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Abstract: 

The past two decades have witnessed the emergence of three zoonotic coronaviruses which have 

jumped species to cause lethal disease in humans: severe acute respiratory syndrome 

coronavirus 1 (SARS-CoV-1), Middle East respiratory syndrome coronavirus (MERS-CoV), and 

SARS-CoV-2. MERS-CoV emerged in Saudi Arabia in 2012 and the origins of MERS-CoV are not 

fully understood.  Genomic analysis indicates it originated in bats and transmitted to camels. 

Human-to-human transmission occurs in varying frequency, being highest in healthcare 

environment and to a lesser degree in the community and among family members. Several 

nosocomial outbreaks of human-to-human transmission have occurred, the largest in Riyadh and 

Jeddah in 2014 and South Korea in 2015. MERS-CoV remains a high-threat pathogen identified 

by WHO as a priority pathogen because it causes severe disease that has a high mortality rate, 

epidemic potential, and no medical countermeasures. MERS-CoV has been identified in 

dromedaries in several countries in the Middle East, Africa, and South Asia. MERS-CoV-2 causes 

a wide range of clinical presentations, although the respiratory system is predominantly affected. 

There are no specific anti-viral treatments although recent trials indicate that combination 

antivirals may be useful in severely ill patients.  Diagnosing MERS-CoV early and implementation 

infection control measures are critical to preventing hospital-associated outbreaks. Preventing 

MERS relies on avoiding unpasteurized or uncooked animal products, practicing safe hygiene 

habits in health care settings and around dromedaries, community education and awareness 

training for health workers, as well as implementing effective control measures Effective vaccines 

for MERS-COV are urgently needed but still under development.      
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Introduction: 

During the past two decades three zoonotic coronaviruses have jumped species to cause 

epidemic lethal diseases in humans: The severe acute respiratory syndrome coronavirus 1 (SARS-

CoV-1), The Middle East respiratory syndrome coronavirus (MERS-CoV), and the SARS-CoV-2. 

MERS-CoV first emerged in Saudi Arabia in 2012 is transmitted to humans from infected 

dromedary camels through direct or indirect contact.   The Severe Acute Respiratory Syndrome 

Coronavirus (SARS-CoV) was described in 2002 in Guangdong Province, China [1,2].  The disease 

caused 8096 cases and 774 (9.6%) deaths over a four-month period from late 2002 to early 2003 

[3].  SARS cases were described in Vietnam, Hong Kong, Canada, United Sates, Ireland, Vietnam, 

and Singapore [1,4–11] and all cases were linked to a patient who stayed in hotel M in Hong Kong 

[12].  Ten years later, a novel coronavirus was isolated from a patient in Saudi Arabia [13,14] and 

this is the MERS-CoV [15].    

This chapter reviews the epidemiology, geographical distribution, origin and reservoirs of the 

MERS-CoV, transmission, risk factors, nosocomial and community outbreaks, clinical and 

laboratory features, diagnosis, management, and prevention of MERS-CoV. 

MERS-CoV: 

The MERS-CoV is a large, enveloped, positive strand RNA virus.  The coronavirus is classified into 

four genera (alpha, beta, delta, and gamma) and human coronaviruses belong to the alpha or the 

beta genera [16].  There are four coronaviruses (HCoV 229E, NL63, OC43, and HKU1) that are well 

known since the 1960’s to cause human common cold and gastrointestinal symptoms.  These 
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viruses circulate in livestock, avian, bat, mouse and other wild animals.  SARS belongs to the beta 

genera [17] and the MERS-CoV is classified in lineage C betacoronavirus [18]. 

The animal host for SARS was identified as bats with Himalayan palm civets (Paguma larvata), 

and raccoon dogs (Nyctereutes procyonoides) intermediate hosts [19–21], and for MERS-CoV it 

was linked to dromedary camels [22–32].  In the case of the 2019 nCoV, an evolutionary sequence 

analysis suggested snakes as the most likely reservoir [33].  In addition, there was a 

recombination of a bat coronavirus with an origin-unknown coronavirus in the spike (S) 

glycoprotein.  This finding could explain reduced disease severity [33].  The receptors for the 

SARS-CoV is angiotensin 1-converting enzyme 2 (ACE2) [34,35], whereas, the receptor for the 

MERS-CoV is dipeptidyl peptidase-4 (DPP4) [36–38].  

Epidemiology   

MERS-CoV was first identified in 20212 in a clinical sample  from a 60-year old man who was 

hospitalized at a Jeddah hospital with community-acquired pneumonia with subsequent renal 

and respiratory failure [13].  Subsequently several outbreaks of  healthcare-associated infection 

occured among multiple healthcare facilities in Al-Hasa, in the eastern province of Saudi Arabia 

[39].  The largest outbreaks were reported in Riyadh and Jeddah in 2014 and the largest outside 

KSA in South Korea in 2015 caused by a traveller returining from Saudi Arabia. MERS-CoV remains 

a high-threat pathogen identified by WHO as a priority pathogen because it causes severe disease 

that has a high mortality rate, epidemic potential, and no medical countermeasures. In the MENA 

Region, 12 countries (Bahrain, Egypt, Islamic Republic of Iran, Jordan, Kuwait, Lebanon, Oman, 

Qatar, Saudi Arabia, Tunisia, United Arab Emirates and Yemen) have so far reported laboratory -

confirmed cases of MERS. Amongst these countries, imported cases that were associated with 
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travel were reported from Egypt, Lebanon, Tunisia and Yemen. As of March 2021, there were 

2574 laboratory-confirmed cases with 885 (34.4%) deaths from 27 countries [40] figure 1.   

Dromedary camels and human infection 

Dromedary camels appear to be the major reservoir host and source of MERS-CoV infection in 

humans. However, the exact role of dromedaries in the transmission of the virus and the exact 

routes of transmission remain to be determined.The origin of MERS-CoV is thought to be bats as 

a fragment of 190-nucleotide of RNA-dependent RNA polymerase (RdRp) region of MERS-CoV 

genome was detected in a fecal pellet from an Egyptian tomb bat (Taphozous perforates) and 

this was identical to the sequence of the virus from the index case [41].   The intermediate host 

is thought to be the one-humped dromedaries (Camelus dromedarius).  Line of evidence of the 

role of camels in the transmission of MERS-CoV relies on the fact that studies showed high 

prevalence of anti-MERS-CoV antibodies in dromedary camels in the Arabian Peninsula, North 

Africa and Eastern Africa [25,42–47].  A second line of evidence comes from the fact that RT-PCR  

detected MERS-CoV in oronasal and fecal samples of dromedary camels [48–54] especially 

among juvenile camels [48–50,54].  Replicating MERS-CoV was isolated in cell cultures from 

dromedary camels [22,49,52,55,56].  Similar and near-identical MERS-CoV strains were isolated 

from epidemiologically linked dromedary camels and their contacts [22,24,57,58].   

Transmission, risk factors, Nosocomial and Community outbreaks,  

A primary MERS-CoV infection case is defined by the WHO as a laboratory-confirmed MERS-CoV 

infection that had no direct epidemiological link to a human MERS-CoV infection and was 

acquired outside of a health-care facility presumably from direct or indirect contact with the 
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reservoir host—dromedary camels [59].  A secondary MERS-CoV case is defined by WHO as a 

laboratory-confirmed MERS-CoV infection with a direct epidemiological link to an individual with 

confirmed or probable MERS-CoV infection [59].  Primary MERS cases occur through direct or 

indirect contact with dromedary camels.  Camel exposure has been reported in 1.7-54.9% of 

primary cases [26,60].   

Although, multiple family clusters of MERS-CoV were described [61–63] the hallmark of MERS-

CoV infection is healthcare associated infections [39,64–83]. In a hospital outbreak, 17 of 18 

MERS cases were linked phylogenetically and epidemiologically [84]. An analysis of healthcare 

associated infections of MERS showed that 25% of cases were healthcare workers [85].  

Nosocomial infections were associated with a high reproduction number of 1.0-5.7 at the start 

of the outbreaks and then decreased to < 1 within 2 to 6 weeks [85].  Secondary cases are usually 

the result of human-to-human transmission among close contacts within families [61–63], in the 

community, or more commonly in the healthcare settings [39,64–83].  Outbreaks of MERS-CoV 

infection in healthcare settings are the hallmark of MERS and such outbreaks had occurred in 

several hospitals in different countries such as the initial Al-Hasa outbreak (in 2013) [39], 

Madinah (in 2013) [65], Jeddah (in 2014) [64,79,86], Taif (in 2015) [71] and Riyadh (in 2014, 2015, 

2016, 2017 and 2018) [40,83,87,88], Seoul, South Korea (2015) [89–91], and Amman, Jordan (in 

2015) [92]. There are multiple factors contributing to the transmission of MERS-CoV in the 

healthcare settings such as: hospital design and adequacy of ventilation [64,71,77–79,86,90–98],  

healthcare workers related issues such as infection control practices [40,64,65,67–69,72,77–

79,86,87,90–98], patients’ flow and overcrowding in certain hospital departments like 

emergency room [64,78,79,86,90–98], aerosol generating procedures [39,40,78,90–97],  



8 
 

patients’ characteristics [78,90–97] and social norms of multiple visitors [78,90–97], table 1. The 

cited MERS-CoV reproduction number is 0.8-1.3 [72,73]. 

Clinical features   

Incubation period: The median incubation period is 5.2 days (95% CI, 1.9 to 14.7) with a serial 

interval of 7.6 days (95% CI, 2.5 to 23.1) [39].   

