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Dominated by RNA viruses
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Situation in Saudi Arabia
Vero

Since the beginning of 2015, Saudi Arabia has reported 428 cases (Figures 4 and 5) and 264 (62%) of these cases
have been reported from Riyadh.

Vero HCoV-EMC

Since the risk assessment of 27 August 2015, Saudi Arabia reported 90 additional cases from Riyadh (67), Madinah
(7), Najran (4), Alkharj (3), Jeddah (3), Namas (2), Qweiyah (2), Aloyoon (1) and Dawadmy (1).
Twenty-four (27%) of the 90 new cases were healthcare workers from Riyadh (19), Jeddah (1) and Madinah (4).
There were equal number of healthcare workers in both gender groups. The median age for the healthcare
workers was 31 years ranging from 24 to 77 years.
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Figure 4. Distribution of MERS cases by reporting city, Saudi Arabia, 1 January – 13 October 2015
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Thirty of the 66 non healthcare worker cases reported contact to a previously confirmed case either in the hospital
or in the community, while for other 36 cases, the route of transmission is either not known or under review.
Seven cases had a history of frequent contact with camels and consumption of their raw milk. This current
distribution of cases by source of infection reflects the situation reported by the health authorities in Saudi Arabia
where the majority of the cases were identified as primary cases followed by healthcare-acquired infection and
infections in healthcare workers. (Figure 6)
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MERS-CoV in people is the result of multiple
independent, geographically structured, zoonotic events
in the Middle East.4,19
Possible animal reservoirs need to be identified to
determine how circulation of MERS-CoV is maintained
and to break the chain of transmission.20 MERS-CoV can
infect cells of several species, including human beings
and bats.14 The functional receptor is conserved between
species, suggesting that receptor use is not an important
barrier to cross-species transmission.21 Data for exposure
history of patients are scarce, but suggest contact with
livestock, including dromedary camels and goats.2,4,5 Food
and Agriculture Organization data from
6 2011 show that
cows, goats, sheep, and dromedary camels are the main
sources of meat and milk in Jordan, Saudi Arabia, and
United Arab Emirates.22
Serological studies are best suited to screen animal
populations, but have not yet been reported for
MERS-CoV in animals, although several methods have
been described for testing antibodies of people.23,24 For
specificity, WHO recommends use of a combination of
screening assays with recombinant spike protein, and
confirmatory testing by neutralisation assays. Here, we
describe antibody profiling of serum samples from
major livestock species that might be relevant to the
epidemiology of MERS-CoV in the Middle East, using
samples collected from herds inside and outside the
region.

Methods

Serum sample collection
We sampled a cohort of 105 dromedary camels (Camelus
dromedarius) from two herds on the Canary Islands.
50 were male, 55 were female, 88 were adults, nine
were age 3–4 years, seven were age 2 years, and one was
age 3 months. Both herds had the same owner, with
frequent exchange of animals between the herds. One
herd is from a coastal dune habitat with no other
livestock, while the other herd is in an inland valley
close to a tropical fruit farm, in particular mango and
papaya—which could attract fruit bats—and nearby
(roughly 500 m) to horse and goat farms with 25 and
300 animals, respectively. The camels were born in the
Canary Islands except for three adults, which were
imported from Morocco.25 The camels are used in the
tourist industry. 80 sera were taken April–June, 2012,
nine in May, 2013, and 16 paired sera were taken in
these months in 2012, and 2013, all for routine
veterinary purposes. Samples were obtained by jugular
puncture.
50 female dromedary camels from Oman were
sampled in March, 2013. The camels were
aged 8–12 years and belonged to diﬀerent owners
from separate locations. The camels are retired
racing camels now used for breeding, and blood was
taken by jugular puncture for routine screening for
brucellosis.

Origin of the virus and source of infection

Ithete et al. EID 2013

bats

Fig. 3. Phylogenetic relationships between coronaviruses and bat hosts. Details of the phylogeny shown in Fig. 2 for the genera Alpha- and Betacoronavirus. ICTV species are
given to the right of clade designations and bat symbols, when applicable. Virus designations include strain names, GenBank accession numbers and host information as the
first three letters of the latin genus and species names. Bat viruses are shown in red. Boxes indicate Alpha- and Betacoronavirus genera, according to the coloring in Fig. 2.
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or potentially civets (Balboni et al., 2011; Drexler et al., 2010; Lau
et al., 2010a, 2005; Li et
al., 2005; Ren et al., 2006; Rihtaric et al.,
60 000
2010; Yang et al., 2013). These human, civet and bat viruses are
now officially summarized by the ICTV in one species, termed
SARS-related coronavirus (de Groot et al., 2012).
50 000
The genomic relatedness of human and bat SARS-related coronaviruses is greatest in the ORF1ab, while a bat ancestor containing
the structural proteins of human SARS-CoV has so far not been detected. Bat SARS-related40coronaviruses
fail to interact with the hu000
man SARS-CoV receptor molecule ACE2, possibly associated with
small deletions in their receptor-binding domain (RBD), compared
to human SARS-CoV (Li, 2013; Ren et al., 2008). In line with these
30 000
differences, a bat SARS-related
coronavirus synthesized by reverse
genetics was only infectious in cell culture and mice when the
spike gene was exchanged by the human SARS-CoV homologue
(Becker et al., 2008). Because
the RBD of European rhinolophid
20 000
bat SARS-related coronaviruses was more related to that of the human SARS-CoV than the RBD from Chinese bat viruses (Drexler
et al., 2010), recombination may have played a role in the emer10 000
gence of the human pathogenic
virus.

