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Abstract: Within the past two decades, three zoonotic betacoronaviruses have been associated
with outbreaks causing severe respiratory disease in humans. Of these, Middle East respiratory s
yndrome coronavirus (MERS-CoV) is the only zoonotic coronavirus that is known to consistently
result in frequent zoonotic spillover events from the proximate reservoir host—the dromedary
camel. A comprehensive understanding of infection in dromedaries is critical to informing public
health recommendations and implementing intervention strategies to mitigate spillover events.
Experimental models of reservoir disease are absolutely critical in understanding the pathogenesis
and transmission, and are key to testing potential dromedary vaccines against MERS-CoV. In this
review, we describe experimental infections of dromedary camels as well as additional camelid
models used to further understand the camel’s role in MERS-CoV spillover to humans.
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1. Introduction

The Middle East respiratory syndrome coronavirus (MERS-CoV) is a zoonotic coronavirus
originally isolated from a man with fatal acute pneumonia that progressed to renal failure [1].
MERS-CoV joins the severe acute respiratory syndrome virus (SARS-CoV) and SARS-CoV-2 as one
of three newly emerging, highly pathogenic betacoronavirus infecting humans. Since its discovery
in 2012, there have been just over 2500 confirmed human MERS cases, with a case fatality rate of
34% [2]. Humans infected with MERS-CoV can present with a variety of non-specific respiratory
symptoms ranging from an asymptomatic infection to severe disease with acute respiratory distress
syndrome (ARDS) and multiorgan failure. As seen with Coronavirus Disease 2019 (COVID-19) patients,
MERS patients with co-morbidities are at an increased risk of severe disease [3,4].

The identification of the reservoir host for emerging infectious disease is a critical step in controlling
outbreaks. Bats were initially investigated as a potential reservoir, as phylogenetically the virus
resembled two additional betacoronaviruses isolated from bats—BtCoV-HKU4 and BtCoV-HKU5 [5].
Interestingly, bats were also suggested to play a role in the 2002–2003 (SARS-CoV) outbreak [6,7].
A 2012 field surveillance study of Taphozous perforates bats captured near an index case-patient in Bisha,
Saudi Arabia, yielded a fecal sample containing virus with 100% nucleotide homology to a human
MERS-CoV isolate [8]. However, several patients also reported contact with sick or pyrexic goats and
camels prior to infection [9–11]. These early reports prompted a wider search for potential proximate
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reservoir hosts. Focus quickly shifted to dromedary camels after an initial report of nearly uniform
seropositivity in sampled dromedaries [12].

While contact with dromedary camels has not been identified in every human case,
multiple instances of camel-to-human spillover have been described. In 2013, samples collected
from a fatal human case and the patient’s nine camels suggested recent infection within the herd [13].
Genomic sequencing from one of the camels and the patient revealed identical sequences, strongly
suggesting an instance of zoonotic transmission [13]. Interestingly, prior to becoming ill, the patient
reported nasal discharge in several of his camels and described administering a topical medication
and therefore had direct contact with camel nasal secretions [13]. Active screening of dromedaries
imported into United Arab Emirates and tracing of subsequent human contacts identified multiple
asymptomatic human infections [14]. Approximately 50% of camel workers tested in Saudi Arabia
had detectable antibodies against MERS-CoV as compared to less than 4% of the general population in
the country [15,16]. An important step in decreasing the number of human cases relies on identifying
risk factors associated with handling camels and taking actions to mitigate these risks.

Early serosurveillance of dromedary camels indicated nearly uniform exposure to MERS-CoV,
whereas MERS-CoV specific antibodies were not readily detectable in other livestock such as small
ruminants, cattle, and equids [12,17–19]. A high proportion of camels in Africa, the Middle East,
and some camels in the Canary Islands are seropositive; however, camels sampled in Australia were
seronegative [12,20]. Both viral RNA and infectious virus are detectable in nasal swabs collected from
actively infected dromedaries, with a higher prevalence of viral shedding in juvenile animals and a
higher prevalence of seropositivity in mature animals [21–23]. Interestingly, neutralizing antibodies
and viral RNA have been detected in other secretions, including milk. However, because calves nurse
prior to milking, viral contamination from infected calves could likely explain the presence of viral
RNA in milk. Virus assays from experimentally inoculated camel milk indicated that virus was stable
for several days, highlighting the possibility of transmission through raw milk consumption [24,25].
This widespread transmission amongst camels underscores the importance of a comprehensive
understanding of pathogenesis, shedding, and transmission of camels infected with MERS-CoV.

Additional camelid species have been evaluated for natural exposure to MERS-CoV.
Unlike dromedary camels, Bactrian camels and New World camelids (NWCs) may not be naturally
exposed to or become infected by the virus at the same frequency due to natural geographic separation.
Serosurveillance studies of Bactrian camels in Mongolia, Kazakhstan, and the Netherlands failed
to identify animals shedding virus or animals positive by serology. However, seropositive Bactrian
camels were identified in Dubai, suggesting a unique geographic distribution of MERS-CoV [26–29].
Serologic testing of a mixed herd of dromedaries and alpacas in Qatar indicated that all alpacas
had MERS-CoV specific antibodies; albeit with titers lower than the sampled dromedaries in the
herd [30]. Nasal swabs from both camels and alpacas in this herd were negative for viral RNA [30].
Sampling from camelids in Israel between 2012 and 2017 did not identify any actively infected animals
through RT-PCR of nasal swabs; however, seropositive camels, alpaca, and llamas were identified [31].

2. Camelid Taxonomy and General Biology

The Camelidae family comprises three genera: Camelus, Lama, and Vicugna. The genus Camelus
contains the Old World camelids (OWC) and includes the dromedary camel (C. dromedarius) and
the Bactrian camel, which is comprised of two genetically distinct species: wild Bactrian camels
(C. bactrianus ferus), and domesticated Bactrian camels (C. bactrianus bactrianus) [32]. NWCs or South
American camelids (SAC) include the genera Lama and Vicugna, both containing a wild (L. guanaco
and V. vicugna) and domesticated (L. glama or llama and V. pacos or alpaca) species [33]. Like other
mammals, camelids produce double-chained antibodies. However, camelids are unique in that they
also produce heavy-chain antibodies that do not have a light chain known as single chain antibodies or
nanobodies [34,35]. These camelid nanobodies have shown to be useful therapeutically and inspired a
new class of therapeutics that has resulted in drugs such as Caplacizumab [36]. These heavy chain
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antibodies have also been adapted to as a candidate therapeutic that showed promise in transgenic
mice infected with MERS-CoV [37].

