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Replicative capacity of Middle East respiratory syn-
drome coronavirus (MERS-CoV) was assessed in cell lines
derived from livestock and peridomestic small mammals
on the Arabian Peninsula. Only cell lines originating from
goats and camels showed efficient replication of MERS-
CoV. These results provide direction in the search for the
intermediate host of MERS-CoV.

oronaviruses (CoV) in the genera Alphacoronavirus and

Betacoronavirus (order Nidovirales, family Coronaviri-
dae, subfamily Coronavirinae) infect a broad range of mam-
mals, including humans (/). The human CoVs (HCoVs)
HCoV-HKU1, HCoV-229E, HCoV-NL63, and HCoV-OC43
typically cause mild to moderate respiratory tract infection;
however, the disease course can be more severe in a minority
of patients. In 2002-2003, an epidemic of severe lower re-
spiratory tract infection with a case-fatality rate of <10% was
caused by severe acute respiratory syndrome (SARS)-CoV
(2). In 2012, another CoV associated with severe respiratory
disease emerged on the Arabian Peninsula and was termed
Middle East respiratory syndrome (MERS)-CoV (3).

Both SARS-CoV and MERS-CoV are zoonotic vi-
ruses, and their presumed origin is in bats. SARS-related
CoVs were identified in Rhinolophus spp. bats in China
and Europe (4,5), and MERS-related CoVs were found
in Pipistrellus bats in Europe and in Neoromicia bats in
South Africa (6,7). As with SARS-CoV, it is expected that
MERS-CoV might be transmitted to humans by an inter-
mediate animal host, and neutralizing antibodies against
MERS-CoV have been found in Arabian camels originat-
ing from Oman, Spain, and Egypt (8,9).

We investigated replication of MERS-CoV in cell
lines of the most abundant mammalian livestock species
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and representative peridomestic small mammals on the
Arabian Peninsula. To estimate MERS-CoV permissive-
ness of cell cultures derived from these animals, we com-
pared MERS-CoV replication and infectious virus produc-
tion with that in bat- and primate-derived cells known to
be permissive for MERS-CoV. The MERS-CoV receptor
dipeptidyl peptidase 4 (DPP-4) is expressed in epithelial
cells of the lung and kidney, and patients with MERS-CoV
consistently show severe involvement of both organs; thus,
we focused on lung and kidney cells in potential animal
hosts (10,11).

The Study

Using enhanced respiratory personal protection
equipment in a Biosafety Level 3 facility, we cultivat-
ed, in parallel, cell lines from goats, sheep, cattle, cam-
elids (dromedary and alpaca), rodents, insectivores, bats,
and human and nonhuman primates (Table). Cells were
checked to ensure the absence of mycoplasma contamina-
tion and genotyped for their species of origin by sequenc-
ing of the mitochondrial cytochrome c subunit oxidase I
gene (/2). All cells expressed DPP-4, as determined by
immunofluorescence staining (Figure 1) and Western blot
analysis (data not shown). Because several of the ungulate
cell lines had not previously been used for viral infection
experiments, we determined permissiveness of all cell
lines for Rift Valley fever virus (RVFV) clone 13, a virus
mutant known to be attenuated yet broadly infectious for
ungulate cell lines (/3). Triplicate infections with multi-
plicities of infection (MOIs) of 0.5 infectious units/cell
resulted in highly consistent levels between cells (maxi-
mal variation 3.2-fold) (Figure 2, panel A). In addition, to
demonstrate the ability of the cells to support CoV repli-
cation, we infected all cell lines in triplicate (MOIs of 0.5)
with bovine CoV strain Nebraska. The strain replicated to
high levels in all cell lines; replication varied by <52.9-
fold, which constitutes small relative variations in light of
the overall levels of replication (Figure 2, panel B). We
conducted MERS-CoV infections under the same condi-
tions and with MOIs of 0.5.

In addition to livestock cell lines, we used rodent,
insectivore, bat, and primate cell lines in the experiments
(Table). Bat and primate cells known to be permissive for
MERS-CoV served as controls. MERS-CoV—-inoculated
cells were incubated for 1 h and then washed twice before
supernatant was harvested (0 h after incubation) (Figure
2, panel C). We quantified virus replication by using the
upE assay (/4), a MERS-CoV real-time reverse transcrip-
tion PCR that screens upstream of the £ gene. Replication
was seen in lung and kidney cell lines derived from goats
(Capra hircus) and in umbilical cord and kidney cells from
camelids (Camelus dromedarius and Llama pacos) (Fig-
ure 2, panel C). Efficient replication (>9.3 log  virus RNA
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Table. Characteristics of mammalian cell lines used in a study designed to narrow the search for the intermediate mammalian host of

Middle East respiratory syndrome coronavirus

Designation Species of origin Mammalian order  Organ of origin Cell type
ZN-R Goat (Capra hircus)* Artiodactyla Kidney Primary
ZLu-R Goat (C. hircus)* Artiodactyla Lung Primary
LGK-1-R Alpaca (Llama pacos)* Artiodactyla Kidney Primary
TT-R.B Arabian camel (Camelus dromedarius)*t Artiodactyla Umbilical cord Immortalized
PO Sheep (Ovis aries)* Artiodactyla Kidney Immortalized
KN-R Cattle (Bos taurus)* Artiodactyla Kidney Primary
KLu-R Cattle (B. taurus)* Artiodactyla Lung Primary
MyglaAEC.B Bank vole (Myodes glareolus)* Rodentia Trachea Immortalized
Crocsu-Lu Lesser white-toothed shrew (Crocidura suaveolens)* Soricomorpha Lung Immortalized
PipNi Common pipistrelle (Pipistrellus pipistrellus)* Chiroptera Kidney Immortalized
A549 Human (Homo sapiens) Primates Lung Immortalized
Vero E6 African green monkey (Chlorocebus aethiops) Primates Kidney Immortalized