However, not all rhinolophid bat species have been tested for
SARS-related coronaviruses. For example, only 12 of the at least 19
rhinolophid bat species that occur in China have been tested and
SARS-related coronavirus sequence information is only available
from 5 of these species (Lau et al., 2005; Li et al., 2005; Poon
et al., 2005; Tang et al., 2006; Woo et al., 2006, 2007; Yang et al.,
2013; Yuan et al., 2010). Therefore, further studies of Rhinolophus
species in Africa, Europe and Asia may provide more insight into
the ancestral bat viruses that were the source of the emergence
of human SARS-CoV.
It should also be mentioned that the Hipposideros betacoronaviruses detected in Africa and Asia are clearly distinct from SARS-related coronaviruses. These viruses can be distinguished by both
sequence distance-based taxonomic approaches described above.
Additionally, the phylogenetic position and genomic properties of
the unclassified Hipposideros betacoronaviruses differ from SARSrelated coronaviruses. These genomic properties include chiefly
their different viral 3’-genome ends and accessory ORFs downstream from the membrane gene in the Hipposideros CoVs (Pfefferle
et al., 2009; Quan et al., 2010).
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Figure 1: Reactivity of livestock sera with three coronavirus S1 antigens
Fluorescent intensities per antigen at a serum dilution of 1/20. Black lines indicate median. Dashed line is cutoﬀ of the assay. RFU=relative fluorescence units.
SARS-CoV=severe acute respiratory syndrome coronavirus. HCoV=human coronavirus. MERS-CoV=Middle East respiratory syndrome coronavirus.
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Dromadary camels
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MERS-CoV evolution in camels

came from wholesale markets (tables S1 and S2),
where indigenous camels mixed with camels imported from Sudan and Somalia. Local camels
had significantly higher positive rates for MERSCoVs and other CoVs than did imported camels
(Pearson’s c2 test, P < 0.05; tables S1 and S2).

Three CoV species were detected in dromedary
camels: MERS-CoV (betacoronavirus, group C);
betacoronavirus 1 (betacoronavirus, group A); and
human CoV 229E (alphacoronavirus) (fig. S1).
Viruses from the latter two species are designated as camel b1-HKU23-CoVs and camelid

a-CoVs, respectively. Although CoVs were detected
almost year-round in these animals, a relatively
higher prevalence of both MERS-CoV and camelid
a-CoV was observed from December 2014 to
April 2015 (tables S1 and S2). Juvenile camels (0.5
to 1 year old) had the highest levels of respiratory
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Fig. 1. Genomic recombination in MERS-CoVs. Only the variable sites
(variants shared by more than two sequences; see the supplementary
materials) were used for (A) and (B). (A) A rescaled structure of the MERSCoV genome (top) with consensus nucleotides, and any corresponding amino
acid substitutions, that are phylogenetically informative in defining the lineages
(bottom) (15). Nucleotides common with lineage 5 are highlighted (nucleotide
substitution C26167T results in amino acid substitution P106S in ORF4b). The
likely exchanged region is shaded blue. (B) Bootscanning recombination analysis
based on the variable genomic sites. The dashed line indicates 70% bootstrap
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support. (C) Maximum-likelihood phylogenetic trees inferred for the outer (left)
and inner (right) nonrecombinant regions, indicating that lineage 5 is a recombinant of lineages 3 and 4. A subset of sequences from each lineage was
used. Camel viruses are indicated by red circles; those sequenced in this study
are shown in red text. Shimodaira-Hasegawa–like branch test values and Bayesian
inference clade probabilities >0.9 (indicated by asterisks) are shown at selected
lineages. Branch lengths reflect the number of nucleotide substitutions per site,
and the trees were rooted by Camel/Egypt/NRCE-HKU205/2013. The inset tree
was inferred using all available MERS-CoV genomic sequences (n = 164; fig. S2).
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dix. Fever and cough were the most common dehydrogenase were observed in all the patients.
symptoms. The white-cell count was normal or Bilateral ground-glass opacities and consolidaslightly decreased. Elevated levels of aspartate tion were detected on chest radiography (Fig. 3).
aminotransferase, creatine kinase, and lactate
Several complications of the illness were ob-
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Implications for immunological
cross-protection

RT-PCRs that would have equal sensitivity for seasonal
human and swine-origin H3N2 viruses, should not be
promoted at this stage because these procedures may
fail to recognise cases of S-Otr H3N2 virus infection.
Hence, for accurate detection and surveillance, specific RT-PCR methods should be developed, or alternatively, predefined algorithms with already existing
discriminating molecular tools need to be implemented
[9]. Lastly, the NA and M2 sequences available from
the recent isolates suggest that, as for the influenza
A(H1N1)pdm09 virus, antiviral drugs that block the
M2 ion channel will not be effective because the M2
sequence carries the S31N mutation associated with
resistance. No known genetic markers for resistance to
NA inhibitors have been detected in these new strains
so far. This should be confirmed by phenotypic assays.