The camelid respiratory system has several unique features and differs slightly between OWC
and SAC. Unlike SAC, camels are capable of closing their nostrils completely to prohibit dust from
entering the respiratory tract. Camelid turbinates are delicate and anatomically resemble those of cattle
or sheep. Similar to equids, camelid lungs do not have true lobation with the exception of an accessory
lobe on their right lung around the caudal vena cava. Camelid erythrocytes are ellipsoid in shape for
greater surface area and thus, oxygen carrying capacity. SACs are uniquely adapted to survival in high
attitudes by maintaining a polycythemia, hemoglobin with a higher affinity for oxygen, and an oxygen
dissociation curve that is shifted to the left [38,39]. Interestingly, SACs are able to maintain a mild to
moderate pulmonary hypertension without pathologic remodeling of the pulmonary artery or right
heart. In contrast, cattle raised at high-altitude frequently develop a fatal pulmonary hypertension
or elevated pulmonary arterial pressure known as high-altitude disease [40]. While these differences
likely do not account for camelids’ mild disease during MERS-CoV infection, the ability for camelids
to be clinically asymptomatic in low oxygen tension environments is important to consider when
evaluating the clinical progression of MERS-CoV in animal models.

3. Camelid Study Design

Experimental infections of camelids with MERS-CoV require specialized bio-containment facilities
due to these animals’ size and temperament. To date, only three high-containment facilities have
successfully experimentally infected camelids with MERS-CoV: the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) Australian Animal Health Laboratory, the Animal Disease
Laboratory at Colorado State University (CSU), and the Centre de Reeceerca en Sanitat Animal (CReSA)
in Spain [41–48]. The groups at CReSA and CSU performed camelid transmission experiments that
involved co-housing experimentally inoculated animals with naïve animals to study MERS-CoV
transmission dynamics [44,46]. Additionally, Alharbi et al. reported a novel facility and challenge
design in which naïve animals were infected through contact with naturally infected camels in outdoor
pens to model infection in camel herds [49,50].

4. Clinical Signs

Experimental infections indicate that both OWC and SAC camelids are susceptible to MERS-CoV
infection. Infection is characterized by minor clinical signs comprised of mild to moderate nasal
discharge in dromedary camels, Bactrian camels, and llamas [42,43,45–47,49,50]. Nasal discharge in
alpacas has not been reported [41,44]. One study reported a reduced condition score in a single alpaca
18 days post-infection (DPI); however, at necropsy, this animal had extensive adhesions associated
with the first stomach compartment (C1) to the umbilicus and the reduced condition was likely a result
of this lesion rather than MERS-CoV infection [41] (Table 1).
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Table 1. Camelid Models of MERS-CoV.

Old World Camelids New World Camelids

Dromedary Camels Bactrian Camels Llamas Alpacas

Relative difficulty
housing/handling +++ +++ ++ +

Nasal discharge Present [43,45,47,49,50] Present [42] Present [48] Absent [41,43,44]

Nasal shedding:
infectious virus 1–6 or 7 DPI [43,47] 1–7 DPI [42] 1–7 or 8 DPI [46,48] 1–7 to 12 DPI [41,44]

Nasal shedding:
viral RNA 1–35 DPI [41] Not done 1–15 DPI [48] 1–12 DPI [41]

Pathologic lesions Mild/moderate [42,43,47] Mild/moderate
[42] Mild/moderate [48] Minimal/mild [43,44]

Transmission Present [49,50] Not done Present [46] Present [44]

Vaccines tested
Recombinant S Protein [43]

MVA-s [47]
ChAdOx2 MERS [49]

Not done Recombinant S
Protein [46] Recombinant S protein [43]

Vaccine efficacy Mixed [43,47,49] Not done

Infectious virus not
detected in

vaccinated animals
[46]

Infectious virus not
detected in vaccinated

animals [43]

5. Viral Shedding

MERS-CoV has predominantly been detected in dromedary nasal swabs; thus, experimental
infections in camelids have focused exclusively on respiratory inoculation. The majority of studies
utilized an intranasal inoculation route with 107 plaque-forming units (PFU) or median tissue culture
infectious dose (TCID50) by direct intranasal exposure, nebulization, or a mucosal atomization
device [46,47]. Crameri et al. inoculated three alpacas oronasally with 106 TCID50 MERS-CoV [41].
Other studies challenged animals by direct contact with infected animals in order to study transmission
or natural infection in camelids [44,46,49,50].

During infection, MERS-CoV is primarily shed in nasal secretions of infected camelids. Adney et
al. reported detectible infectious virus in dromedary camels beginning on 1 DPI and continuing until
7 DPI, with viral RNA detectable for up to 35 days [45] (Table 1). Similarly, Haagmans et al. detected
infectious virus in inoculated camels for 6 days post-inoculation with detectible RNA until euthanasia
at 14 DPI [47]. Two experimentally infected Bactrian camels shed infectious virus beginning on 1 DPI
and continued until euthanasia on 5 DPI or 7 DPI [42]. While low levels of infectious virus and viral
RNA can be detected in oral swabs, it is believed to be the result of drainage from the respiratory tract
rather than replication in the oral cavity [45]. Shedding through feces does not appear to contribute to
transmission, as one study only detected low levels of viral RNA in rectal swabs and Adney et al. did
not detect infectious virus or RNA in fecal samples [45,47]. Infectious virus or viral RNA has not been
detected in urine, whole blood, or serum [45,47].

As with OWCs, studies with NWCs also suggest that viral shedding is primarily constrained
to nasal secretions. Infectious virus in nasal swabs was detected in seven of eight llamas, although
virus was not isolated from every animal on every day, and infectious virus was not detected after
7 DPI. Viral RNA was detected from all animals and continued in one of four remaining animals
until 15 DPI [48]. Alpacas infected intranasally with 107 plaque-forming units (PFU) MERS-CoV
began shedding at 1 DPI, with infectious virus detected in one of three animals at 7 DPI [44].
In contrast, three alpacas infected oronasally with 106 TCID50 MERS-CoV had intermittently detectable
infectious virus in oral and nasal swabs through day 12, although the infectious virus was not
quantified [41]. This latter study reported that viral RNA was detected in oral and nasal swabs from
3–12 DPI [41]. Viral shedding from NWCs appears to be less commmonly detected compared to
experimentally-infected OWC (Table 1).
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6. MERS-CoV Pathologic Lesions

The respiratory tract of mammals can be divided into two distinct anatomic regions: the upper
respiratory tract, and the lower respiratory tract. One distinct histologic difference between these two
regions is the presence of ciliated epithelium lining the bulk of the upper respiratory tract, while the
lower respiratory tract is lined primarily by cuboidal or squamous epithelium. In the acute phase of
disease in experimental MERS-CoV infections, the primary histopathologic lesions are limited to the
upper respiratory tract (Figure 1). Consistently, MERS-CoV inoculation has been shown to result in
epithelial cell necrosis, mucosal ulceration, increased mucous production and neutrophil accumulation
in the nasal mucosa [42,45,48,51]. Common to other upper respiratory viral infections, lymphocytic
infiltration and aggregation has been consistently noted in the upper respiratory submucosa of
experimentally inoculated camelids [48]. Lower in the respiratory tract during the acute phase of
infection, the inflammatory process is limited to epithelial necrosis and lymphocytic infiltration and
squamous metaplasia during the acute phase of disease [51]. Consistent with the histopathology,
viral antigen has been primarily detected in the upper respiratory tract of camelids with few reports of
viral antigen present lower in the respiratory tree [42,45,48,51] (Figure 1). To date, viral antigen has not
been detected within the terminal airways or at the level of the alveolus.