Clinical manifestations: As with other respiratory infectious diseases, a wide spectrum of clinical 

manifestation occurs in people with MERS-CoV infection: from the asymptomatic, mild, 

moderate, severe  to fulminant disease [99].  Individuals with mild primary MERS-CoV infections 

are often missed by current surveillance systems since they usually do not present to health-care 

facilities [99]. Whilst a range of clinical symptoms have been reported, common presenting 

symptoms include ever cough, shortness of breath, [80,82,98,107] and up to one third of the 

MERS patients may have vomiting and diarrhea [39,82,98,107–109].  A summary of most 

common symptoms is shown in figure 2 [39,78].    

Mortality and risk factors: The MERS-CoV case fatality rate is upto 35% and the fatalities are 

associated with increased comorbidities [100] and among critical ill patients [95,101–103].  Cases 

of primary infection may progress to severe disease and these cases tend to occur in those >65 

years, those with comorbidities such as diabetes, cancer, chronic lung disease, chronic heart 

disease, chronic kidney disease and immunosuppressive states [26,99,104].  The most common 

comorbidities associated with MERS-CoV infection are shown in figure 3 [39,100,105–108]. The 

30-day mortality was associated with increased age (> 65 years), non-healthcare workers, pre-
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existing comorbidities, severe disease, hospital-acquired infections and corticosteroid use 

[82,102–104].     

The rate of asymptomatic MERS-CoV cases was 12.5% among 144 PCR laboratory-confirmed 

cases in April 2012-October 2013 and this rate increased to 25.1% among 255 confirmed cases in 

2014 [109].  The proportion of asymptomatic cases reported among pediatric confirmed MERS-

CoV cases were higher (41.9%-81.8%) [109].  The extent of the occurrence of asymptomatic 

individuals and the role they play in the transmission of MERS-CoV are not well characterized 

[109,110].    

Although those patients have community pneumonia, it was not possible to predict if they have 

MERS or another etiology based on symptoms and signs upon presentation [102,105].   The use 

of visual triaging scores a sensitivity of 74.1% and an exceptionally low specificity of 18.6% for 

MERS-CoV infection [111]. 

The median time to hospitalization, ICU admission, mechanical ventilation and death were 5, 7, 

and 11 days, respectively [39,60].  In one outbreak, the time from onset to hospitalization was 7 

days, 11 days for the development of respiratory distress and 16 days till ICU admission [112].  

Severe MERS-CoV infection occurs mainly in primary rather than secondary cases, those who are 

immunocompromised or with multiple underlying comorbidities. Patients with sev ere disease 

may develop respiratory failure, acute kidney disease, acute liver injury, cardiac arrhythmias and 

coagulopathy [39,83,106,113].  The estimated median time from symptoms onset to the time of 

admission to the hospital was 5 days, to the ICU admission was 7 days, the need for mechanical 

ventilation was 11 days [39,60]. 
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There is a low occurrence of childhood infection in SARS and MERS-CoV [114–117].  Pediatric 

patients tend to be less affected by MERS-CoV than adults.  One study of contacts found a 

positivity rate of 1.6% among 616 children compared to 2.2% among 4440 in adults (P = 0.23)  

[118].  Admitted pediatric MERS-CoV cases constituted 2.4% of all admitted MERS-CoV in a 

referral hospital in Saudi Arabia [119].  In addition, the clinical disease seems to be milder in those 

<2 years of age compared to adult patients [115,116,120].  MERS-CoV was associated with a high 

case fatality rate of 28-64% [102,104,121]. However, the case-fatality rate is lower in healthcare 

workers of 7% [122]. 

The case fatality rate of patients with MERS-CoV infection ranges from 9% to 63.6% [101]  

[95,100,103].   The differences in the fatality rates are related to underlying medical conditions 

and host factors [101].  The cited case fatality rates are also inversely proportional to the 

contribution of patients with no or with mild symptoms [32,60,78,83,100,123].  The case fatality 

rate is much higher in those admitted to the ICU and those who require mechanical ventilation 

[95,101–103].  Predictors of death in MERS-CoV patients are being > 65 years of age, being a non-

healthcare worker, the presence of underlying medical conditions, healthcare acquired infections 

and the use of corticosteroids or continuous renal replacement therapy (CRRT) or extra-corporeal 

membrane oxygenation (ECMO)  [83,124–128].  On the other hand,  ECMO use was associated 

with a lower mortality in one study [129]. 

Laboratory diagnosis and Laboratory Findings: 

The diagnosis of MERS-CoV relies mainly on real-time PCR of respiratory tract samples.  For SARS, 

the virus was detected in 80% of nasopharyngeal aspirate with real-time quantitative RT-PCR in 

the first 3 days, in 97% of stool in day 14, 42% of urine in day 15, and in serum at 80% day 1, 75% 
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day 7, 45% day 14 [130–134].  For MERS-CoV, the virus was found in the human urine and stool 

12-26 days after symptom onset [135–139].  Diagnosis was based on positive nasopharyngeal or 

throat swabs of five of sex family members [140] and was on lower respiratory samples in the 

initial 41 cases [112]. The presence of various laboratory findings were reported such as 

leukopenia (14%), lymphopenia (34% ), lymphocytosis (11%), and thrombocytopenia (36% ) [100].  

Impaired hepatic function tests were reported as well with increased lactate dehydrogenase (49%), 

alanine aminotransferase (11%) and aspartate amino transferase (15%) [100] and another study showed 

elevated hepatic panels in 50% of patients [141] and elevation of renal function tests [105,106,141,142]. 

Specific Treatment 

No approved therapeutics are available for treatment of MERS-CoV infection.  Studies showed 

superiority of interferon (IFN)-β compared to other IFN types [143] and that PEG-IFN-α had 

excellent cytopathic effect inhibition [144].  In addition, the combination of INF-α2b and ribavirin 

showed augmentation of action and reduction of IFN-α2b and ribavirin does [145].  Clinical data 

of IFN-α2b and ribavirin are based on retrospective studies and there two agents did not improve 

the survival of MERS patients [146–151].  However, one study showed that the case-fatality rate 

was 90% and 44% in  RT-PCR  positive vs. 44% in those with negative MERS-CoV test  [107].  The  

survival rate was 78.3% for interferon beta, 75% for interferon alpha, and 68.4% for ribavirin 

[152].  In a randomized controlled trial of lopinavir-ritonavir and interferon-β1b vs. palcebo, the 

MIRACLE study showed that treatment within 7 days after symptom onset was associated with a 

lower 90-day mortality in the treatment arm (relative risk, 0.19; 95% CI, 0.05 to 0.75) [153].  The 

use of a human polyclonal IgG antibody (SAB-301) wa sshown to be safe and well tolerated in 

phase I clinical trail [154]. 
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Vaccine development: 

Immunologic evaluation of patients with MERS-CoV infection showed that the cytokine profile 

was of the Th2 type in symptomatic patients [155].  Patients with MERS had strong MERS-CoV-

specific CD8 T-cell responses in those with severe and moderate disease  and later there were 

developments of antibody and CD4 T-cell responses appearing later in the disease course [156].  

Most of the studies showed the detection of T-cell and antibody responses 2–3 weeks after 

diagnosis and could be detected earlier in some patients [156,157].  However, MERS-CoV-specific 

antibodies were lower and transient in those with mild or subclinical disease and responses were 

detected for at least 2 years [157–160]. The development of MERS-CoV vaccine is under 

investigation in few clinical trials (table 2).  The proposed vaccines rely on DNA platforms (GLS-

5300 (INO-4700)) [161,162], or viral vectors such as modified vaccinia virus -based vaccine 

[163,164], and adenovirus-vectored vaccine [165–168].  Only few of these vaccine candidates 

had completed phase 1 clinical trials [161–163,165].  In one trial, after 2nd dose, 9 of 12 (75%) in 

the low-dose group and 11 (100%) in the high-dose group had seroconversion using a MERS-CoV 

S1 ELISA and had no serious side effects [163].  Another study showed seroconversion by S1-

ELISA in 59 (86%) of 69 participants and 61 (94%) of 65 participants after two and three doses, 

respectively with no serious side effects [161].  The third trial showed that Neutralizing anti-

MERS-CoV antibodies developed in 4 (44%) of 9 participants in the high-dose group  

Conclusions: 

MERS-CoV is a WHO priority pathogen for R&D since it has epidemic potential and it continues 

to circulate in the Middle East, 10 years since it first discovery as a new human zoonoses.   Since 
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MERS-CoV is largely endemic among dromedary camels from across the Middle East and Africa,  

the risk of human  will remain  
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Figure 1: Epicurve of MERS-CoV Infections around the Globe (from: 

https://www.who.int/emergencies/mers-cov/MERS-epicurve-July-2019.png?ua=1 ) 
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Figure 2: A summary of most common symptoms among MERS-CoV patients (Data from 

[39,79]) 
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Figure 3: Most Common Comorbidities among patients with MERS-CoV Infection (Data from 

[39,100,105–108] 
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Table 1: Contributing factors to the hospital outbreaks 

Factors Reference 

Hospital Design: 

No physical barriers between patients, inadequate separation 

of suspected MERS patients, lack of negative pressure rooms; 

Overcrowding 

[64,71,94–98,77–79,86,90–93] 

Healthcare Workers: 