In case of the emergence of a zoonotic virus with an
HA derived from previously circulating human viruses,
it needs to beH1N1v
established whether or not infections
with human influenza
in the past seasons or
triple viruses
reassortant
vaccinations confer cross-protection against the new
viruses. Indeed, during the recent pandemic in 2009,
it was observed that upon infection or vaccination of
elderly people previously exposed to influenza A(H1N1)
viruses that shared common epitopes with the emerging pandemic virus, efficient cross-protection was
induced through memory immune cells [10]. The comparison of the five antigenic domains of past influenza
A(H3N2) human viruses with those of the S-Otr viruses
showed similarities and differences. Hence, it is impossible to predict if pre-existing immunity will be efficient
against this virus, even if it seems likely that some
cross-protection will exist; seroepidemiological surveys should be carried out to support or disprove this

H3N2v swine influenza viruses

Figure 1
Phylogenetic analysis of the haemagglutinin genes (nt 72-1,038) of 26 influenza A(H3N2) viruses (vaccine strains and S-Otr
viruses)
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•
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human viruses

A/England/42/72
A/mallard/Mississippi/360/2010
0.05

The evolutionary history and divergence were inferred using the neighbour-joining method. They were computed in MEGA5 (version 5.0),
using the Tamura-Nei method and are in the units of the number of base substitutions per site. The percentages of replicate trees in which
the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches. The analysis involved 26
nucleotide sequences and a total of 966 positions in the final dataset. The molecular data set was collected from GISAID.
The arrow shows the human strain with the closest homology (5.5% of divergence). The strains in light blue have less than 8% divergence
with the S-Otr viruses, those in dark blue have more than 8% divergence.

www.eurosurveillance.org

3

Intrinsic viral determinants

determinants of cell and host infection

17

SARS-CoV Evolution
Spike protein
2003

Patients 2003

HIGH PATHOGENIC

Patients 2003
EPIDEMIC
Civets 2003

2004

LOW PATHOGENIC

Civets 2004
PROTOTYPE

Civets & racoons 2004
S gene maximum likelihood PAUP
Kan et al. 2005 JV 79:11892

SARS-CoV Receptor specificity

S RBD

Holmes 2005 Science 309:1822

Adaptation to humans
involves strong interaction
with hACE2
ACE2
Li & al.2005 Science 309:1824

van Doremalen et al.

MERS-CoV Receptor specificity

van Doremalen et al.
van Doremalen et al.

DPP4 phylogeny
MERS coronavirus transmission Reusken et al. 57

Figure 1

Human
73

Rhesus macaque

100

Marmoset

64

Rabbit

52

Horse
50

Cattle
100

Sheep
100

Pig
90

Camel
Dog
85

Ferret

100

Cat
57

Rat
73

Mouse

100

Hamster
Bat
0.02
Current Opinion in Virology

Phylogenetic tree based on a DPP4 fragment containing the S1 binding region (residues 246–504 of 16 different species). Sequence alignment
was performed by using ClustalW in the MEGA5.0 software package (www.megasoftware.net), and the trees were constructed by using the
neighbor-joining method with P distances (gap/missing data treatment; complete deletion) and 1000 bootstrap replicates as in MEGA version
5.0. Known MERS-CoV susceptible species (green), non-susceptible species (red) and unknown (black).

FIG 4 Interaction between MERS-CoV spike protein and DPP4s of different mammalian species. (A) Cartoon representing the binding between human DPP4
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camels for slaughter in Qatar might indicate limited immutagenized hamster and human DPP4s. The DPP4 homology models were constructed using the human DPP4 structure (PDB ID 4K

Reusken et al.2016 Curr Opin Virol
limited period of time (up to 7 days) in the field and under
experimental conditions while in the latter situation excretion of viral RNA could be detected for up to 35 days
[40,53!]. Mild disease of the upper respiratory tract or no
overt disease has been observed in young and adult camels
naturally infected with MERS-CoV [38,39!,48,49!,50!].