Figure 1. Histopathology and Immunohistochemistry of a Bactrian Camel Experimentally Inoculated
with Middle East Respiratory Syndrome Coronavirus (MERS-CoV). (A) Within the nasal turbinates,
the lamina propria (asterisk) and mucosa (arrow) are infiltrated by moderate numbers of neutrophils
with fewer lymphocytes and macrophages. (B) The neurosensory ciliated epithelium of the nasal
turbinates show strong immunoreactivity to MERS-CoV antigen. (C) Within the trachea, there is loss of
cilia (ciliocytophthoria, white box) and infiltration of the mucosa (arrow) and lamina propria (asterisk)
by moderate numbers of neutrophils. (D) There is limited immunoreactivity of ciliated epithelial
cells to MERS-CoV antigen. (E) No histopathologic lesions are noted in the lower respiratory tract.
(F) Immunoreactivity to MERS-CoV antigen is not detected in the lung. Magnification: 400×.

One subtle lesion noted both histologically and ultrastructurally in both New and Old World
camelids is ciliary loss (ciliocytophthoria) [45,51]. Ciliocytophthoria is less pronounced in New
World camelids [48]. This lesion is non-specific and has been previously documented in other upper
respiratory viral infections such as respiratory syncytial virus in humans [52]. Lack of ciliary activity
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in the respiratory tract hinders removal of cellular debris, inhaled foreign material and bacteria.
Theoretically, loss of cilia would predispose the respiratory tract to secondary bacterial infection.
Identifying the mechanisms by which cilia presence and function are lost and subsequently regained
may be a key focus of future scientific investigations on upper respiratory viral infections.

MERS-CoV lesions outside of the upper respiratory tract have been noted to be mild and limited
in experimental infections. Lymph nodes and lymphoid tissue that drains the respiratory tract
(tonsil, retropharyngeal, submandibular and mediastinal lymph nodes) have been evaluated in several
studies. The changes observed on histologic evaluation are non-specific and are consistent with a
reactive immune response including lymphoid follicular hyperplasia and individualized apoptotic
lymphocytes [51]. No additional significant histologic lesions have been reported to date outside of the
respiratory tract in any camelid model of MERS-CoV.

7. Transmission of MERS-CoV amongst Camelids

The high seroprevalence reported in dromedary herds suggests efficient camel-to-camel
transmission of virus. Animal-to-animal transmission has been demonstrated in dromedary camels,
llamas, and alpacas. Alharbi et al. co-housed naïve and vaccinated camels with naturally infected
camels, demonstrating MERS-CoV transmission [49,50]. Viral RNA was detected in nasal swabs
from the naïve dromedary calves after exposure to naturally infected calves within 24 to 48 h [49].
Surprisingly, control calves housed 200 m away from infected animals seroconverted over the course of
one study, indicating that transmission is likely extremely efficient [49,50]. Interestingly, multiple studies
report that not all co-housed NWC shed detectible infectious virus indicating that transmission may
be less efficient than with OWC [44,46]. Naïve co-housed llamas seroconverted and shed viral RNA,
although infectious virus was only isolated from three of five naïve llamas [46]. Similarly, all co-housed
naïve alpacas seroconverted and infectious virus was detected in only two of three animals [44].
Given the high prevalence of seropositive dromedaries in the Middle East and Africa, this efficient
animal-to-animal transmission is not surprising and highlights the importance of limiting camel
infection to lower human exposure.

There has been considerable interest concerning the similarity between experimentally and
naturally infected camelids given the high inoculation doses used. In-contact animals have been used
as a proxy for naturally infected animals to better understand transmission and shedding dynamics
in camelids. In all studies, animals infected by contact had similar clinical signs to experimentally
infected animals, although clinical signs alone appear to have a low sensitivity for detecting active
infection [44,47,49]. Similarly, co-housed animals with detectable infectious virus or viral RNA generally
shed levels that approximate the doses given to experimentally infected animals. Finally, while some
co-housed animals have lower serological titers than experimentally infected animals, co-housed
camelids readily seroconvert after exposure to infected animals.

DPP4′s binding affinity to the viral spike (S) protein as well as tissue distribution likely play
an important role in viral transmission. In vitro analysis indicates that camel, human, and equid
DPP4 strongly binds S protein while DPP4 in other hoofstock as cattle and small ruminants binds less
efficiently [53,54]. DPP4 is readily expressed in the upper respiratory tract of dromedary camels while
humans express DPP4 primarily in the lower respiratory tract [55]. This distribution difference could
potentially explain the difference in transmission efficiency between dromedaries and humans.

8. MERS-CoV Vaccination

Although MERS-CoV-infected camels do not suffer from overt clinical disease, vaccination
and subsequent herd immunity could limit viral circulation between camel populations and limit
human exposure. Several reinfection studies of alpacas suggest that previous infection can protect
against reinfection at 21 DPI and 70 DPI, although the duration of this protection is unknown [41,44].
Several field studies indicate a possibility of re-infection in dromedaries, making it difficult to protect
against continued exposures over the course of an animal’s life [56,57]. Like several human vaccine
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candidates, current camelid vaccine trials have utilized viral vector-based vaccines expressing S protein
as well as recombinant S protein vaccines in order to target the glycoprotein responsible for cell
binding [43,46,47,49].

Viral vector-based vaccines are an attractive vaccine platform due to their ability to induce both
humoral and cellular immunity [58]. Modified vaccinia virus Ankara (MVA-s) and chimpanzee
adenoviral vectors have been used in camels to induce immunity against the spike protein and
reduce viral shedding [47,49]. Camels were vaccinated with the MVA-s vaccine intramuscularly and
intranasally with a mucosal atomization device, and boosted 4 weeks later, resulting in induction of
neutralizing antibodies in all vaccinated animals [47]. After exposure to the virus, vaccinated animals
had significantly decreased viral RNA and infectious virus in nasal swabs as compared to control
animals [47]. Vaccinated animals also produced neutralizing antibodies to camelpox virus, a pathogen
of veterinary importance associated in decreased production, high morbidity, and high mortality in
camels [59,60].