Sub-optimal adherence to infection control measures,  

Contacts prior to MERS diagnosis and under-recognition; non-

compliance with respiratory protection; unfamiliarity with 

MERS infection; under-recognition 

[40,64,86,87,90–97,65,98,67–

69,72,77–79] 

Patients flow: 

Inadequate isolation of patients, multi-bedded rooms, 

widespread patients’ movements 

[64,78,96–98,79,86,90–95] 

Aerosol generating procedures:  

Use of CPAP and nebulized medications and the performance 

of resuscitations 

[39,40,97,78,90–96] 

Patients’ characteristics: 

Super-spreaders 

[78,90–97] 

Social Norms: “medical shopping”, company of several friends 

and family members  

[78,90–97] 
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Table 2:   MERS vaccine developmental pipeline 

Platform Vaccin
e 

Group Clinical 
Phase 

Clinical Trl  
Number 

Trial 
Outcome 
report 

Ref 

DNA  GLS-

5300 
(INO-
4700) 

GeneOne Life  

Science/Inovio 
Pharmaceuticals/ 
International 

Vaccine  
Institute 

Phase I, 

complet
ed 

NCT026701

87 

seroconversi

on by S1-
ELISA in 59 
(86%) of 69 

participants 
and 61 
(94%) of 65 

participants 
after two 
and three 

doses 

Modjarr

ad et al. 
(2019) 
[161] 

DNA  GLS-

5300 
(INO-
4700) 

GeneOne Life  

Science/Inovio 
Pharmaceuticals/ 
International 

Vaccine Institute 

Phase 

I/IIa, 
complet
ed 

NCT037217

18 

Not 

reported 

[162] 

Viral 
vector: 
Modified 

Vaccinia 
Virus 
Ankara 

(MVA) 
vector 

MVA-
MERS-S 

CTC North GmbH 
& Co. KG 

Phase I, 
complet
ed 

NCT036159
11 

After 2nd 
dose, 9 of 12 
(75%) in the 

low-dose 
group and 
11 (100%) in 

the high-
dose group 
had 
seroconversi

on using a 
MERS-CoV 
S1 ELISA  

Koch et 
al. 
(2020) 

[163] 

Viral 

vector: 
Modified 
Vaccinia 

Virus  

MVA-

MERS-
S_DF1 

CTC North GmbH 

& Co. KG 

Phase Ib, 

not yet 
recruitin
g 

NCT041194

40 

Not 

reported 

[164] 
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Viral 
vector: 
simian 

adenovirus
-vectored 
vaccine 

ChAdO
x1 
MERS 

University of 
Oxford 
King Abdullah 

International 
Medical Research 
Center/University 
of Oxford 

Phase I, 
recruitin
g 

NCT033995
78 
NCT041708

29 

Neutralizing 
anti-MERS-
CoV 

antibodies 
developed in 
4 (44%) of 9 
participants 

in the high-
dose group  

Folegatti 
et al. 
(2020) 

[165] 
[166] 

Viral 
vector  

heterologo
us 
adenoviral

-based 

BVRS-
GamVa

c-
Combi 

Gamaleya 
Research Institute 

of Epidemiology 
and 
Microbiology/Acell

ena Contract Drug 
Research and 
Development 

Phase 
I/II, 

recruitin
g 

NCT041280
59 

Not 
reported 

[167] 

Viral 
vector  

adenoviral
-based 
vaccine 

BVRS-
GamVa

c 

Gamaleya 
Research Institute 

of Epidemiology 
and Microbiology 

Phase 
I/II, 

recruitin
g 

NCT041305
94 

Not 
reported 

[168] 

 

Acknowledgements: 

Sir Zumla (AZ) acknowledges support from the PANDORA-ID-NET (grant RIA2016E-1609) funded 

by the European and Developing Countries Clinical Trials Partnership (EDCTP2) under Horizon 

2020, the EU's Framework Programme for Research and Innovation. AZ is the recipient of a UK 

National Institutes of Health Research senior investigator award and is a Mahathir Science 

Foundation 2021 Prize laureatte. 

 

 

 



20 
 

References: 

[1] Lee N, Hui D, Wu A, Chan P, Cameron P, Joynt GM, et al. A major outbreak of severe 

acute respiratory syndrome in Hong Kong. N Engl J Med 2003;348:1986–94. 

doi:10.1056/NEJMoa030685. 

[2] Shaw K. The 2003 SARS outbreak and its impact on infection control practices. Public 

Health 2006;120:8–14. doi:10.1016/j.puhe.2005.10.002. 

[3] Graham RL, Baric RS. Recombination, Reservoirs, and the Modular Spike: Mechanisms of 

Coronavirus Cross-Species Transmission. J Virol 2010;84:3134–46. doi:10.1128/jvi.01394-

09. 

[4] Leung GM, Hedley AJ, Ho L-M, Chau P, Wong IOL, Thach TQ, et al. The epidemiology of 

severe acute respiratory syndrome in the 2003 Hong Kong epidemic: an analysis of all 

1755 patients. Ann Intern Med 2004;141:662–73. 

[5] Tsang KW, Ho PL, Ooi GC, Yee WK, Wang T, Chan-Yeung M, et al. A cluster of cases of 

severe acute respiratory syndrome in Hong Kong. N Engl J Med 2003;348:1977–85. 

doi:10.1056/NEJMoa030666. 

[6] Poutanen SM, Low DE, Henry B, Finkelstein S, Rose D, Green K, et al. Identification of 

Severe Acute Respiratory Syndrome in Canada. N Engl J Med 2003;348:1995–2005. 

doi:10.1056/NEJMoa030634. 

[7] Centers for Disease Control and Prevention (CDC). Outbreak of severe acute respiratory 

syndrome--worldwide, 2003. MMWR Morb Mortal Wkly Rep 2003;52:226–8. 



21 
 

[8] Centers for Disease Control and Prevention (CDC). Preliminary clinical description of 

severe acute respiratory syndrome. MMWR Morb Mortal Wkly Rep 2003;52:255–6. 

[9] Centers for Disease Control and Prevention (CDC). Update: severe acute respiratory 

syndrome--United States, June 4, 2003. MMWR Morb Mortal Wkly Rep 2003;52:525–6. 

[10] Centers for Disease Control and Prevention (CDC). Severe acute respiratory syndrome 

(SARS) and coronavirus testing--United States, 2003. MMWR Morb Mortal Wkly Rep 

2003;52:297–302. 

[11] Centers for Disease Control and Prevention (CDC). Severe acute respiratory syndrome--

Singapore, 2003. MMWR Morb Mortal Wkly Rep 2003;52:405–11. 

[12] Parashar UD, Anderson LJ. Severe acute respiratory syndrome: review and lessons of the 

2003 outbreak. Int J Epidemiol 2004;33:628–34. doi:10.1093/ije/dyh198. 

[13] Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus ADME, Fouchier RAM. Isolation of 

a novel coronavirus from a man with pneumonia in Saudi Arabia. N Engl J Med 

2012;367:1814–20. doi:10.1056/NEJMoa1211721. 

[14] Corman VM, Eckerle I, Bleicker T, Zaki A, Landt O, Eschbach-Bludau M, et al. Detection of 

a novel human coronavirus by real-time reverse-transcription polymerase chain reaction. 

Euro Surveill 2012;17. 

[15] de Groot RJ, Baker SC, Baric RS, Brown CS, Drosten C, Enjuanes L, et al. Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV): Announcement of the Coronavirus Study 

Group. J Virol 2013;87:7790–2. doi:10.1128/JVI.01244-13. 



22 
 

[16] Chan JFW, Lau SKP, To KKW, Cheng VCC, Woo PCY, Yuen K-Y. Middle East respiratory 

syndrome coronavirus: another zoonotic betacoronavirus causing SARS-like disease. Clin 

Microbiol Rev 2015;28:465–522. doi:10.1128/CMR.00102-14. 

[17] Drosten C, Günther S, Preiser W, Van der Werf S, Brodt HR, Becker S, et al. Identification 

of a novel coronavirus in patients with severe acute respiratory syndrome. N Engl J Med 

2003;348:1967–76. doi:10.1056/NEJMoa030747. 

[18] van Boheemen S, de Graaf M, Lauber C, Bestebroer TM, Raj VS, Zaki AM, et al. Genomic 

characterization of a newly discovered coronavirus associated with acute respiratory 

distress syndrome in humans. MBio 2012;3:pii: e00473-12. doi:10.1128/mBio.00473-12. 

[19] Kim YS, Aigerim A, Park U, Kim Y, Rhee JY, Choi JP, et al. Sequential emergence and wide 

spread of neutralization escape middle east respiratory syndrome coronavirus mutants,  

South Korea, 2015. Emerg Infect Dis 2019;25:1161–8. doi:10.3201/eid2506.181722. 

[20] Leung GM, Lim WW, Ho LM, Lam TH, Ghani AC, Donnelly CA, et al. Seroprevalence of IgG 

antibodies to SARS-coronavirus in asymptomatic or subclinical population groups. 

Epidemiol Infect 2006;134:211–21. doi:10.1017/S0950268805004826. 

[21] Cheng VCC, Lau SKP, Woo PCY, Kwok YY. Severe acute respiratory syndrome coronavirus 

as an agent of emerging and reemerging infection. Clin Microbiol Rev 2007;20:660–94. 

doi:10.1128/CMR.00023-07. 

[22] Haagmans BL, Al Dhahiry SHS, Reusken CBEM, Raj VS, Galiano M, Myers R, et al. Middle 

East respiratory syndrome coronavirus in dromedary camels: An outbreak investigation. 