MERS-CoV Receptor expression
Erasmus MC Tissue Bank under ISO 15189:2007 standard operating procedures. Use of these materials for research purposes is
regulated according to reference 17. Dromedary camel tissue samples were obtained from animals used in an experimental MERSCoV infection (18). DPP4 immunohistochemistry staining of
these 3-!m-thick FFPE tissue sections was then performed. Antigen was retrieved by boiling these sections in 10.0 mM citric acid
buffer, pH 6, for 15 min in a 600-W microwave. Endogenous
peroxidase was blocked by incubating the slides with 3% hydrogen
peroxidase for 10 min. DPP4 was detected with 5 !g/ml polyclonal goat IgG anti-human DPP4 antibody (R&D Systems,
Abingdon, United Kingdom), while negative controls were
stained with normal goat serum (MP Biomedicals, Santa Ana, CA,
USA) in equal concentrations. This primary antibody staining was
done overnight at 4°C. Secondary antibody staining was performed with peroxidase-labeled rabbit anti-goat IgG (Dako,
Glostrup, Denmark) at a 1:200 dilution for 1 h at room temperature. The sections were then treated with 3-amino-9-ethylcarbazole (Sigma-Aldrich), counterstained with hematoxylin, and embedded in glycerol-gelatin (Merck, Darmstadt, Germany).
In the human respiratory tract tissue samples, DPP4 was detected in the lower part, i.e., alveolar epithelial cells and macrophages but mostly type II alveolar epithelial cells (Fig. 1). In addition, DPP4 expression was also detected to a limited extent on the
apical surface of the terminal bronchioles and bronchial epithelium of two lung samples and one bronchus sample. In sharp
contrast, DPP4 was not detected in any of our nasal respiratory
and olfactory epithelium or trachea samples (Fig. 1). In the submucosal layer of these tissue samples, DPP4 was detected in the
serous glandular epithelium, inflammatory cells, and vascular endothelium. In contrast to humans, DPP4 was detected in the ciliated epithelial cells of the upper respiratory tract epithelium of
dromedary camels (Fig. 1). Additionally, it was also present in the
ciliated epithelial cells of the tracheal and bronchial epithelium of
these animals. However, in the alveoli, it was detected mostly in
the endothelial cells and barely in the alveolar epithelial cells.
Therefore, we conclude that there is differential expression of
DPP4 in the respiratory tracts of humans and dromedary camels.
The absence of DPP4 in the upper respiratory tract epithelium of
humans may keep MERS-CoV from replicating efficiently here.
To confirm the localization of DPP4 expression, we performed in
situ hybridization to detect mRNA transcripts. On the RNAscope
platform (19) with commercially available probes for DPP4,
mRNA was detected in human submucosal glands but not in the
nasal epithelium (Fig. 2A and B). Probes for ubiquitin C and DapB
(Advanced Cell Diagnostics, Hayward, CA, USA) were used as
positive and negative controls, respectively. Ubiquitin C is encoded by a housekeeping gene and is abundantly present in human tissue, while DapB is encoded by a bacterial gene and should
not be present in healthy human tissue.
Alternatively, other as-yet-unidentified MERS-CoV receptors
may localize in the upper respiratory tract. To investigate the presence of such receptors, we performed immunohistochemistry
staining of frozen human tissue material with the spike S1 protein
of MERS-CoV. The spike protein is one of the structural proteins
that form the outer layer of the MERS-CoV particle and bind to
DPP4 (15). By fusion of the MERS-CoV S1 protein to the mouse
IgG2a Fc fragment (mFc-S1 MERS), binding of the S1 protein to
cells or proteins in human tissue sections could be investigated.
The S1 protein of coronavirus OC43 was used as a positive con-

DPP4 expression

DPP4 Expression in Camel and Human Respiratory Tracts

FIG 1 DPP4 expression in the upper respiratory tracts of camels and humans.
Widagdo
al.2016
JVI camel respiDPP4 immunohistochemistry
staininget
of human
and dromedary
ratory tissue samples was performed; kidney tissue was used as the positive
control. Nose, trachea, bronchus, and kidney samples, "200 magnification;
bronchiole, terminal bronchiole, and alveolar samples, "400 magnification.
Positive staining is red.

trol, since this virus is commonly known to cause upper respiratory tract infection in humans (20). Meanwhile, as a negative control, we used the S1 protein of porcine epidemic diarrhea virus
(mFc-S1 PEDV) and mouse isotype antibodies (Dako, Glostrup,
Denmark). Additionally, immunohistochemistry with mouse
monoclonal antibody (MAb) against human DPP4 (anti-DPP4
MAb; Santa Cruz Biotechnology, Dallas, TX, USA) was performed
to further confirm the absence of the MERS-CoV receptor in the
same nasal epithelium. Frozen human nose and kidney tissue
samples for this experiment were also obtained from the Erasmus
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Figure 3 | Evasion of the innate immune response by SARS-CoV and MERS-CoV. a | Nature Reviews | Microbiology
activated by the detection of viral pathogen-associated molecular patterns (PAMPs), such as double-stranded RNA
(dsRNA) or uncapped mRNA. This occurs via host pattern recognition receptors (PRRs), such as retinoic acid-inducible
gene I protein (RIG-I) and melanoma differentiation-associated protein 5 (MDA5), potentially via dsRNA-binding
partners such as IFN-inducible dsRNA-dependent protein kinase activator A (PRKRA). Following PRR-mediated
detection of a PAMP, the resulting interaction of PRRs with mitochondrial antiviral-signalling protein (MAVS) activates
nuclear factor-κB (NF-κB) through a signalling cascade involving several kinases. Activated NF-κB translocates to
the nucleus, where it induces the transcription of pro-inflammatory cytokines. The kinases also phosphorylate (P)
IFN-regulatory factor 3 (IRF3) and IRF7, which form homodimers and heterodimers and enter the nucleus to initiate the

de Wit et al.2016 Nature Rev Microbiol

Middle East respiratory syndrome coronavirus (MERS-CoV) have developed mechanisms to interfere with these
signalling pathways, as shown; these subversion strategies involve both structural proteins (membrane (M) and

indicated in the figure by just their nsp numbers and letters). b |
α/β
receptor (IFNAR), activates the Janus kinase (JAK)–signal transducer and activator of transcription (STAT) signalling
pathway, in which JAK1 and TYK2 kinases phosphorylate STAT1 and STAT2, which form complexes with IRF9. These
complexes move into the nucleus to initiate the transcription of IFN-stimulated genes (ISGs) under the control of
promoters that contain an IFN-stimulated response element (ISRE). Collectively, the expression of cytokines, IFNs and
ISGs establishes an antiviral innate immune response that limits viral replication in infected and in neighbouring
cells. Again, viral proteins have been shown to inhibit these host signalling pathways to evade this immune response.
IκBα, NF-κB inhibitor-α.