An additional vaccine platform evaluated in dromedaries is ChAdOx2 MERS, a chimpanzee
adenovirus-based vaccine platform that has shown promise in primates for MERS-CoV and that
is currently in human clinical trials for use against SARS-CoV-2 [49,61,62]. Both seronegative and
seropositive animals were vaccinated, resulting in the development of antibodies in naïve animals and
an increase in titer in previously seropositive animals [49]. Importantly, previously seronegative animals
under 1 year of age required two doses of ChAdOx2 MERS, while previously seronegative animals
over 1 year of age only required a single dose to induce an immune response [49]. After exposure to
MERS-CoV, previously seropositive vaccinated animals shed the least amount of detectable viral RNA,
followed by previously seropositive control animals [49]. In contrast, animals that were previously
seronegative (in both the control and vaccinated groups) shed the most viral RNA after exposure to
virus [49].

When vaccinated with an adjuvated MERS-CoV spike protein subunit vaccine, two of two
alpacas and two of three camels developed neutralizing antibodies against the virus [43]. While this
vaccine resulted in similar humoral responses between species, alpacas were completely protected
against experimental infection as compared to reduced and delayed shedding in dromedaries [43].
As transmission between camels is likely extremely efficient, this particular vaccine would likely
not result in a significant decrease in camel-to-camel transmission. However, by decreasing the
amount of detectable infectious virus, it could decrease the risk to camel workers by lowering
their exposure to virus. Similarly, an adjuvanted recombinant spike S1-protein vaccine delivered
to llamas resulted in neutralizing antibodies when delivered intramuscularly [46]. These animals
were challenged through contact with experimentally infected llamas with low levels of viral RNA
detected in four of five vaccinated animals and higher levels detected in the 5th vaccinated animal [46].
Interestingly, although RNA was detectable at levels similar to naïve llamas in one vaccinated animal
viral, infectious virus was not isolated, indicating that mucosal neutralizing antibodies could be
important in controlling infectious viral shedding [46].

9. Conclusions

Dromedary camels continue play an important role in the continued transmission of MERS-CoV.
Experimentally infected camelids consistently develop minor clinical disease, shed virus primarily
through nasal secretions, quickly clear their infection, and develop a measurable humoral response
post-exposure. Adopting a ‘One Health’ strategy to reduce viral shedding in camels could be an excellent
method for decreasing the frequency of spillover events to humans. Due to the fairly ubiquitous nature
of the virus in Middle Eastern camelid populations, timing will play an important role in the success of
any vaccination campaign. Passive immunity through colostrum likely affords protection very early in
life. Similar to vaccination strategies in companion animal species, frequent vaccination may be required
in juvenile animals to capitalize on the window between the loss of maternal antibodies and natural
exposure to the virus. Further studies to develop candidate vaccines that effectively neutralize virus in
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the nasal turbinates and induce long-lasting humoral immunity will be critical to the success of any new
vaccine strategy. It is still poorly understood whether natural infection affords immunity, or whether
camels can be re-infected at multiple points over their lifetime. Thus, routine vaccinations may be
required with boosters prior to ‘higher-risk’ activities such as transportation or mixing of animals
for meaningful protection. Unlike other livestock diseases, clinical disease in infected dromedaries
is either undetectable or very mild, meaning infection likely does not impact production values for
commercial animals, which likely reduces the incentive to vaccinate.

One limiting factor in the advancement of vaccination campaigns is the ability to conduct
well-controlled experimental trials to demonstrate efficacy. Multiple large animal ABSL3 facilities
have successfully challenged camelids with MERS-CoV; however, these studies come with significant
financial cost, safety risk and require specialized facilities and personnel [63]. Alpacas are significantly
smaller and safer to handle as compared to camels; however, they have shown differences in vaccine
efficacy as compared to dromedaries [43]. Exposing naïve dromedary camels in outdoor pens is an
attractive alternative but is accompanied with several important limitations. The high seroprevalence in
endemic areas can make it very difficult to acquire large numbers of naïve animals and the transmission
study designs hinge on the ability to locate actively infected animals [49,50]. Unlike experimentally
inoculated animals, animals infected through contact do not receive a standardized challenged dose
and there is no way to control the isolate used for infection.

Understanding the viral ecology of MERS-CoV in camelids and spillover events in humans
is crucial in curbing viral spillover. While dromedary camels remain the natural viral reservoir,
other camelids have been important tools to study transmission and shedding dynamics. Both Old and
New World camelids are capable of productive MERS-CoV infection that consists of nonspecific clinical
symptoms and histopathology. Infected animals are capable of efficient viral transmission, which could
potentially be mitigated through vaccination strategies. In conclusion, while these experimental
infections have their unique challenges, these models are an essential branch of MERS-CoV research.

Author Contributions: D.R.A. and R.A.B., conceptualization; D.R.A. and C.S.C., writing—original draft
preparation; D.R.A., C.S.C., R.A.B., and V.J.M., writing—review and editing; R.A.B. and V.J.M., funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Intramural Research Program of the National Institute of Allergy and
Infectious Diseases (NIAID) and the Animal Models Core at Colorado State University (CSU).

Acknowledgments: The authors would like to thank Anita Mora for her assistance with figure creation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zaki, A.; Van Boheemen, S.; Bestebroer, T.; Osterhaus, A.; Fouchier, R. Isolation of a Novel Coronavirus from
a Man with Pneumonia in Saudi Arabia. N. Engl. J. Med. 2012, 367, 1814–1820. [CrossRef] [PubMed]

2. WHO. Middle East Respiratory Syndrome Coronavirus (MERS-CoV); World Health Organization:
Geneva, Switzerland, 2020.

3. Azhar, E.I.; Hui, D.S.; Memish, Z.A.; Drosten, C.; Zumla, A. The Middle East Respiratory Syndrome (MERS).
Infect. Dis. Clin. N. Am. 2019, 33, 891–905. [CrossRef] [PubMed]

4. Stawicki, S.P.; Jeanmonod, R.; Miller, A.C.; Paladino, L.; Gaieski, D.F.; Yaffee, A.Q.; De Wulf, A.; Grover, J.;
Papadimos, T.J.; Bloem, C.; et al. The 2019–2020 novel coronavirus (severe acute respiratory syndrome
coronavirus 2) pandemic: A joint american college of academic international medicine-world academic
council of emergency medicine multidisciplinary COVID-19 working group consensus paper. J. Glob.
Infect. Dis. 2020, 12, 47–93. [CrossRef] [PubMed]

5. Van Boheemen, S.; De Graaf, M.; Lauber, C.; Bestebroer, T.; Raj, V.; Zaki, A.; Osterhaus, A.; Haagmans, B.;
Gorbalenya, A.; Snijder, E.; et al. Genomic Characterization of a Newly Discovered Coronavirus Associated
with Acute Respiratory Distress Syndrome in Humans. mBio 2012, 3. [CrossRef] [PubMed]