Lancet Infect Dis 2014;14:140–5. doi:10.1016/S1473-3099(13)70690-X. 



23 
 

[23] Adney DR, van Doremalen N, Brown VR, Bushmaker T, Scott D, de Wit E, et al. Replication 

and shedding of MERS-CoV in upper respiratory tract of inoculated dromedary camels. 

Emerg Infect Dis 2014;20:1999–2005. doi:10.3201/eid2012.141280. 

[24] Azhar EI, El-Kafrawy SA, Farraj SA, Hassan AM, Al-Saeed MS, Hashem AM MT. Evidence 

for Camel-to-Human Transmission of MERS Coronavirus. New Engl J Med 

2014;370:2499–505. doi:10.1056/NEJMoa1401505. 

[25] Nowotny N, Kolodziejek J. Middle East respiratory syndrome coronavirus (MERS-CoV) in 

dromedary camels, Oman, 2013. Euro Surveill 2014;19:20781. doi:10.2807/1560-

7917.ES2014.19.16.20781. 

[26] Conzade R, Grant R, Malik MR, Elkholy A, Elhakim M, Samhouri D, et al. Reported Direct 

and Indirect Contact with Dromedary Camels among Laboratory-Confirmed MERS-CoV 

Cases. Viruses 2018;10:425. doi:10.3390/v10080425. 

[27] Kandeil A, Gomaa M, Nageh A, Shehata MM, Kayed AE, Sabir JSM, et al. Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV) in Dromedary Camels in Africa and 

Middle East. Viruses 2019;11:717. doi:10.3390/v11080717. 

[28] Reusken CB, Farag EA, Jonges M, Godeke GJ, El-Sayed AM, Pas SD, et al. Middle east 

respiratory syndrome coronavirus (MERS-CoV) RNA and neutralising antibodies in milk 

collected according to local customs from dromedary camels, Qatar, April 2014. 

Eurosurveillance 2014;19. doi:10.2807/1560-7917.ES2014.19.23.20829. 

[29] van Doremalen N, Hijazeen ZSK, Holloway P, Al Omari B, McDowell C, Adney D, et al. High 

Prevalence of Middle East Respiratory Coronavirus in Young Dromedary Camels in 



24 
 

Jordan. Vector-Borne Zoonotic Dis 2017;17:155–9. doi:10.1089/vbz.2016.2062. 

[30] Hemida MG, Elmoslemany A, Al-Hizab F, Alnaeem A, Almathen F, Faye B, et al. 

Dromedary Camels and the Transmission of Middle East Respiratory Syndrome 

Coronavirus (MERS-CoV). Transbound Emerg Dis 2015. doi:10.1111/tbed.12401. 

[31] Rabaan AA, Bazzi AM, Al-Ahmed SH, Al-Tawfiq JA. Molecular aspects of MERS-CoV. Front 

Med 2017;11. doi:10.1007/s11684-017-0521-z. 

[32] Al-Tawfiq JA, Memish ZA. Middle East respiratory syndrome coronavirus: epidemiology 

and disease control measures. Infect Drug Resist 2014;7:281–7. doi:10.2147/IDR.S51283. 

[33] Ji W, Wang W, Zhao X, Zai J, Li X. Homologous recombination within the spike 

glycoprotein of the newly identified coronavirus may boost cross-species transmission 

from snake to human. J Med Virol 2020. doi:10.1002/jmv.25682. 

[34] Kuhn JH, Li W, Choe H, Farzan M. Angiotensin-converting enzyme 2: A functional 

receptor for SARS coronavirus. Cell Mol Life Sci 2004;61:2738–43. doi:10.1007/s00018-

004-4242-5. 

[35] Li W, Moore MJ, Vasllieva N, Sui J, Wong SK, Berne MA, et al. Angiotensin-converting 

enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003;426:450–4. 

doi:10.1038/nature02145. 

[36] Te N, Vergara-Alert J, Lehmbecker A, Pérez M, Haagmans BL, Baumgärtner W, et al. Co-

localization of Middle East respiratory syndrome coronavirus (MERS-CoV) and dipeptidyl 

peptidase-4 in the respiratory tract and lymphoid tissues of pigs and llamas. Transbound 

Emerg Dis 2018. doi:10.1111/tbed.13092. 



25 
 

[37] Raj VS, Mou H, Smits SL, Dekkers DHW, Müller MA, Dijkman R, et al. Dipeptidyl peptidase 

4 is a functional receptor for the emerging human coronavirus-EMC. Nature 

2013;495:251–4. doi:10.1038/nature12005. 

[38] van Doremalen N, Miazgowicz KL, Milne-Price S, Bushmaker T, Robertson S, Scott D, et al. 

Host Species Restriction of Middle East Respiratory Syndrome Coronavirus through Its 

Receptor, Dipeptidyl Peptidase 4. J Virol 2014;88:9220–32. doi:10.1128/JVI.00676-14. 

[39] Assiri A, McGeer A, Perl TM, Price CS, Al Rabeeah AA, Cummings DAT, et al. Hospital 

outbreak of Middle East respiratory syndrome coronavirus. N Engl J Med 2013;369:407–

16. doi:10.1056/NEJMoa1306742. 

[40] WHO. Middle East respiratory syndrome coronavirus (MERS-CoV) WHO MERS-CoV Global 

Summary and Assessment of Risk Global summary 2017. 

http://www.who.int/emergencies/mers-cov/risk-assessment-july-2017.pdf?ua=1 

(accessed January 5, 2021). 

[41] Memish ZA, Mishra N, Olival KJ, Fagbo SF, Kapoor V, Epstein JH, et al. Middle East 

respiratory syndrome coronavirus in bats, Saudi Arabia. Emerg Infect Dis 2013;19:1819–

23. doi:10.3201/eid1911.131172. 

[42] Reusken CBEM, Haagmans BL, Müller MA, Gutierrez C, Godeke GJ, Meyer B, et al. Middle 

East respiratory syndrome coronavirus neutralising serum antibodies in dromedary 

camels: A comparative serological study. Lancet Infect Dis 2013;13:859–66. 

doi:10.1016/S1473-3099(13)70164-6. 

[43] Reusken CB, Ababneh M, Raj VS, Meyer B, Eljarah A, Abutarbush S, et al. Middle east 



26 
 

respiratory syndrome coronavirus (MERS-CoV) serology in major livestock species in an 

affected region in Jordan, june to September 2013. Eurosurveillance 2013;18. 

doi:10.2807/1560-7917.ES2013.18.50.20662. 

[44] Hemida MG, Perera RA, Wang P, Alhammadi MA, Siu LY, Li M, et al. Middle east 

respiratory syndrome (MERS) coronavirus seroprevalence in domestic livestock in Saudi 

Arabia, 2010 to 2013. Eurosurveillance 2013;18. doi:10.2807/1560-

7917.ES2013.18.50.20659. 

[45] Alexandersen S, Kobinger GP, Soule G, Wernery U. Middle east respiratory syndrome 

coronavirus antibody reactors among camels in Dubai, United Arab Emirates, in 2005. 

Transbound Emerg Dis 2014;61:105–8. doi:10.1111/tbed.12212. 

[46] Reusken CBEM, Messadi L, Feyisa A, Ularamu H, Godeke GJ, Danmarwa A, et al. 

Geographic distribution of MERS coronavirus among dromedary camels, Africa. Emerg 

Infect Dis 2014;20:1370–4. doi:10.3201/eid2008.140590. 

[47] Corman VM, Jores J, Meyer B, Younan M, Liljander A, Said MY, et al. Antibodies against 

MERS coronavirus in dromedary camels, Kenya, 1992-2013. Emerg Infect Dis 

2014;20:1319–22. doi:10.3201/eid2008.140596. 

[48] Hemida MG, Alnaeem A, Chu DK, Perera RA, Chan SM, Almathen F, et al. Longitudinal 

study of Middle East Respiratory Syndrome coronavirus infection in dromedary camel 

herds in Saudi Arabia, 2014-2015. Emerg Microbes Infect 2017;6:e56. 

doi:10.1038/emi.2017.44. 

[49] Wernery U, Corman VM, Wong EYM, Tsang AKL, Muth D, Lau SKP, et al. Acute Middle 



27 
 

East Respiratory Syndrome Coronavirus Infection in Livestock Dromedaries, Dubai, 2014. 

Emerg Infect Dis 2015;21:1019–22. doi:10.3201/eid2106.150038. 

[50] Khalafalla AI, Lu X, Al-Mubarak AI, Dalab AH, Al-Busadah KA, Erdman DD. MERS-CoV in 

Upper Respiratory Tract and Lungs of Dromedary Camels, Saudi Arabia, 2013-2014. 

Emerg Infect Dis 2015;21:1153–8. doi:10.3201/eid2107.150070. 

[51] Farag EABA, Reusken CBEM, Haagmans BL, Mohran KA, Stalin Raj V, Pas SD, et al. High 

proportion of MERS-CoV shedding dromedaries at slaughterhouse with a potential 

epidemiological link to human cases, Qatar 2014. Infect Ecol Epidemiol 2015;5:28305. 

[52] Stalin Raj V, Farag EABA, Reusken CBEM, Lamers MM, Pas SD, Voermans J, et al. Isolation 

of MERS coronavirus from dromedary camel, Qatar, 2014. Emerg Infect Dis 

2014;20:1339–42. doi:10.3201/eid2008.140663. 