STAT1, degradation of host mRNAs and inactivation
of the host translational machinery through a tight
association with the 40S ribosomal subunit 77–80. Nsp1
of MERS-CoV also inhibits the translation of mRNAs
and induces mRNA degradation, although the translational inhibition is achieved through a different mechanism than ribosome binding, which selectively targets
the translation of nuclear mRNAs and thereby spares
cytoplasmic viral mRNAs81.
SARS-CoV ORF3b inhibits the production of type I
IFN, the phosphorylation of IRF3 and gene expression
from an ISRE promoter 82,83. SARS-CoV ORF6 also
blocks the nuclear translocation of STAT1 (REF. 83).

Both nsp7 and nsp15 from SARS-CoV were also
suggested to be IFN antagonists, but the underlying
mechanism is unknown73. nsp15 is an inhibitor of MAVSinduced apoptosis; however, this occurs through an
IFN-independent mechanism84. Finally, transcriptomic
and proteomic analysis of human airway cell cultures
showed that MERS-CoV but not SARS-CoV induces
repressive histone modifications that downregulate the
expression of certain ISGs85.
It should be noted that most of the interactions
of SARS-CoV and MERS-CoV proteins with innate
immune pathways were established in in vitro systems, which rely on the overexpression of viral and,
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H7N9 transmissibility in ferrets

H7N9 Influenza Viruses 2013-2015

avian precursor

1st wave

3rd wave

Downloaded from http://jvi.asm.org/ on June 21, 2017 by INSTITUT PASTEUR-Bibliot

2nd wave

! Increased respiratory droplet transmission for 3rd wave viruses

FIG 2 Transmissibility of H7N9 viruses in ferrets. Three ferrets were inoculated with 106 PFU of virus, and nasal washes were collected from each ferret on the
indicated days p.i. (solid bars). A naive ferret was placed in a cage with perforated side walls adjacent to each inoculated ferret 24 h p.i. (A to D) or in the same

Belser et al 2016cage
JVIas an inoculated ferret (E and F), and nasal washes were collected from each contact ferret on the indicated days p.c. (hatched bars) to assess virus
transmission. Avian precursor (Shv/Egypt/07) (A), first-wave (Taiwan/1/13) (B), second-wave (HK/5942/13) (C and E), and third-wave (BC/1/15) (D and F)
H7N9 influenza viruses were tested. The limit of virus detection was 100 PFU.

taining a virulent phenotype in mice, resulted in reduced
morbidity and systemic spread of virus in ferrets compared with
other H7N9 viruses associated with human infection (Table 5), in
agreement with a prior study which also reported enhanced viru-

other Eurasian and North American lineage H7 subtype viruses in
their absence of an ocular tropism, which is typically observed
with this subtype (49). Despite maintaining a strong tropism for
the respiratory tract, the frequency of H7N9 virus detection in
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H7N9 fusion pH threshold
H7N9 Influenza Viruses 2013-2015

FIG 4 pH fusion threshold of H7N9 viruses. The hemolysis of turkey red blood cells following incubation with influenza virus or PBS mock-treated control at
the indicated pH values was measured by optical density (OD) at 405 nm. The percentage of maximal hemolysis at each pH value was expressed as the average
! Lower
pH threshold
3rd wave
H7N9
viruses
from three independent repeats. Solid shapes,
first-wavefusion
H7N9 viruses;
open shapes,for
second-wave
H7N9
viruses;
cross-hatch marks, third-wave H7N9 viruses.
Belser et al 2016 JVI
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(A) Ferrets were infected with 5 3 105 PFU of GD/3, rGD/3-NA294R, rGD/3-NA294K, Anhui/1, or CA04 (inoculated ferrets). One day later, four or two naive ferrets
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Decay of Middle East respiratory syndrome coronavirus
(MERS-CoV) on plastic and steel surfaces at different
temperatures and percent humidity

Transmission

Figure 2
Aerosol stability of Middle East respiratory syndrome
coronavirus (MERS-CoV) and A/Mexico/4108/2009
(H1N1) virus under different relative humidity conditions*
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Discussion

and Italy. In these clusters, initial cases had a recent

travel history to the Middle East and subsequently
Efficiency of replication
infected secondary cases [2-5]. In addition, the largest cluster with suspected human-to-human transmis-

sion of MERS-CoV has been observed in Saudi Arabia
Fitness and competitiveness
and is epidemiologically linked to healthcare facilities,
suggesting nosocomial transmission [16]. The recent
identification of the potential circulation of MERS-CoV
in dromedary camels could indicate that both zoonotic
and human-to-human transmission is involved in the
ongoing spread of MERS-CoV [17,18].