6. Li, W. Bats Are Natural Reservoirs of SARS-Like Coronaviruses. Science 2005, 310, 676–679. [CrossRef] [PubMed]

http://dx.doi.org/10.1056/NEJMoa1211721
http://www.ncbi.nlm.nih.gov/pubmed/23075143
http://dx.doi.org/10.1016/j.idc.2019.08.001
http://www.ncbi.nlm.nih.gov/pubmed/31668197
http://dx.doi.org/10.4103/jgid.jgid_86_20
http://www.ncbi.nlm.nih.gov/pubmed/32773996
http://dx.doi.org/10.1128/mBio.00473-12
http://www.ncbi.nlm.nih.gov/pubmed/23170002
http://dx.doi.org/10.1126/science.1118391
http://www.ncbi.nlm.nih.gov/pubmed/16195424


Viruses 2020, 12, 1370 9 of 12

7. Lau, S.K.P.; Woo, P.C.Y.; Li, K.S.M.; Huang, Y.; Tsoi, H.-W.; Wong, B.H.L.; Wong, S.S.Y.; Leung, S.-Y.;
Chan, K.-H.; Yuen, K.-Y. Severe acute respiratory syndrome coronavirus-like virus in Chinese horseshoe bats.
Proc. Natl. Acad. Sci. USA 2005, 102, 14040–14045. [CrossRef] [PubMed]

8. Memish, Z.A.; Mishra, N.; Olival, K.J.; Fagbo, S.F.; Kapoor, V.; Epstein, J.H.; AlHakeem, R.; Durosinloun, A.;
Al Asmari, M.; Islam, A.; et al. Middle East Respiratory Syndrome Coronavirus in Bats, Saudi Arabia.
Emerg. Infect. Dis. 2013, 19, 1819–1823. [CrossRef]

9. Albarrak, A.M.; Stephens, G.M.; Hewson, R.; Memish, Z.A. Recovery from severe novel coronavirus infection.
Saudi Med. J. 2012, 33, 1265–1269.

10. Drosten, C.; Seilmaier, M.; Corman, V.M.; Hartmann, W.; Scheible, G.; Sack, S.; Guggemos, W.; Kallies, R.;
Muth, D.; Junglen, S.; et al. Clinical features and virological analysis of a case of Middle East respiratory
syndrome coronavirus infection. Lancet Infect. Dis. 2013, 13, 745–751. [CrossRef]

11. Buchholz, U.; Müller, M.A.; Nitsche, A.; Sanewski, A.; Wevering, N.; Bauer-Balci, T.; Bonin, F.; Drosten, C.;
Schweiger, B.; Wolff, T.; et al. Contact investigation of a case of human novel coronavirus infection treated in
a German hospital, October–November 2012. Eurosurveillance 2013, 18, 20406.

12. Reusken, C.; Haagmans, B.L.; Müller, M.A.; Gutierrez, C.; Godeke, G.-J.; Meyer, B.; Muth, D.; Raj, V.S.;
Vries, L.S.-D.; Corman, V.M.; et al. Middle East respiratory syndrome coronavirus neutralising
serum antibodies in dromedary camels: A comparative serological study. Lancet Infect. Dis. 2013,
13, 859–866. [CrossRef]

13. Drosten, C.; Kellam, P.; Memish, Z.A. Evidence for Camel-to-Human Transmission of MERS Coronavirus.
N. Engl. J. Med. 2014, 371, 1359–1360. [CrossRef] [PubMed]

14. Al Hammadi, Z.M.; Chu, D.K.; Eltahir, Y.M.; Al Hosani, F.; Al Mulla, M.; Tarnini, W.; Hall, A.J.; Perera, R.A.;
Abdelkhalek, M.M.; Peiris, J.; 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, 2197–2200. [CrossRef] [PubMed]

15. Müller, M.A.; Meyer, B.; Corman, V.M.; Al-Masri, M.; Turkestani, A.; Ritz, D.; Sieberg, A.; Aldabbagh, S.;
Bosch, B.-J.; Lattwein, E.; et al. Presence of Middle East respiratory syndrome coronavirus antibodies in Saudi
Arabia: A nationwide, cross-sectional, serological study. Lancet Infect. Dis. 2015, 15, 559–564. [CrossRef]

16. Alshukairi, A.N.; Zheng, J.; Zhao, J.; Nehdi, A.; Baharoon, S.A.; Layqah, L.; Bokhari, A.; Al Johani, S.M.;
Samman, N.; Boudjelal, M.; et al. High Prevalence of MERS-CoV Infection in Camel Workers in Saudi Arabia.
mBio 2018, 9, e01985-18. [CrossRef] [PubMed]

17. Meyer, B.; García-Bocanegra, I.; Wernery, U.; Wernery, R.; Sieberg, A.; Müller, M.A.; Drexler, J.F.; Drosten, C.;
Eckerle, I. Serologic Assessment of Possibility for MERS-CoV Infection in Equids. Emerg. Infect. Dis. 2015,
21, 181–182. [CrossRef]

18. Hemida, M.G.; Perera, R.A.; Wang, P.; Alhammadi, M.A.; Siu, L.Y.; Li, M.; Poon, L.L.; Saif, L.; Alnaeem, A.;
Peiris, M. Middle East Respiratory Syndrome (MERS) coronavirus seroprevalence in domestic livestock in
Saudi Arabia, 2010 to 2013. Eurosurveillance 2013, 18, 20659. [CrossRef]

19. Reusken, C.B.; Ababneh, M.; Raj, V.S.; Meyer, B.; Eljarah, A.; Abutarbush, S.; Godeke, G.J.; Bestebroer, T.M.;
Zutt, I.; Müller, M.A.; et al. Middle East Respiratory Syndrome coronavirus (MERS-CoV) serology in
major livestock species in an affected region in Jordan, June to September 2013. Eurosurveillance 2013,
18, 20662. [CrossRef]

20. Crameri, G.; Durr, P.A.; Barr, J.A.; Yu, M.; Graham, K.; Williams, O.J.; Kayali, G.; Smith, D.; Peiris, M.;
MacKenzie, J.S.; et al. Absence of MERS-CoV antibodies in feral camels in Australia: Implications for the
pathogen’s origin and spread. One Health 2015, 1, 76–82. [CrossRef]

21. Khalafalla, A.I.; Lu, X.; Al-Mubarak, A.I.; Dalab, A.H.S.; Al-Busadah, K.A.; Erdman, D.D. MERS-CoV in
Upper Respiratory Tract and Lungs of Dromedary Camels, Saudi Arabia, 2013–2014. Emerg. Infect. Dis. 2015,
21, 1153–1158. [CrossRef]