[53] Yusof MF, Eltahir YM, Serhan WS, Hashem FM, Elsayed EA, Marzoug BA, et al. Prevalence 

of Middle East respiratory syndrome coronavirus (MERS-CoV) in dromedary camels in 

Abu Dhabi Emirate, United Arab Emirates. Virus Genes 2015;50:509–13. 

doi:10.1007/s11262-015-1174-0. 

[54] Alagaili AN, Briese T, Mishra N, Kapoor V, Sameroff SC, de Wit E, et al. Middle East 

Respiratory Syndrome Coronavirus Infection in Dromedary Camels in Saudi Arabia. MBio 

2014;5:e00884-14-e00884-14. doi:10.1128/mBio.00884-14. 

[55] Hemida MG, Chu DKW, Poon LLM, Perera RAPM, Alhammadi MA, Ng H-Y, et al. MERS 

coronavirus in dromedary camel herd, Saudi Arabia. Emerg Infect Dis 2014;20:1231–4. 

doi:10.3201/eid2007.140571. 



28 
 

[56] Briese T, Mishra N, Jain K, Zalmout IS, Jabado OJ, Karesh WB, et al. Middle east 

respiratory syndrome coronavirus quasispecies that include homologues of human 

isolates revealed through whole- genome analysis and virus cultured from dromedary 

camels in Saudi Arabia. MBio 2014;5. doi:10.1128/mBio.01146-14. 

[57] Memish ZA, Cotten M, Meyer B, Watson SJ, Alsahafi AJ, Al Rabeeah AA, et al. Human 

Infection with MERS coronavirus after exposure to infected camels, Saudi Arabia, 2013. 

Emerg Infect Dis 2014;20:1012–5. doi:10.3201/eid2006.140402. 

[58] Al Hammadi ZM, Chu DKW, Eltahir YM, Al Hosani F, Al Mulla M, Tarnini W, et al. 

Asymptomatic MERS-CoV infection in humans possibly linked to infected dromedaries 

imported from Oman to United Arab Emirates, May 2015. Emerg Infect Dis 

2015;21:2197–200. doi:10.3201/eid2112.151132. 

[59] Who. WHO | Revised interim case definition for reporting to WHO – Middle East 

respiratory syndrome coronavirus (MERS-CoV). Who 2013:2015. 

http://www.who.int/csr/disease/coronavirus_infections/case_definition/en/index.html 

(accessed January 5, 2021). 

[60] The WHO Mers-Cov Research Group -. State of Knowledge and Data Gaps of Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV) in Humans. PLoS Curr 2013;5:pii: 

ecurrents.outbreaks.0bf719e352e7478f8ad85fa30. 

doi:10.1371/currents.outbreaks.0bf719e352e7478f8ad85fa30127ddb8. 

[61] Omrani AS, Matin MA, Haddad Q, Al-Nakhli D, Memish ZA, Albarrak AM. A family cluster 

of middle east respiratory syndrome coronavirus infections related to a likely 



29 
 

unrecognized asymptomatic or mild case. Int J Infect Dis 2013;17:e668-72. 

doi:10.1016/j.ijid.2013.07.001. 

[62] Memish Z a, Zumla AI, Al-Hakeem RF, Al-Rabeeah A a, Stephens GM. Family cluster of 

Middle East respiratory syndrome coronavirus infections. N Engl J Med 2013;368:2487–

94. doi:10.1056/NEJMoa1303729. 

[63] Memish ZA, Cotten M, Watson SJ, Kellam P, Zumla A, Alhakeem RF, et al. Community 

Case Clusters of Middle East Respiratory Syndrome Coronavirus in Hafr Al-Batin, Kingdom 

of Saudi Arabia: A Descriptive Genomic study. Int J Infect Dis 2014;23:63–8. 

doi:10.1016/j.ijid.2014.03.1372. 

[64] Drosten C, Muth D, Corman VM, Hussain R, Al Masri M, HajOmar W, et al. An 

observational, laboratory-based study of outbreaks of middle East respiratory syndrome 

coronavirus in Jeddah and Riyadh, kingdom of Saudi Arabia, 2014. Clin Infect Dis 

2015;60:369–77. doi:10.1093/cid/ciu812. 

[65] Memish ZA, Al-Tawfiq JA, Alhakeem RF, Assiri A, Alharby KD, Almahallawi MS, et al. 

Middle East respiratory syndrome coronavirus ( MERS-CoV ): A cluster analysis with 

implications for global management of suspected cases. Travel Med Infect Dis 

2015;13:311–4. doi:10.1016/j.tmaid.2015.06.012. 

[66] El Bushra HE, Abdalla MN, Al Arbash H, Alshayeb Z, Al-Ali S, Latif ZA-A, et al. An outbreak 

of Middle East Respiratory Syndrome (MERS) due to coronavirus in Al-Ahssa Region, 

Saudi Arabia, 2015. East Mediterr Health J 2016;22:468–75. 

[67] Balkhy HH, Alenazi TH, Alshamrani MM, Baffoe-Bonnie H, Al-Abdely HM, El-Saed A, et al. 



30 
 

Notes from the Field: Nosocomial Outbreak of Middle East Respiratory Syndrome in a 

Large Tertiary Care Hospital--Riyadh, Saudi Arabia, 2015. MMWR Morb Mortal Wkly Rep 

2016;65:163–4. doi:10.15585/mmwr.mm6506a5. 

[68] Balkhy HH, Alenazi TH, Alshamrani MM, Baffoe-Bonnie H, Arabi Y, Hijazi R, et al. 

Description of a Hospital Outbreak of Middle East Respiratory Syndrome in a Large 

Tertiary Care Hospital in Saudi Arabia. Infect Control Hosp Epidemiol 2016;37:1147–55. 

doi:10.1017/ice.2016.132. 

[69] Assiri AM, Biggs HM, Abedi GR, Lu X, Bin Saeed A, Abdalla O, et al. Increase in Middle East 

Respiratory Syndrome-Coronavirus Cases in Saudi Arabia Linked to Hospital Outbreak 

With Continued Circulation of Recombinant Virus, July 1-August 31, 2015. Open Forum 

Infect Dis 2016;3:ofw165. doi:10.1093/ofid/ofw165. 

[70] Nazer RI. Outbreak of Middle East Respiratory Syndrome-Coronavirus Causes High 

Fatality After Cardiac Operations. Ann Thorac Surg 2017;104:e127–9. 

doi:10.1016/j.athoracsur.2017.02.072. 

[71] Assiri A, Abedi GR, Bin Saeed AA, Abdalla MA, al-Masry M, Choudhry AJ, et al. 

Multifacility Outbreak of Middle East Respiratory Syndrome in Taif, Saudi Arabia. Emerg 

Infect Dis 2016;22:32–40. doi:10.3201/eid2201.151370. 

[72] Hunter JC, Nguyen D, Aden B, Al Bandar Z, Al Dhaheri W, Abu Elkheir K, et al. 

Transmission of Middle East Respiratory Syndrome Coronavirus Infections in Healthcare 

Settings, Abu Dhabi. Emerg Infect Dis 2016;22:647–56. doi:10.3201/eid2204.151615. 

[73] Cauchemez S, Van Kerkhove MD, Riley S, Donnelly CA, Fraser C, Ferguson NM. 



31 
 

Transmission scenarios for middle east respiratory syndrome coronavirus (MERS-CoV) 

and how to tell them apart. Euros Urveillance 2013;18:pii: 20503. 

[74] Cauchemez S, Fraser C, Van Kerkhove MD, Donnelly CA, Riley S, Rambaut A, et al. Middle 

East respiratory syndrome coronavirus: quantification of the extent of the epidemic,  

surveillance biases, and transmissibility. Lancet Infect Dis 2014;14:50–6. 

doi:10.1016/S1473-3099(13)70304-9. 

[75] Al-Abdallat MM, Payne DC, Alqasrawi S, Rha B, Tohme RA, Abedi GR, et al. Hospital-

Associated Outbreak of Middle East Respiratory Syndrome Coronavirus: A Serologic, 

Epidemiologic, and Clinical Description. Clin Infect Dis 2014;59:1225–33. 

doi:10.1093/cid/ciu359. 

[76] Chowell G, Abdirizak F, Lee S, Lee J, Jung E, Nishiura H, et al. Transmission characteristics 

of MERS and SARS in the healthcare setting: a comparative study. BMC Med 

2015;13:210. doi:10.1186/s12916-015-0450-0. 

[77] Hijawi B, Abdallat M, Sayaydeh A, Alqasrawi S, Haddadin A, Jaarour N, et al. Novel 

coronavirus infections in Jordan, April 2012: epidemiological findings from a 

retrospective investigation. East Mediterr Heal J 2013;19 Suppl 1:S12-8. 

[78] Al-Tawfiq JA, Memish ZA. Drivers of MERS-CoV transmission: what do we know? Expert 

Rev Respir Med 2016;10:331–8. doi:10.1586/17476348.2016.1150784. 

[79] Oboho IK, Tomczyk SM, Al-Asmari AM, Banjar AA, Al-Mugti H, Aloraini MS, et al. 2014 

MERS-CoV outbreak in Jeddah--a link to health care facilities. N Engl J Med 

2015;372:846–54. doi:10.1056/NEJMoa1408636. 