Escape host response

Virus population diversity

Here we show that compared to A/Mexico/4108/2009
(H1N1) virus, MERS-CoV remains viable for a longer
duration in the environment. After four hours no viable
A/Mexico/4108/2009 (H1N1) virus was detected in comparison to 8, 24 or 48 hours for MERS-CoV depending
on environmental conditions (Figure 1, panels A and D).
MERS-CoV was very stable in aerosol form at 20°C –
40% RH. The decrease in viability at 20°C – 70% RH
(89%) was comparable to that of A/Mexico/4108/2009
(H1N1) virus. Severe acute respiratory syndrome coronavirus (SARS-CoV) has been reported to stay viable
for up to five days at 22 to 25°C and 40 to 50% RH
and increase in temperature and humidity resulted in
a rapid loss of viability [19]. Although a comparison
between different experimental studies should be
approached cautiously, the relative stability of MERSCoV at 20°C – 40% RH and the rapid decrease in virus
viability at higher temperatures and higher humidity
suggests that MERS-CoV and SARS-CoV share relatively
similar stability characteristics. Although the route of
transmission for MERS-CoV is currently unknown, the
spread of MERS-CoV between people in close contact
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virus
yield,
..)United Kingdom, France
mission
have occurred
in the
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Virus titre in log10TCID50/ml
Virus genome copies log10TCID50 equivalents/ml
Error bars represent standard deviation.

van Doremalen et al, 2015 Eurosurveillance
* = p-value < 0.05; ** = p-value < 0.01.

TCID50: tissue culture infective dose 50.
106 TCID50/ml of MERS-CoV (panel A) and A/Mexico/4108/2009
(H1N1) (panel B) were aerosolised and viability was determined by
titration on VeroE6 cells (for MERS-CoV) or Madin-Darby canine
kidney (MDCK) cells (for A/Mexico/4108/2009 (H1N1) virus), and
compared to TCID50 equivalents derived by quantitative real-time
polymerase chain reaction (qRT-PCR).
TCID50 equivalents were extrapolated from standard curves
generated by adding dilutions of RNA extracted from a MERS-CoV
stock with known virus titre in parallel to each run.

other intrinsic factors to consider
www.eurosurveillance.org
Survival in the environment

3

H5N1: in dejections (7d at 20°C, 35d at
4°C);water (105d)
MERS

Ability to infect/disseminate w/in host
(replication site, virus yield, ..)
Efficiency of replication
Fitness and competitiveness
Escape host response
Virus population diversity (quasispecies)

10-2
10-3
10-4
10-5
10-6
10-7
10-8

N=27
median 0.43

N=31
0.1

N=36
1.1

sH1N1 H3N2 pH1N1
higher mutation frequency for
pH1N1

Barbezange et al, unpublished

Annex 3
Table 1:

Key molecular markers associated with infectivity, pathogenicity and

antiviral Pathogenicity
susceptibility of avian influenza A(H7N9)
viruses isolated from the fifth wave
H7N9
determinants
Gene

Mutation

Human isolates

Environmental isolates

V

81

2

L

80

2

I

1

0

A

80

2

T

1

0

R

79

2

K

2

0

E

20

2

K

59

0

V

2

0

D

71

2

N

10

0

K

65

1

R

16

1

I

5

0

V

76

2

11AA

3

1

34AA

10

0

87–90 amino

76AA

3

0

acids in length

87AA

1

0

90AA

62

1

101AA

2

0

N

75

2

S

6

0

V

68

2

A

13

0

G186V
HA

Receptor binding site

Q226L/I

A246T
NA

Related to drug resistance
R292K

Increased virulence in mice

PB2

E627K

Enhanced transmission in

D701N

guinea pigs
species-associated signature

K702R

positions
Increased transmission in
PB1

I368V

Ferret

Increased pathogenicity in mice
PB1-F2

altered virulence and antivirus
response in mice
species-associated signature
positions
increase the polymerase
PA

V100A

L336M

L

81

2

species-associated signature

K356R

R

81

2

positions

S409N

N

81

2

D92E

D

81

2

altered antiviral response in

N205S

S

81

2

host

G210R

G

81

2

activity in mice

altered virulence in mice
NS1

N66S
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Conclusions
• Evalua1on of zoono1c poten1al
– based on known determinants
(CDC inventory hVp://www.cdc.gov/ﬂu/pdf/avianﬂu/h5n1-inventory.pdf)

– importance of gene1c context
– importance of gene constella1ons

à consider knowledge about gene1c lineage

• Challenges and uncertain1es
–
–
–
–

level of preexis1ng immunity
level of of asymptoma1c infec1ons
poten1al for reassortment
gene1c suscep1bility of the popula1on ini1ally exposed

• Mul1ple complementary sources of informa1on required
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Extrinsic Factors
Host and Environment
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SEX-SPECIFIC DIFFERENCES IN SARS PATHOGENESIS

was detected using rabbit anti-N protein (1:1000) (IMG548;
ollowed by labeling with biotinylated goat anti-rabbit IgG
ples were developed with 3,3’-diaminobenzidine for 3 min.

ion studies

month-old male and female B6 mice were treated i.p. with antione MC21, 25 mg per mouse, i.p. in 250 ml PBS) at 26 h and
(16).

with flutamide, tamoxifen, and ICI 182, 780

8–9 mo) were treated with flutamide (20 mg/kg, in corn oil,
26, 24, 22, and 0 of MA15 infection. Female mice (8–9 mo)
with tamoxifen (1 mg per mouse, i.p.) or ICI 182, 780 (1 mg
p.) in corn oil on days 26, 24, 22, and 0 p.i. Equal volumes
were used as vehicle control (37). Mice were infected with
MA15. Of note, ICI 182, 780 treatment did not change the
iol levels in naive female mice (Supplemental Fig. 1B).

interaction term. Because the outcome variables generally followed a rightskewed distribution, we used a log-link function so that the modeling assumptions are appropriately satisfied by the data. In all models, time period
was one of the two main effects. The other variable is the comparison of
interest (i.e., sex, titer, or group). In some analyses, data sets cover multiple
strata, so we fit each model to obtain estimates for each level of the variable of interest for each time point within each stratum. The comparisons
at each time point are estimated and have corresponding p values, which
can be used to determine statistical significance by comparing to the cutoff
value a = 0.05/n (n is the number of comparisons made within a time point
and stratum).