22. Alagaili, A.N.; Briese, T.; Mishra, N.; Kapoor, V.; Sameroff, S.C.; De Wit, E.; Munster, V.J.; Hensley, L.E.;
Zalmout, I.S.; Kapoor, A.; et al. Middle East Respiratory Syndrome Coronavirus Infection in Dromedary
Camels in Saudi Arabia. mBio 2014, 5, e00884-14. [CrossRef] [PubMed]

23. Wernery, U.; Corman, V.M.; Wong, E.Y.; Tsang, A.K.; Muth, D.; Lau, S.K.P.; Khazanehdari, K.; Zirkel, F.; Ali, M.;
Nagy, P.; et al. Acute Middle East Respiratory Syndrome Coronavirus Infection in Livestock Dromedaries,
Dubai, 2014. Emerg. Infect. Dis. 2015, 21, 1019–1022. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0506735102
http://www.ncbi.nlm.nih.gov/pubmed/16169905
http://dx.doi.org/10.3201/eid1911.131172
http://dx.doi.org/10.1016/S1473-3099(13)70154-3
http://dx.doi.org/10.1016/S1473-3099(13)70164-6
http://dx.doi.org/10.1056/NEJMoa1405858
http://www.ncbi.nlm.nih.gov/pubmed/25271615
http://dx.doi.org/10.3201/eid2112.151132
http://www.ncbi.nlm.nih.gov/pubmed/26584223
http://dx.doi.org/10.1016/S1473-3099(15)70090-3
http://dx.doi.org/10.1128/mBio.01985-18
http://www.ncbi.nlm.nih.gov/pubmed/30377284
http://dx.doi.org/10.3201/eid2101.141342
http://dx.doi.org/10.2807/1560-7917.ES2013.18.50.20659
http://dx.doi.org/10.2807/1560-7917.ES2013.18.50.20662
http://dx.doi.org/10.1016/j.onehlt.2015.10.003
http://dx.doi.org/10.3201/eid2107.150070
http://dx.doi.org/10.1128/mBio.00884-14
http://www.ncbi.nlm.nih.gov/pubmed/24570370
http://dx.doi.org/10.3201/eid2106.150038
http://www.ncbi.nlm.nih.gov/pubmed/25989145


Viruses 2020, 12, 1370 10 of 12

24. Reusken, C.B.; Farag, E.A.; Jonges, M.; Godeke, G.J.; El-Sayed, A.M.; Pas, S.D.; Raj, V.S.; Mohran, K.A.;
Moussa, H.A.; Ghobashy, H.; 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, 20829. [CrossRef] [PubMed]

25. Van Doremalen, N.; Bushmaker, T.; Karesh, W.B.; Munster, V.J. Stability of Middle East Respiratory Syndrome
Coronavirus in Milk. Emerg. Infect. Dis. 2014, 20, 1263–1264. [CrossRef]

26. Chan, S.M.; Damdinjav, B.; Perera, R.A.; Chu, D.K.; Khishgee, B.; Enkhbold, B.; Poon, L.L.; Peiris, J.M.
Absence of MERS-Coronavirus in Bactrian Camels, Southern Mongolia, November 2014. Emerg. Infect. Dis.
2015, 21, 1269–1271. [CrossRef]

27. Liu, R.; Wen, Z.; Wang, J.; Ge, J.; Chen, H.; Bu, Z. Absence of Middle East respiratory syndrome coronavirus
in Bactrian camels in the West Inner Mongolia Autonomous Region of China: Surveillance study results
from July 2015. Emerg. Microbes Infect. 2015, 4, 1–2. [CrossRef]

28. Miguel, E.; Perera, R.A.; Baubekova, A.; Chevalier, V.; Faye, B.; Akhmetsadykov, N.; Ng, C.Y.; Roger, F.;
Peiris, M. Absence of Middle East Respiratory Syndrome Coronavirus in Camelids, Kazakhstan, 2015.
Emerg. Infect. Dis. 2016, 22, 555–557. [CrossRef]

29. Lau, S.K.P.; Li, K.S.M.; Luk, H.K.H.; He, Z.; Teng, J.L.L.; Yuen, K.-Y.; Wernery, U.; Woo, P.C.Y. Middle East
Respiratory Syndrome Coronavirus Antibodies in Bactrian and Hybrid Camels from Dubai. mSphere 2020,
5. [CrossRef]

30. Reusken, C.B.E.M.; Schilp, C.; Raj, V.S.; De Bruin, E.; Kohl, R.H.; Farag, E.A.; Haagmans, B.L.; Al-Romaihi, H.;
Le Grange, F.; Bosch, B.-J.; et al. MERS-CoV Infection of Alpaca in a Region Where MERS-CoV is Endemic.
Emerg. Infect. Dis. 2016, 22, 1129–1131. [CrossRef]

31. David, D.; Rotenberg, D.; Khinich, E.; Erster, O.; Bardenstein, S.; Van Straten, M.; Okba, N.M.; Raj, S.V.;
Haagmans, B.L.; Miculitzki, M.; et al. Middle East respiratory syndrome coronavirus specific antibodies in
naturally exposed Israeli llamas, alpacas and camels. One Health 2018, 5, 65–68. [CrossRef]

32. Fitak, R.R.; Mohandesan, E.; Corander, J.; Yadamsuren, A.; Chuluunbat, B.; Abdelhadi, O.; Raziq, A.; Nagy, P.;
Walzer, C.; Faye, B.; et al. Genomic signatures of domestication in Old World camels. Commun. Biol. 2020,
3, 1–10. [CrossRef] [PubMed]

33. Kadwell, M.; Fernandez, M.; Stanley, H.F.; Baldi, R.; Wheeler, J.C.; Rosadio, R.; Bruford, M.W. Genetic
analysis reveals the wild ancestors of the llama and the alpaca. Proc. R. Soc. B Biol. Sci. 2001,
268, 2575–2584. [CrossRef] [PubMed]

34. Hamers-Casterman, C.; Atarhouch, T.; Muyldermans, S.; Robinson, G.; Hammers, C.; Songa, E.B.;
Bendahman, N.; Hammers, R. Naturally occurring antibodies devoid of light chains. Nature 1993,
363, 446–448. [CrossRef] [PubMed]

35. Griffin, L.M.; Snowden, J.R.; Lawson, A.D.; Wernery, U.; Kinne, J.; Baker, T. Analysis of heavy and light chain
sequences of conventional camelid antibodies from Camelus dromedarius and Camelus bactrianus species.
J. Immunol. Methods 2014, 405, 35–46. [CrossRef]

36. Scully, M.; Cataland, S.R.; Peyvandi, F.; Coppo, P.; Knöbl, P.; Hovinga, J.A.K.; Metjian, A.; De La Rubia, J.;
Pavenski, K.; Callewaert, F.; et al. Caplacizumab Treatment for Acquired Thrombotic Thrombocytopenic
Purpura. N. Engl. J. Med. 2019, 380, 335–346. [CrossRef]

37. Raj, V.S.; Okba, N.M.A.; Gutierrez-Alvarez, J.; Drabek, D.; Van Dieren, B.; Widagdo, W.; Lamers, M.M.;
Widjaja, I.; Fernandez-Delgado, R.; Sola, I.; et al. Chimeric camel/human heavy-chain antibodies protect
against MERS-CoV infection. Sci. Adv. 2018, 4, eaas9667. [CrossRef]

38. Garry, F. Clinical Pathology of Llamas. Veter. Clin. N. Am. Food Anim. Pract. 1989, 5, 55–70. [CrossRef]
39. Banchero, N.; Grover, R.F. Effect of different levels of simulated altitude on O 2 transport in llama and sheep.

