basal levels (Baas et al., 2008). It has been 

hypothesized that age-related accumulated oxidative damage can be an essential 

mechanism for disease progression (Chung et al., 2006; Imai et al., 2008; Smits et al., 

2010). Since all our experiments were performed using young adult alpacas (6 to 8 

months age), it is rather difficult to conclude whether aging significantly affects disease 

outcome in camelids. In that respect, comparative pathogenesis of MERS-CoV in 

young and aged alpacas will answer this question although clinical signs have never 

been reported in camelids suggesting mild differences in immunopathogenic 

mechanisms.  
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Future directions 

A more detailed understanding of the MERS-CoV pathogenesis would probably require 

establishing in vitro explant/organoid models in which main innate immune pathways 

(PRRs, NF-κB, JAK-STAT and NLRP3 inflammasome) could be easily manipulated 

by the use of specific agonists/antagonist drugs or compounds. Such a model will 

definitively allow identifying the exact signaling pathways through which MERS-CoV 

can replicate during the first days of infection and camelids mount latter an efficient 

innate immune response. These pathways could be common to highly pathogenic CoVs, 

leading to a more rational search for curative drugs. 

MERS-CoV clade C strains, which form a separate group from those currently 

circulating in the Arabian Peninsula (Chan et al., 2014; Chu et al., 2015, 2014a, 2018), 

are endemic in dromedaries across Africa. However, locally acquired zoonotic MERS 

has not been reported so far in the African continent (Kandeil et al., 2019). Thus, one 

would speculate that genetic or phenotypic differences in these viruses may explain 

differences in zoonotic potential. Despite frequent imports of MERS-CoV infected 

camels from Africa, clade C strains were not found in dromedary herds in Saudi Arabia 

(El-Kafrawy et al., 2019). Considering that clade B strains successfully substituted 

clade A strains in the Arabian Peninsula due to an enhanced replicative fitness in 

camelids, it would be of interest to compare and contrast the pathogenesis of clade C 

African strains with Arabian strains in a camelid model. Such a study will definitively 

help addressing the question on how MERS-CoV strains are evolving and acquiring 

transmissibility and virulence.
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1. Efficient MERS-CoV replication in the respiratory tract indicate that alpacas 

represent a good experimental model to recapitulate the subclinical MERS-CoV 

infection observed in the reservoir host, the dromedary camel. 

 

2. In response to MERS-CoV, and concomitant to the peak of infection occurring at 

2 dpi, type I and III IFNs were induced only in the nasal mucosa of alpacas where 

virus replication was most abundant. Consequently, ISGs were upregulated along 

the whole respiratory tract via a paracrine/endocrine manner. Infection was 

resolved in tissues from 3 dpi onwards. 

 
 

3. Concomitant to the mild and focal infiltration of some leucocytes in the nasal 

mucosa and submucosa, the anti-inflammatory gene IL10 was upregulated along a 

dampened transcription of pro-inflammatory cytokines and NLRP3 inflammasome 

components under NF-κB control restricting an eventual cytokine storm. 

 

4. Induction of chemokines (CCL2 and CCL3) in the lung correlated with a transient 

accumulation of leukocytes in the absence of IRF5 transcription, suggesting low 

abundance of M1 macrophages and thus, controlled inflammation. Besides, 

upregulation of IL15 could activate of NK cells contributing to virus clearance. 

 
 

5. Alpacas inoculated with MERS-CoV Qatar15/2015 and Jordan-1/2015 strains had 

higher viral replication in respiratory tissues and higher viral shedding than did the 

clade A EMC/2012 strain, confirming an enhanced replicative fitness of clade B 

MERS-CoV strains in a camelid host. Indeed, clade B strains carry specific, non-

synonymous mutations particularly in the replicase and the S protein. Such 

characteristics provide a rational for the dominance of clade B strains in the 

Arabian Peninsula. 
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6. The Jordan-1/2015 strain exhibits a 16 aa deletion in ORF4a and was able to induce 

earlier type I and III IFN transcripts than the EMC/2012 and Qatar15/2015 strains 

in the nasal epithelia, proving the IFN antagonistic role of ORF4a in vivo. This 

early IFN induction accompanied by an early transcription of ISGs did not preclude 

high viral replication in the first 2 days of infection. 

 

7. All three MERS-CoV strains used in this PhD Thesis (EMC/2012, Qatar15/2015 

and Jordan-1/2015) led to very similar histopathological changes, except that 

alpacas infected by the Qatar15/2015 strain displayed a higher infiltration of 

leukocytes within the alveoli. Apparently, pro-inflammatory responses differed 

only by their intensity and not by the timing of induction and the categories of 

genes involved. 
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