*Species of origin was confirmed by sequencing of the cytochrome c subunit oxidase | gene.
tParents and the calf phenotypically resembled C. bactrianus. The most likely explanation is cross-breeding between the 2 species with mitochondria

stemming from a C. dromedarius mother in one of the former generations.

genome equivalents/mL of cell culture supernatant) was
seen in the goat kidney cells; this replication level was sim-
ilar to that in Vero E6 cells (interferon-deficient primate
kidney cells). Goat lung cells, alpaca kidney cells, and
dromedary umbilical cord cells also showed strong repli-
cation, but virus did not replicate in sheep, cattle, rodent,
or insectivore cells. In addition, expression of the receptor,
DPP-4, was confirmed in all cells, including the nonper-
missive sheep, cattle, rodent, and insectivore cells.

After following virus growth in all permissive cells for
another 20 h, we harvested supernatants and, to confirm
the production of infectious virus particles, we titrated the
supernatants by using a plaque assay in Vero cells. MERS-
CoV replication was seen in all permissive cells except TT-
R.B (Figure 2, panel D), and all permissive cells showed
cytopathic effects. The highest production of virus particles
was in goat lung and kidney cells (1.0 x 107 and 2.7 x 10°
PFU/mL, respectively). This level of replication was com-
parable to that in human lung cells (A549) and Vero E6
(Figure 2, panel D).

Conclusions

Transmission of MERS-CoV between humans is still
limited, and the identification of an intermediate animal
host could enable the development of public health mea-
sures to prevent future spread of the virus among humans.
Although MERS-CoV neutralizing antibodies have been
detected in camels from Oman, Spain, and Egypt, the vi-
rus has not previously been detected in camels (8,9). An
informed focusing of investigations on a select group of
species, such as camels, could benefit epidemiologic inves-
tigations. To identify potential intermediate host species
of MERS-CoV, we used in vitro testing to determine virus
permissiveness in select cell culture models. In general,
cell lines cannot depict the full pathogenicity of in vivo
infection because infection is influenced by epithelium-
specific differentiation of target cells and the presence of
immune cells. However, for viruses such as CoVs, whose
tropism is believed to be determined mainly by the avail-
ability of an appropriate entry receptor (/0), epithelial cell
cultures could indeed constitute valid surrogates of virus

Figure 1. Immunofluorescence staining of the Middle East respiratory syndrome coronavirus receptor dipeptidyl peptidase 4 (DPP-4; rabbit
anti-CD26/DPP-4 polyclonal antibody; Bioss Inc., Woburn, MA, USA) in cell lines used to guide the search for the intermediate host of the
virus. Counterstaining of nuclei was done by using 4',6-diamidino-2-phenylindole. Cell lines: A) ZN-R, B) ZLu-R, C) LGK-1-R, D) TT-R.B,
E) PO, F) KN-R, G) KLu-R, H) MyglaAEC.B, ) Crocsu-Lu, J) PipNi, K) A549, and L) Vero E6. Magnification 400-fold.
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Figure 2. Analysis of the replication of Rift Valley fever virus (RVFV) clone 13 (A), bovine coronavirus (BCoV) (B), and Middle East
respiratory syndrome coronavirus (MERS-CoV) (C) and of the production of infectious MERS-CoV particles (D) in cell lines derived
from livestock and peridomestic small mammals on the Arabian Peninsula. Cell lines of human, bat, and primate origin were used as
controls. Replication levels for each virus used are given as log of the genome equivalents (GEs) (A-C) or as plaque-forming units
(PFUs). Vertical bars indicate ranges; horizontal bars indicate cell line origins. Using panel C as a reference, symbols represent (left
to right) goat, alpaca, Arabian camel, sheep, cattle, bank vole, shrew, bat, human, and African green monkey. ND, not detected; hpi,

hours postincubation.

permissiveness in vivo. With these limitations in mind, our
results are in concordance with the findings of MERS-CoV
neutralizing antibodies in camels and with information re-
garding patient contact with animals in reports of 2 human
cases of MERS-CoV infection (/1,15). One of the patients
owned a farm on which camels and goats were kept. Before
onset of his own illness, the patient reported illness in sev-
eral goats on his farm. The patient did not have direct con-
tact with animals, but he reported having eaten goat meat
and having had contact with one of the animal caretakers,
who suffered from respiratory disease (/5). The second pa-
tient reported direct contact with a diseased camel shortly
before onset of his symptoms (/7).

In our study, production of infectious virus particles
was seen in goat lung and kidney cells and in camelid kid-
ney cells. Excretion patterns indicative of kidney infection
should be investigated once further clues to the identity of
the MERS-CoV animal reservoir become available. Our
preliminary findings suggest that ungulates, such as goats
and camels, are a possible intermediate host of MERS-
CoV; thus, exposure to urine and feces from these animals
might constitute a source of human infection. Moreover,
food products derived from these animals (e.g., meat and
milk) should be tested for their potential to transmit MERS-
CoV. The results of our study suggest that investigations
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into the MERS-CoV animal reservoir and intermediate host
should focus on caprid (e.g., goats) and camelid hosts, and
we identified several new cell lines for use in virus isola-
tion studies.
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