Am. J. Physiol. Content 1972, 222, 1239–1245. [CrossRef]
40. Holt, T.N.; Callan, R.J. Pulmonary Arterial Pressure Testing for High Mountain Disease in Cattle. Veter. Clin.

N. Am. Food Anim. Pract. 2007, 23, 575–596. [CrossRef]
41. Crameri, G.; Durr, P.A.; Klein, R.; Foord, A.; Yu, M.; Riddell, S.; Haining, J.; Johnson, D.; Hemida, M.G.;

Barr, J.; et al. Experimental Infection and Response to Rechallenge of Alpacas with Middle East Respiratory
Syndrome Coronavirus. Emerg. Infect. Dis. 2016, 22, 1071–1074. [CrossRef]

42. Adney, D.R.; Letko, M.; Ragan, I.K.; Scott, D.; Van Doremalen, N.; Bowen, R.A.; Munster, V. Bactrian camels
shed large quantities of Middle East respiratory syndrome coronavirus (MERS-CoV) after experimental
infection. Emerg. Microbes Infect. 2019, 8, 717–723. [CrossRef] [PubMed]

http://dx.doi.org/10.2807/1560-7917.ES2014.19.23.20829
http://www.ncbi.nlm.nih.gov/pubmed/24957745
http://dx.doi.org/10.3201/eid2007.140500
http://dx.doi.org/10.3201/eid2107.150178
http://dx.doi.org/10.1038/emi.2015.73
http://dx.doi.org/10.3201/eid2203.151284
http://dx.doi.org/10.1128/mSphere.00898-19
http://dx.doi.org/10.3201/eid2206.152113
http://dx.doi.org/10.1016/j.onehlt.2018.05.002
http://dx.doi.org/10.1038/s42003-020-1039-5
http://www.ncbi.nlm.nih.gov/pubmed/32561887
http://dx.doi.org/10.1098/rspb.2001.1774
http://www.ncbi.nlm.nih.gov/pubmed/11749713
http://dx.doi.org/10.1038/363446a0
http://www.ncbi.nlm.nih.gov/pubmed/8502296
http://dx.doi.org/10.1016/j.jim.2014.01.003
http://dx.doi.org/10.1056/NEJMoa1806311
http://dx.doi.org/10.1126/sciadv.aas9667
http://dx.doi.org/10.1016/S0749-0720(15)31003-3
http://dx.doi.org/10.1152/ajplegacy.1972.222.5.1239
http://dx.doi.org/10.1016/j.cvfa.2007.08.001
http://dx.doi.org/10.3201/eid2206.160007
http://dx.doi.org/10.1080/22221751.2019.1618687
http://www.ncbi.nlm.nih.gov/pubmed/31119984


Viruses 2020, 12, 1370 11 of 12

43. Adney, D.R.; Wang, L.; Van Doremalen, N.; Shi, W.; Zhang, Y.; Kong, W.-P.; Miller, M.R.; Bushmaker, T.;
Scott, D.P.; De Wit, E.; et al. Efficacy of an Adjuvanted Middle East Respiratory Syndrome Coronavirus Spike
Protein Vaccine in Dromedary Camels and Alpacas. Viruses 2019, 11, 212. [CrossRef] [PubMed]

44. Adney, D.R.; Bielefeldt-Ohmann, H.; Hartwig, A.E.; Bowen, R.A. Infection, Replication, and Transmission
of Middle East Respiratory Syndrome Coronavirus in Alpacas. Emerg. Infect. Dis. 2016,
22, 1031–1037. [CrossRef] [PubMed]

45. Adney, D.R.; Van Doremalen, N.; Brown, V.R.; Bushmaker, T.; Scott, D.; De Wit, E.; Bowen, R.A.; Munster, V.J.
Replication and Shedding of MERS-CoV in Upper Respiratory Tract of Inoculated Dromedary Camels.
Emerg. Infect. Dis. 2014, 20, 1999–2005. [CrossRef] [PubMed]

46. Rodon, J.; Okba, N.M.A.; Te, N.; Van Dieren, B.; Bosch, B.-J.; Bensaid, A.; Segalés, J.; Haagmans, B.L.;
Vergara-Alert, J. Blocking transmission of Middle East respiratory syndrome coronavirus (MERS-CoV)
in llamas by vaccination with a recombinant spike protein. Emerg. Microbes Infect. 2019,
8, 1593–1603. [CrossRef] [PubMed]

47. Haagmans, B.L.; Brand, J.M.A.V.D.; Raj, V.S.; Volz, A.; Wohlsein, P.; Smits, S.L.; Schipper, D.; Bestebroer, T.M.;
Okba, N.; Fux, R.; et al. An orthopoxvirus-based vaccine reduces virus excretion after MERS-CoV infection
in dromedary camels. Science 2016, 351, 77–81. [CrossRef]

48. Segalés, J.; Brand, J.M.V.D.; Widagdo, W.; Muñoz, M.; Raj, S.; Schipper, D.; Solanes, D.; Cordón, I.; Bensaid, A.;
Haagmans, B.L.; et al. Livestock Susceptibility to Infection with Middle East Respiratory Syndrome
Coronavirus. Emerg. Infect. Dis. 2017, 23, 232–240. [CrossRef]

49. Alharbi, N.K.; Qasim, I.; Almasoud, A.; Aljami, H.A.; Alenazi, M.W.; Alhafufi, A.; Aldibasi, O.S.;
Hashem, A.M.; Kasem, S.; Albrahim, R.; et al. Humoral Immunogenicity and Efficacy of a Single Dose of
ChAdOx1 MERS Vaccine Candidate in Dromedary Camels. Sci. Rep. 2019, 9, 1–11. [CrossRef]

50. Alharbi, N.K.; Ibrahim, O.H.; Alhafufi, A.; Kasem, S.; Aldowerij, A.; Albrahim, R.; Abu-Obaidah, A.;
Alkarar, A.; Bayoumi, F.A.; Almansour, A.M.; et al. Challenge infection model for MERS-CoV based on
naturally infected camels. Virol. J. 2020, 17, 1–7. [CrossRef]