Host determinants

Results

4

inear modeling framework. Similar to a two-way ANOVA, all
dered contained two main effects variables along with their

Virus titers and lung pathology in
ed mice. Nine-month-old male and
were infected with 5000 PFU MA15,
ere analyzed for titer (A), viral Ag
e lungs at different times p.i. (original
n 310) (B), gross pathology and vasin lungs of naive and MA15-infected
male mice on day 4 p.i. (C), and hisive and MA15-infected male and fen day 4 p.i. (D). (E) Lung inflammation
cores were determined at day 4 p.i.
re derived from four or five mice per
Data are representative of two indeeriments. Statistical significance was
s described in Materials and Methods.

MERS-CoV infection (20, 22), we then investigated whether sexspecific differences in disease outcomes were age dependent. For

Male mice are more susceptible to SARS-CoV

Channappanavar et al 2017 JVI

Downloaded from http://www.jimmunol.org/ by guest on November 5, 2017

Male mice are highly susceptible to SARS-CoV infection
• Pre-existing
immunity
To examine sex-specific differences following SARS-CoV infection, we initially infected 8–10-mo-old male and female B6 mice
• Genetic
with susceptibility
different doses of MA15 and (e.g.
monitored IFITM3)
morbidity and
n of serum estrogen levels
mortality (Fig. 1A). Male and female mice infected with 1250 PFU
MA15 were
completely protected
from SARS. However, increas• as perAge
≠ H5N1,
H7N9)
iol concentration was measured by ELISA,
the man- (e.g.
nstructions (Enzo Life Sciences).
ing the MA15 infection dose to 5000 PFU resulted in ∼90%
mortality
in
male
mice
compared
with
mortality in females
analysis
• Sex (Fig. 1A). Further, at 10 PFU, all male∼20%
mice died, whereas ∼40%
nificance for survival studies was calculated using the log-rank
of the females survived MA15 infection (Fig. 1A). Because CFRs
) test with 95% confidence interval (CI).•Statistical
analyCo-morbidities
of men and women varied with age following SARS-CoV and
est of the figures (Figs. 2, 3, 4A, 4C, 7A, 7C) fall under the

Popula4on densi4es

Mapping the Global Distribution of Livestock

Source: Source: CIESIN; CIAT)
68

Robinson et al, 2014 PLoS One

cable

pig

poultry

ducks

L. A. Reperant et al.

Fig. 3 a Number of highly
pathogenic avian influenza
outbreaks in poultry since the
1950s (gray bars) and trends
in global poultry meat
production (black points).
b Number of new swine
influenza virus lineages
detected in pig populations
since 1930 (gray bars) and
trends in global swine meat
production (black points).
c Number of documented
avian (black bars) and swine
influenza virus lineages (gray
bars) in humans since 1970.
Subtypes are indicated for
each decade; sw swine
influenza virus; av avian
influenza virus. Modified
from Reperant and Osterhaus
(2012)
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Arc!c
Ocean

Arc!c Ocean
revolution—and a fortiori inCurr
the Top
last century—is
tightly
associated with an
Microbiol
Immunol
increase
in America
the diversity
of avian and swine influenza viruses in these species, as
Figure 2. GLW 2 global distributions of a) cattle; b) pigs; c) chickens; and d) distribution of ducks, excluding
South
and
well
as
in
the
frequency
of
their
cross-species
transmission
to
humans (Fig. 3).
Africa.
Another zoonotic virus, unknown until the beginning of the twenty-first century,
doi:10.1371/journal.pone.0096084.g002
similarly is thought to have crossed the human–animal interface following the
industrial revolution. Human metapneumovirus (of the Paramyxoviridae family) is
contrast,
of the related
predictions,
i.e. metapneumovirus of poultry, and causes respiratory
approaches. The development of GLIMS, however, has greatly
North is an indicator of the accuracy closely
to the avian
North
Norththe observed values. The
how Pacific
far they are, on average, from
reduced the time and effort needed to store, query and prepare the
infections in humans. Although it was described only inPacific
2001, this pathogen has
Ocean
Atlan!c
highest correlation coefficients between
observed and predicted
livestock statistics for modelling. More importantly, the modelling
Ocean
Ocean circulated widely in the human population worldwide, probably since its emervalues are typically found for the species
andfollowing
tiles foravian-to-human
which
procedure is easily repeated; the suite of R scripts is readily
gence
transmission, more than a century ago (de Graaf
et al. 2008).
observed data are at a higher spatial resolution
and are evenly
adapted to modelling recurrent updates, different species, different
The industrial
human–animal interface not only prompted crossdistributed within the modelling window. The
models and
for modern
the
geographical tiles and different technical specifications for
Key:
species
transmission
of novel zoonotic pathogens that could eventually adapt to
South
Asian tile had the
best correlation coefficients
compared
to models
statistical modelling and aggregation of results. Automated postIndian
Pacific
NL63 leading
humans,
it also(0.74),
affected
the epidemiology of domestic animal pathogens,
South
for other continents: pigs and ducks (0.81),
chickens
and
processing activities further allow the rapid production of country-

Geographical extension
Ocean

Fig. 1. Geographic map showing movement patterns of highly pathogenic avian influenza (HPAI) clade 2.3.4.4 viruses.