32 
 

[80] Alraddadi B, Bawareth N, Omar H, Alsalmi H, Alshukairi A, Qushmaq I, et al. Patient 

characteristics infected with Middle East respiratory syndrome coronavirus infection in a 

tertiary hospital. Ann Thorac Med 2016;11:128–31. doi:10.4103/1817-1737.180027. 

[81] Fagbo SF, Skakni L, Chu DKW, Garbati MA, Joseph M, Peiris M, et al. Molecular 

Epidemiology of Hospital Outbreak of Middle East Respiratory Syndrome, Riyadh, Saudi 

Arabia, 2014. Emerg Infect Dis 2015;21:1981–8. doi:10.3201/eid2111.150944. 

[82] Almekhlafi GA, Albarrak MM, Mandourah Y, Hassan S, Alwan A, Abudayah A, et al. 

Presentation and outcome of Middle East respiratory syndrome in Saudi intensive care 

unit patients. Crit Care 2016;20:123. doi:10.1186/s13054-016-1303-8. 

[83] Saad M, Omrani AS, Baig K, Bahloul A, Elzein F, Matin MA, et al. Clinical aspects and 

outcomes of 70 patients with Middle East respiratory syndrome coronavirus infection: a 

single-center experience in Saudi Arabia. Int J Infect Dis 2014;29:301–6. 

doi:10.1016/j.ijid.2014.09.003. 

[84] Barry M, Phan MV, Akkielah L, Al-Majed F, Alhetheel A, Somily A, et al. Nosocomial 

outbreak of the Middle East Respiratory Syndrome coronavirus: A phylogenetic, 

epidemiological, clinical and infection control analysis. Travel Med Infect Dis 2020;37. 

doi:10.1016/j.tmaid.2020.101807. 

[85] Bernard-Stoecklin S, Nikolay B, Assiri A, Bin Saeed AA, Ben Embarek PK, El Bushra H, et al. 

Comparative Analysis of Eleven Healthcare-Associated Outbreaks of Middle East 

Respiratory Syndrome Coronavirus (Mers-Cov) from 2015 to 2017. Sci Rep 2019;9. 

doi:10.1038/s41598-019-43586-9. 



33 
 

[86] WHO. Middle East respiratory syndrome coronavirus (MERS‐CoV) summary and 

literature update–as of 9 May 2014 2014. 

http://www.who.int/csr/disease/coronavirus_infections/MERS_CoV_Update_09_May_2

014.pdf?ua=1 (accessed January 5, 2021). 

[87] WHO. WHO update and clarification on recent MERS cases reported by the Kingdom of 

Saudi Arabia 23 June 2016. WHO 2016. http://who.int/emergencies/mers-cov/saudi-

arabia-update/en/ (accessed January 5, 2021). 

[88] Alenazi TH, Al Arbash H, El-Saed A, Alshamrani MM, Baffoe-Bonnie H, Arabi YM, et al. 

Identified Transmission Dynamics of Middle East Respiratory Syndrome Coronavirus 

Infection During an Outbreak: Implications of an Overcrowded Emergency Department. 

Clin Infect Dis 2017;65:675–9. doi:10.1093/cid/cix352. 

[89] WHO. Middle East respiratory syndrome coronavirus (MERS-CoV): Summary and Risk 

Assessment of Current Situation in the Republic of Korea and China – as of 19 June 2015. 

2015 n.d. http://www.who.int/emergencies/mers-cov/mers-cov-republic-of-korea-and-

china-risk-assessment-19-june-2015.pdf?ua=1 (accessed January 5, 2021). 

[90] Cowling BJ, Park M, Fang VJ, Wu P, Leung GM, Wu JT. Preliminary epidemiological 

assessment of MERS-CoV outbreak in South Korea, May to June 2015. Euro Surveill 

2015;20:7–13. doi:20(25):pii=21163. 

[91] Kim Y, Lee S, Chu C, Choe S, Hong S, Shin Y. The Characteristics of Middle Eastern 

Respiratory Syndrome Coronavirus Transmission Dynamics in South Korea. Osong Public 

Heal Res Perspect 2016;7:49–55. doi:10.1016/j.phrp.2016.01.001. 



34 
 

[92] WHO. Middle East respiratory syndrome coronavirus (MERS-CoV) WHO MERS-CoV Global 

Summary and risk assessment Global summary December 2016 2016. 

http://www.who.int/emergencies/mers-cov/mers-summary-2016.pdf (accessed January 

5, 2021). 

[93] Park Y-S, Lee C, Kim KM, Kim SW, Lee K-J, Ahn J, et al. The first case of the 2015 Korean 

Middle East Respiratory Syndrome outbreak. Epidemiol Health 2015;37:e2015049. 

doi:10.4178/epih/e2015049. 

[94] Park HY, Lee EJ, Ryu YW, Kim Y, Kim H, Lee H, et al. Epidemiological investigation of 

MERS-CoV spread in a single hospital in South Korea, may to june 2015. Eurosurveillance 

2015;20:1–5. doi:10.2807/1560-7917.ES2015.20.25.21169. 

[95] Kim KH, Tandi TE, Choi JW, Moon JM, Kim MS. Middle East respiratory syndrome 

coronavirus (MERS-CoV) outbreak in South Korea, 2015: epidemiology, characteristics 

and public health implications. J Hosp Infect 2017;95:207–13. 

doi:10.1016/j.jhin.2016.10.008. 

[96] Nishiura H, Endo A, Saitoh M, Kinoshita R, Ueno R, Nakaoka S, et al. Identifying 

determinants of heterogeneous transmission dynamics of the Middle East respiratory 

syndrome (MERS) outbreak in the Republic of Korea, 2015: a retrospective 

epidemiological analysis. BMJ Open 2016;6:e009936. doi:10.1136/bmjopen-2015-

009936. 

[97] Oh M, Choe PG, Oh HS, Park WB, Lee S-M, Park J, et al. Middle East Respiratory 

Syndrome Coronavirus Superspreading Event Involving 81 Persons, Korea 2015. J Korean 



35 
 

Med Sci 2015;30:1701–5. doi:10.3346/jkms.2015.30.11.1701. 

[98] Hastings DL, Tokars JI, Abdel Aziz IZAM, Alkhaldi KZ, Bensadek AT, Alraddadi BM, et al. 

Outbreak of Middle East Respiratory Syndrome at Tertiary Care Hospital, Jeddah, Saudi 

Arabia, 2014. Emerg Infect Dis 2016;22:794–801. doi:10.3201/eid2205.151797. 

[99] Memish ZA, Perlman S, Van Kerkhove MD, Zumla A. Middle East respiratory syndrome. 

Lancet 2020;395:1063–77. doi:10.1016/S0140-6736(19)33221-0. 

[100] Assiri A, Al-Tawfiq JA, Al-Rabeeah AA, Al-Rabiah FA, Al-Hajjar S, Al-Barrak A, et al. 

Epidemiological, demographic, and clinical characteristics of 47 cases of Middle East 

respiratory syndrome coronavirus disease from Saudi Arabia: A descriptive study. Lancet 

Infect Dis 2013;13:752–61. doi:10.1016/S1473-3099(13)70204-4. 

[101] Nam H-S, Park JW, Ki M, Yeon M-Y, Kim J, Kim SW. High fatality rates and associated 

factors in two hospital outbreaks of MERS in Daejeon, the Republic of Korea. Int J Infect 

Dis 2017. doi:10.1016/j.ijid.2017.02.008. 

[102] Al-Tawfiq JA, Alfaraj SH, Altuwaijri TA, Memish ZA. A cohort-study of patients suspected 

for MERS-CoV in a referral hospital in Saudi Arabia. J Infect 2017;75:378–9. 

doi:10.1016/j.jinf.2017.06.002. 

[103] Choi WS, Kang C-I, Kim Y, Choi J-P, Joh JS, Shin H-S, et al. Clinical Presentation and 

Outcomes of Middle East Respiratory Syndrome in the Republic of Korea. Infect 

Chemother 2016;48:118–26. doi:10.3947/ic.2016.48.2.118. 

[104] Al-Tawfiq JA, Memish ZA. Middle East respiratory syndrome coronavirus in the last two 

years: Health care workers still at risk. Am J Infect Control 2019;47:1167–70. 



36 
 

doi:10.1016/j.ajic.2019.04.007. 

[105] Al-Tawfiq JA, Hinedi K, Ghandour J, Khairalla H, Musleh S, Ujayli A, et al. Middle East 

Respiratory Syndrome-Coronavirus (MERS-CoV): a case-controlstudy of hospitalized 

patients. Clin Infect Dis 2014;59:160–5. doi:10.1093/cid/ciu226. 

[106] Arabi YM, Arifi AA, Balkhy HH, Najm H, Aldawood AS, Ghabashi A, et al. Clinical course 

and outcomes of critically ill patients with Middle East respiratory syndrome coronavirus 

infection. Ann Intern Med 2014;160:389–97. doi:10.7326/M13-2486. 

[107] Shalhoub S, Farahat F, Al-Jiffri A, Simhairi R, Shamma O, Siddiqi N, et al. IFN-α2a or IFN-

β1a in combination with ribavirin to treat Middle East respiratory syndrome coronavirus 

pneumonia: a retrospective study. J Antimicrob Chemother 2015;70:2129–32. 

doi:10.1093/jac/dkv085. 

[108] Korea Centers for Disease Control and Prevention. Middle East Respiratory Syndrome 

Coronavirus Outbreak in the Republic of Korea, 2015. Osong Public Heal Res Perspect 

2015;6:269–78. doi:10.1016/j.phrp.2015.08.006. 