51. Haverkamp, A.-K.; Lehmbecker, A.; Spitzbarth, I.; Widagdo, W.; Haagmans, B.L.; Segalés, J.; Vergara-Alert, J.;
Bensaid, A.; Brand, J.M.A.V.D.; Osterhaus, A.D.M.E.; et al. Experimental infection of dromedaries with
Middle East respiratory syndrome-Coronavirus is accompanied by massive ciliary loss and depletion of the
cell surface receptor dipeptidyl peptidase 4. Sci. Rep. 2018, 8, 1–15. [CrossRef]

52. Tristram, D.A.; Hicks, W.; Hard, R. Respiratory Syncytial Virus and Human Bronchial Epithelium.
Arch. Otolaryngol. Head Neck Surg. 1998, 124, 777–783. [CrossRef] [PubMed]

53. Barlan, A.; Zhao, J.; Sarkar, M.K.; Li, K.; McCray, P.B.; Perlman, S.; Gallagher, T. Receptor Variation
and Susceptibility to Middle East Respiratory Syndrome Coronavirus Infection. J. Virol. 2014,
88, 4953–4961. [CrossRef] [PubMed]

54. Van Doremalen, N.; Miazgowicz, K.L.; Milne-Price, S.; Bushmaker, T.; Robertson, S.; Scott, D.; Kinne, J.;
McLellan, J.S.; Zhu, J.; Munster, V. Host Species Restriction of Middle East Respiratory Syndrome Coronavirus
through Its Receptor, Dipeptidyl Peptidase 4. J. Virol. 2014, 88, 9220–9232. [CrossRef] [PubMed]

55. Widagdo, W.; Raj, V.S.; Schipper, D.D.; Kolijn, K.K.; Van Leenders, G.J.L.H.; Bosch, B.B.J.; Bensaid, A.A.;
Segalés, J.J.; Baumgärtner, W.J.; Osterhaus, A.A.; et al. Differential Expression of the Middle East Respiratory
Syndrome Coronavirus Receptor in the Upper Respiratory Tracts of Humans and Dromedary Camels. J. Virol.
2016, 90, 4838–4842. [CrossRef] [PubMed]

56. Hemida, M.G.; Alnaeem, A.; Chu, D.K.; Perera, R.A.; Chan, S.M.; Almathen, F.; Yau, E.; Cy Ng, B.; Webby, R.J.;
Lm Poon, L.; 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, 1–7. [CrossRef] [PubMed]

57. Kandeil, A.; Gomaa, M.; Nageh, A.; Shehata, M.; Kayed, A.E.; Sabir, J.S.M.; Abiadh, A.; Jrijer, J.; Amr, Z.S.;
Said, M.A.; et al. Middle East Respiratory Syndrome Coronavirus (MERS-CoV) in Dromedary Camels in
Africa and Middle East. Viruses 2019, 11, 717. [CrossRef]

58. Humphreys, I.R.; Sebastian, S. Novel viral vectors in infectious diseases. Immunology 2017, 153, 1–9. [CrossRef]
59. Wernery, U.; Zachariah, R. Experimental Camelpox Infection in Vaccinated and Unvaccinated Dromedaries.

J. Veter. Med. Ser. B 1999, 46, 131–135. [CrossRef]
60. Kinne, J.; Cooper, J.E.; Wernery, U. Pathological studies on camelpox lesions of the respiratory system in the

United Arab Emirates (UAE). J. Comp. Pathol. 1998, 118, 257–266. [CrossRef]

http://dx.doi.org/10.3390/v11030212
http://www.ncbi.nlm.nih.gov/pubmed/30832356
http://dx.doi.org/10.3201/eid2206.160192
http://www.ncbi.nlm.nih.gov/pubmed/27070385
http://dx.doi.org/10.3201/eid2012.141280
http://www.ncbi.nlm.nih.gov/pubmed/25418529
http://dx.doi.org/10.1080/22221751.2019.1685912
http://www.ncbi.nlm.nih.gov/pubmed/31711379
http://dx.doi.org/10.1126/science.aad1283
http://dx.doi.org/10.3201/eid2302.161239
http://dx.doi.org/10.1038/s41598-019-52730-4
http://dx.doi.org/10.1186/s12985-020-01347-5
http://dx.doi.org/10.1038/s41598-018-28109-2
http://dx.doi.org/10.1001/archotol.124.7.777
http://www.ncbi.nlm.nih.gov/pubmed/9677113
http://dx.doi.org/10.1128/JVI.00161-14
http://www.ncbi.nlm.nih.gov/pubmed/24554656
http://dx.doi.org/10.1128/JVI.00676-14
http://www.ncbi.nlm.nih.gov/pubmed/24899185
http://dx.doi.org/10.1128/JVI.02994-15
http://www.ncbi.nlm.nih.gov/pubmed/26889022
http://dx.doi.org/10.1038/emi.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28634355
http://dx.doi.org/10.3390/v11080717
http://dx.doi.org/10.1111/imm.12829
http://dx.doi.org/10.1111/j.0931-1793.1999.00250.x
http://dx.doi.org/10.1016/S0021-9975(07)80002-8


Viruses 2020, 12, 1370 12 of 12

61. Van Doremalen, N.; Haddock, E.; Feldmann, F.; Meade-White, K.; Bushmaker, T.; Fischer, R.J.; Okumura, A.;
Hanley, P.W.; Saturday, G.; Edwards, N.J.; et al. A single dose of ChAdOx1 MERS provides protective
immunity in rhesus macaques. Sci. Adv. 2020, 6, eaba8399. [CrossRef]

62. Van Doremalen, N.; Lambe, T.; Spencer, A.J.; Belij-Rammerstorfer, S.; Purushotham, J.N.; Port, J.R.;
Avanzato, V.A.; Bushmaker, T.; Flaxman, A.; Ulaszewska, M.; et al. ChAdOx1 nCoV-19 vaccine prevents
SARS-CoV-2 pneumonia in rhesus macaques. Nature 2020, 586, 578–582. [CrossRef] [PubMed]

63. Olsen, S.C. Biosafety considerations for in vivo work with risk group 3 pathogens in large animals and
wildlife in North America. Anim. Health Res. Rev. 2013, 14, 2–10. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/sciadv.aba8399
http://dx.doi.org/10.1038/s41586-020-2608-y
http://www.ncbi.nlm.nih.gov/pubmed/32731258
http://dx.doi.org/10.1017/S1466252312000217
http://www.ncbi.nlm.nih.gov/pubmed/23286223
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Camelid Taxonomy and General Biology 
	Camelid Study Design 
	Clinical Signs 
	Viral Shedding 
	MERS-CoV Pathologic Lesions 
	Transmission of MERS-CoV amongst Camelids 
	MERS-CoV Vaccination 
	Conclusions 
	References