[109] Al-Tawfiq JA, Gautret P. Asymptomatic Middle East Respiratory Syndrome Coronavirus 

(MERS-CoV) infection: Extent and implications for infection control: A systematic review. 

Travel Med Infect Dis 2019;27:27–32. doi:10.1016/j.tmaid.2018.12.003. 

[110] Al-Tawfiq JA, Auwaerter PG. Healthcare-associated infections: the hallmark of Middle 

East respiratory syndrome coronavirus with review of the literature. J Hosp Infect 

2019;101:20–9. doi:10.1016/j.jhin.2018.05.021. 

[111] Alfaraj SH, Al-Tawfiq JA, Gautret P, Alenazi MG, Asiri AY, Memish ZA. Evaluation of visual 



37 
 

triage for screening of Middle East respiratory syndrome coronavirus patients. New 

Microbes New Infect 2018;26:49–52. doi:10.1016/j.nmni.2018.08.008. 

[112] Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 

2019 novel coronavirus in Wuhan, China. Lancet 2020. doi:10.1016/S0140-

6736(20)30183-5. 

[113] Al-Hameed F, Wahla AS, Siddiqui S, Ghabashi A, Al-Shomrani M, Al-Thaqafi A, et al. 

Characteristics and Outcomes of Middle East Respiratory Syndrome Coronavirus Patients  

Admitted to an Intensive Care Unit in Jeddah, Saudi Arabia. J Intensive Care Med 

2016;31:344–8. doi:10.1177/0885066615579858. 

[114] Leung CW, Chiu WK. Clinical picture, diagnosis, treatment and outcome of severe acute 

respiratory syndrome (SARS) in children. Paediatr Respir Rev 2004;5:275–88. 

doi:10.1016/j.prrv.2004.07.010. 

[115] Memish ZAZA, Al-Tawfiq JAJA, Assiri A, Alrabiah FAFA, Al Hajjar S, Albarrak A, et al. 

Middle East respiratory syndrome coronavirus disease in children. Pediatr Infect Dis J 

2014;33:904–6. doi:10.1097/INF.0000000000000325. 

[116] Al-Tawfiq JA, Kattan RF, Memish ZA. Middle East respiratory syndrome coronavirus 

disease is rare in children: An update from Saudi Arabia. World J Clin Pediatr 2016;5:391–

6. doi:10.5409/wjcp.v5.i4.391. 

[117] Thabet F, Chehab M, Bafaqih H, Al Mohaimeed S. Middle East respiratory syndrome 

coronavirus in children. Saudi Med J 2015;36:484–6. doi:10.15537/smj.2015.4.10243. 

[118] Memish ZA, Al-Tawfiq JA, Makhdoom HQ, Al-Rabeeah AA, Assiri A, Alhakeem RF, et al. 



38 
 

Screening for Middle East respiratory syndrome coronavirus infection in hospital patients 

and their healthcare worker and family contacts: A prospective descriptive study. Clin 

Microbiol Infect 2014;20:469–74. doi:10.1111/1469-0691.12562. 

[119] Alfaraj SH, Al-Tawfiq JA, Altuwaijri TA, Memish ZA. Middle East respiratory syndrome 

coronavirus in pediatrics: a report of seven cases from Saudi Arabia. Front Med 2018. 

doi:10.1007/s11684-017-0603-y. 

[120] Denison MR. Severe acute respiratory syndrome coronavirus pathogenesis, disease and 

vaccines: an update. Pediatr Infect Dis J 2004;23:S207-14. 

[121] Alfaraj SH, Al-Tawfiq JA, Memish ZA. Middle East respiratory syndrome coronavirus 

intermittent positive cases: Implications for infection control. Am J Infect Control 2018. 

doi:10.1016/j.ajic.2018.08.020. 

[122] Liu S, Chan T-C, Chu Y-T, Wu JT-S, Geng X, Zhao N, et al. Comparative Epidemiology of 

Human Infections with Middle East Respiratory Syndrome and Severe Acute Respiratory 

Syndrome Coronaviruses among Healthcare Personnel. PLoS One 2016;11:e0149988. 

doi:10.1371/journal.pone.0149988. 

[123] Penttinen PM, Kaasik-Aaslav K, Friaux A, Donachie A, Sudre B, Amato-Gauci AJ, et al. 

Taking stock of the first 133 mers coronavirus cases globally-is the epidemic changing? 

Eurosurveillance 2013;18. 

[124] Ahmed AE. The predictors of 3- and 30-day mortality in 660 MERS-CoV patients. BMC 

Infect Dis 2017;17:615. doi:10.1186/s12879-017-2712-2. 

[125] Arabi YM, Mandourah Y, Al-Hameed F, Sindi AA, Almekhlafi GA, Hussein MA, et al. 



39 
 

Corticosteroid Therapy for Critically Ill Patients with Middle East Respiratory Syndrome. 

Am J Respir Crit Care Med 2018;197:757–67. doi:10.1164/rccm.201706-1172OC. 

[126] Alfaraj SH, Al-Tawfiq JA, Assiri AY, Alzahrani NA, Alanazi AA, Memish ZA. Clinical 

predictors of mortality of Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 

infection: A cohort study. Travel Med Infect Dis 2019. doi:10.1016/j.tmaid.2019.03.004.  

[127] Cha R-H, Joh J-S, Jeong I, Lee JY, Shin H-S, Kim G, et al. Renal Complications and Their 

Prognosis in Korean Patients with Middle East Respiratory Syndrome-Coronavirus from 

the Central MERS-CoV Designated Hospital. J Korean Med Sci 2015;30:1807–14. 

doi:10.3346/jkms.2015.30.12.1807. 

[128] Arabi YM, Al-Omari A, Mandourah Y, Al-Hameed F, Sindi AA, Alraddadi B, et al. Critically 

Ill Patients With the Middle East Respiratory Syndrome. Crit Care Med 2017;45:1683–95. 

doi:10.1097/CCM.0000000000002621. 

[129] Alshahrani MS, Sindi A, Alshamsi F, Al-Omari A, El Tahan M, Alahmadi B, et al. 

Extracorporeal membrane oxygenation for severe Middle East respiratory syndrome 

coronavirus. Ann Intensive Care 2018;8:3. doi:10.1186/s13613-017-0350-x. 

[130] Peiris JSM, Chu CM, Cheng VCC, Chan KS, Hung IFN, Poon LLM, et al. Clinical progression 

and viral load in a community outbreak of coronavirus-associated SARS pneumonia: a 

prospective study. Lancet 2003;361:1767–72. doi:10.1016/s0140-6736(03)13412-5. 

[131] Grant PR, Garson JA, Tedder RS, Chan PKS, Tam JS, Sung JJY. Detection of SARS 

Coronavirus in Plasma by Real-Time RT-PCR. N Engl J Med 2003;349:2468–9. 

doi:10.1056/nejm200312183492522. 



40 
 

[132] Ng EKO, Ng PC, Hon KLE, Cheng WTF, Hung ECW, Chan KCA, et al. Serial Analysis of the 

Plasma Concentration of SARS Coronavirus RNA in Pediatric Patients with Severe Acute 

Respiratory Syndrome. Clin Chem 2003;49:2085–8. doi:10.1373/clinchem.2003.024588. 

[133] Ng EKO, Hui DS, Chan KCA, Hung ECW, Chiu RWK, Lee N, et al. Quantitative analysis and 

prognostic implication of SARS coronavirus RNA in the plasma and serum of patients with 

severe acute respiratory syndrome. Clin Chem 2003;49:1976–80. 

doi:10.1373/clinchem.2003.024125. 

[134] Poon LLM, Chan KH, Wong OK, Yam WC, Yuen KY, Guan Y, et al. Early diagnosis of SARS 

Coronavirus infection by real time RT-PCR. J Clin Virol 2003;28:233–8. 

doi:10.1016/j.jcv.2003.08.004. 

[135] Kraaij-Dirkzwager M, Timen A, Dirksen K, Gelinck L, Leyten E, Groeneveld P, et al. Middle 

East respiratory syndrome coronavirus (MERS-CoV) infections in two returning travellers 

in the Netherlands, May 2014. Euro Surveill 2014;19:pii: 20817. 

[136] Drosten C. Is MERS another SARS? Lancet Infect Dis 2013;13:727–8. doi:10.1016/S1473-

3099(13)70159-2. 

[137] Da Guan W, Mok CKP, Chen ZL, Feng LQ, Li ZT, Huang JC, et al. Characteristics of traveler 

with Middle East respiratory syndrome, China, 2015. Emerg Infect Dis 2015;21:2278–80. 

doi:10.3201/eid2112.151232. 

[138] Omrani AS, Al-Tawfiq JA, Memish ZA. Middle east respiratory syndrome coronavirus 

(Mers-coV): Animal to human interaction. Pathog Glob Health 2015;109:354–62. 

doi:10.1080/20477724.2015.1122852. 



41 
 

[139] Da Guan W, Mok CKP, Chen ZL, Feng LQ, Li ZT, Huang JC, et al. Characteristics of traveler 

with Middle East respiratory syndrome, China, 2015. Emerg Infect Dis 2015;21:2278–80. 

doi:10.3201/eid2112.151232. 

[140] Chan JFW, Yuan S, Kok KH, To KKW, Chu H, Yang J, et al. A familial cluster of pneumonia 

associated with the 2019 novel coronavirus indicating person-to-person transmission: a 

study of a family cluster. Lancet 2020;395:514–23. doi:10.1016/S0140-6736(20)30154-9. 

[141] Sherbini N, Iskandrani A, Kharaba A, Khalid G, Abduljawad M, AL-Jahdali H. Middle East 

respiratory syndrome coronavirus in Al-Madinah City, Saudi Arabia: Demographic, clinical 

and survival data. J Epidemiol Glob Health 2017;7:29–36. 

doi:10.1016/j.jegh.2016.05.002. 

[142] Al-Tawfiq JA, Hinedi K, Abbasi S, Babiker M, Sunji A, Eltigani M. Hematologic, hepatic, and 

renal function changes in hospitalized patients with Middle East respiratory syndrome 

coronavirus. Int J Lab Hematol 2017;39:272–8. doi:10.1111/ijlh.12620. 

[143] Hart BJ, Dyall J, Postnikova E, Zhou H, Kindrachuk J, Johnson RF, et al. Interferon-β and 

mycophenolic acid are potent inhibitors of Middle East respiratory syndrome coronavirus 

in cell-based assays. J Gen Virol 2014;95:571–7. doi:10.1099/vir.0.061911-0. 

[144] de Wilde AH, Raj VS, Oudshoorn D, Bestebroer TM, van Nieuwkoop S, Limpens RWAL, et 

al. MERS-coronavirus replication induces severe in vitro cytopathology and is strongly 

inhibited by cyclosporin A or interferon-α treatment. J Gen Virol 2013;94:1749–60. 

doi:10.1099/vir.0.052910-0. 

[145] Falzarano D, de Wit E, Martellaro C, Callison J, Munster VJ, Feldmann H. Inhibition of 



42 
 

novel β coronavirus replication by a combination of interferon-α2b and ribavirin. Sci Rep 

2013;3:1686. doi:10.1038/srep01686. 

[146] Tawalah H, Al-Qabandi S, Sadiq M, Chehadeh C, Al-Hujailan G, Al-Qaseer M. The Most 

Effective Therapeutic Regimen for Patients with Severe Middle East Respiratory 

Syndrome Coronavirus (MERS-CoV) Infection. J Infect Dis Ther 2015;03:1–5. 

doi:10.4172/2332-0877.1000223. 

[147] Al-Tawfiq JA, Momattin H, Dib J, Memish ZA. Ribavirin and interferon therapy in patients 

infected with the Middle East respiratory syndrome coronavirus: an observational study. 

Int J Infect Dis 2014;20:42–6. doi:10.1016/j.ijid.2013.12.003. 

[148] Omrani AS, Saad MM, Baig K, Bahloul A, Abdul-Matin M, Alaidaroos AY, et al. Ribavirin 

and interferon alfa-2a for severe Middle East respiratory syndrome coronavirus infection: 

a retrospective cohort study. Lancet Infect Dis 2014;14:1090–5. doi:10.1016/S1473-

3099(14)70920-X. 

[149] Momattin H, Mohammed K, Zumla A, Memish ZA, Al-Tawfiq JA. Therapeutic options for 

Middle East respiratory syndrome coronavirus (MERS-CoV)--possible lessons from a 

systematic review of SARS-CoV therapy. Int J Infect Dis 2013;17:e792-8. 

doi:10.1016/j.ijid.2013.07.002. 

[150] Spanakis N, Tsiodras S, Haagmans BL, Raj VS, Pontikis K, Koutsoukou A, et al. Virological 

and serological analysis of a recent Middle East respiratory syndrome coronavirus 

infection case on a triple combination antiviral regimen. Int J Antimicrob Agents 

2014;44:528–32. doi:10.1016/j.ijantimicag.2014.07.026. 



43 
 

[151] Khalid M, Al Rabiah F, Khan B, Al Mobeireek A, Butt TS, Al Mutairy E. Ribavirin and 

interferon-α2b as primary and preventive treatment for Middle East respiratory 

syndrome coronavirus: a preliminary report of two cases. Antivir Ther 2015;20:87–91. 

doi:10.3851/IMP2792. 

[152] Al Ghamdi M, Alghamdi KM, Ghandoora Y, Alzahrani A, Salah F, Alsulami A, et al. 

Treatment outcomes for patients with Middle Eastern Respiratory Syndrome Coronavirus 

(MERS CoV) infection at a coronavirus referral center in the Kingdom of Saudi Arabia. 

BMC Infect Dis 2016;16:174. doi:10.1186/s12879-016-1492-4. 

[153] Arabi YM, Asiri AY, Assiri AM, Balkhy HH, Al Bshabshe A, Al Jeraisy M, et al. Interferon 

Beta-1b and Lopinavir–Ritonavir for Middle East Respiratory Syndrome. N Engl J Med 

2020;383:1645–56. doi:10.1056/nejmoa2015294. 

[154] Beigel JH, Voell J, Kumar P, Raviprakash K, Wu H, Jiao JA, et al. Safety and tolerability of a 

novel, polyclonal human anti-MERS coronavirus antibody produced from 

transchromosomic cattle: a phase 1 randomised, double-blind, single-dose-escalation 

study. Lancet Infect Dis 2018;18:410–8. doi:10.1016/S1473-3099(18)30002-1. 

[155] Alhetheel A, Albarrag A, Shakoor Z, Somily A, Barry M, Altalhi H, et al. Assessment of 

Th1/Th2 cytokines among patients with Middle East respiratory syndrome coronavirus 

infection. Int Immunol 2020. doi:10.1093/intimm/dxaa047. 

[156] Tirupathi R, Bharathidasan K, Palabindala V, Salim SA, Al-Tawfiq JA. Comprehensive 

review of mask utility and challenges during the COVID-19 pandemic. Le Infez Med 

2020;28:57–63. 



44 
 

[157] Corman VM, Albarrak AM, Omrani AS, Albarrak MM, Farah ME, Almasri M, et al. Viral 

Shedding and Antibody Response in 37 Patients With Middle East Respiratory Syndrome 

Coronavirus Infection. Clin Infect Dis 2015. doi:10.1093/cid/civ951. 

[158] Drosten C, Meyer B, Müller MAM a, Corman VMVM, Al-Masri M, Hossain R, et al. 

Transmission of MERS-coronavirus in household contacts. N Engl J Med 2014;371:828–

35. doi:10.1056/NEJMoa1405858. 

[159] Zhao J, Alshukairi AN, Baharoon SA, Ahmed WA, Bokhari AA, Nehdi AM, et al. Recovery 

from the Middle East respiratory syndrome is associated with antibody and T-cell 

responses. Sci Immunol 2017;2:eaan5393. doi:10.1126/sciimmunol.aan5393. 

[160] Alshukairi AN, Khalid I, Ahmed WA, Dada AM, Bayumi DT, Malic LS, et al. Antibody 

Response and Disease Severity in Healthcare Worker MERS Survivors. Emerg Infect Dis 

2016;22. doi:10.3201/eid2206.160010. 

[161] Modjarrad K, Roberts CC, Mills KT, Castellano AR, Paolino K, Muthumani K, et al. Safety 

and immunogenicity of an anti-Middle East respiratory syndrome coronavirus DNA 

vaccine: a phase 1, open-label, single-arm, dose-escalation trial. Lancet Infect Dis 

2019;19:1013–22. doi:10.1016/S1473-3099(19)30266-X. 

[162] Evaluate the Safety, Tolerability and Immunogenicity Study of GLS-5300 in Healthy 

Volunteers - Full Text View - ClinicalTrials.gov n.d. 

https://clinicaltrials.gov/ct2/show/NCT03721718 (accessed March 26, 2021). 

[163] Koch T, Dahlke C, Fathi A, Kupke A, Krähling V, Okba NMA, et al. Safety and 

immunogenicity of a modified vaccinia virus Ankara vector vaccine candidate for Middle 



45 
 

East respiratory syndrome: an open-label, phase 1 trial. Lancet Infect Dis 2020;20:827–

38. doi:10.1016/S1473-3099(20)30248-6. 

[164] Safety and Immunogenicity of the Candidate Vaccine MVA-MERS-S_DF-1 Against MERS - 

Full Text View - ClinicalTrials.gov n.d. https://clinicaltrials.gov/ct2/show/NCT04119440 

(accessed March 26, 2021). 

[165] Folegatti PM, Bittaye M, Flaxman A, Lopez FR, Bellamy D, Kupke A, et al. Safety and 

immunogenicity of a candidate Middle East respiratory syndrome coronavirus viral-

vectored vaccine: a dose-escalation, open-label, non-randomised, uncontrolled, phase 1 

trial. Lancet Infect Dis 2020;20:816–26. doi:10.1016/S1473-3099(20)30160-2. 

[166] A Clinical Trial to Determine the Safety and Immunogenicity of Healthy Candidate MERS-

CoV Vaccine (MERS002) - Full Text View - ClinicalTrials.gov n.d. 

https://clinicaltrials.gov/ct2/show/NCT04170829 (accessed March 26, 2021). 

[167] Study of Safety and Immunogenicity of BVRS-GamVac-Combi - Full Text View - 

ClinicalTrials.gov n.d. https://clinicaltrials.gov/ct2/show/NCT04128059 (accessed March 

26, 2021). 

[168] Study of Safety and Immunogenicity of BVRS-GamVac - Full Text View - ClinicalTrials.gov 

n.d. https://clinicaltrials.gov/ct2/show/NCT04130594 (accessed March 26, 2021).  

 