PLOS ONE | www.plosone.org

Lee et al 2017 J Vet
Scithe pathogenicity of clade 2.3.4.4 HPAI viruses in
investigate

Group C H5N6 viruses disseminated to Laos and Vietnam in
2014 and Hong Kong in 2015 [54]. Recently, Bi et al. [4]
reported that at least 34 distinct genotypes of H5N6 HPAI virus
have been identified through surveillance of live poultry
markets in China during 2014 2016. In autumn 2016, Group C
H5N6 viruses belonging to the G1.1.9 genotype were identified
in Korea [15,20,25] and Japan [34], followed by continuous
outbreaks in domestic poultry and wild birds in Korea (Fig. 1)
[4]. Multiple novel reassortant H5N6 viruses containing different
PA and NS genes of Eurasian LPAI viruses have been reported
from Korea, and those novel viruses seem to have likely
originated from the H5N6 viruses circulating in Guangdong
province of China [25].

different bird species. To date, the majority of characterized
viruses are Asian (Table 1) and North American (Table 2), but
there are a few studies describing the pathobiology of natural
cases of H5N8 HPAI virus infection in Europe.
Asian H5 HPAI clade 2.3.4.4
Subtypes H5N2, H5N6, and H5N8 clade 2.3.4.4 viruses
isolated from apparently healthy ducks and geese in China were
characterized in 4-week-old domestic Pekin ducks (Anas
platyrhynchos domesticus) and layer chickens [44]. All
reassortants caused systematic infection in ducks when
challenged at 6 log10 mean egg infectious dose (EID50) and
could be efficiently contact-transmitted with high titers shed
consistently through oropharynx and cloaca. The infected ducks
showed severe neurologic signs. Severe hemorrhages and
necrosis in the heart and pancreas were observed at necropsy.
Acute necrosis of cardiac muscle cell, neuronophagia, and

Animal movement:
natural
trade (legal or illegal)

Pathogenicity of H5Nx HPAI Clade 2.3.4.4 in
birds

Numerous experimental infections have been performed to

www.vetsci.org

Human movement
Transport (air, ship, etc..)

Atlan!c

Ocean

cattle (0.63). Better accuracy of predictions was
Oceangenerally found for
cattle compared to other species with RMSE values as low as 0.33
and 0.35 in South and North America respectively. RMSE values
for cattle and pigs were consistently lower than they were for
chickens. Results in Table 2 also indicated, for a given species, that
the best stratification differed across the six continental tiles. For
(B) Arc!c
the duck
Oceanmodels, the biomes stratification scheme gave the lowest
RMSE values in the European and North American tiles and
performed similarly to the GLPS stratification in Oceania.
Composite stratifications had the lowest RMSE values for all
species in Asia, but this was the only tile for which the composite
prediction
performed consistently better than one of the individual
North
North
stratification
schemes. The biomes
stratification performed the
Pacific
Atlan!c
Ocean
best in the North American tile, Ocean
regardless of the species being
modelled, and the EZ25 stratification consistently best in South
America.
The results of the tests carried out to evaluate the influence of
South level of input data on the accuracy of the
the administrative
Indian
Pacific
predictions areOcean
presented in Figure 5. South
In both countries and Ocean
Atlan!c
species tested, the accuracy of the predictions
Ocean decreased (increasing RMSE values) as the administrative level of the input data
became coarser. It is notable also that the RMSE values for the

corrected maps for any specified year, global merging of
continental tiles, and aggregation to coarser spatial resolutions,
as needed.
Computer processing Evolution
timeandwas
primarily a function of the
pathogenicity of HPAI H5Nx clade 2.3.4.4 271
extent of the continental window (i.e. the number of pixels), of the
number of polygons contained in the input shape file and of the
technical characteristics of the machines used for modelling.
Processing time varied from a minimum of 17 hours for the duck
model in Europe to a maximum of 210 hours (or 8.7 days) for the
cattle model in Asia. file S7 reports the running times for each
species and tile, the number of polygons processed in the input
training data and the technical specifications of the computers that
were used.
Table 2 summarises the fitting metrics for each tile, species and
stratification scheme. It reports both the correlation coefficients
and the RMSE between observed and predicted values in the
validation data sets. The correlation coefficient is an indication of
the precision of the predictions, i.e. the extent to which the
observed and predicted values are proportional to each other.
However, even with a nearly perfect correlation, the predicted
values can be wrong in absolute terms if, for example, they
systematically overestimate the population. The RMSE, in

7

HKU1
OC43
229E

Arc!c Ocean

Su et al 2016 Trends in Microbiol 1318

North
Pacific
Ocean
Key:
MERS-CoV
SARS-CoV

Figure 1. Global Distribution of Human
(A) Green,
brown,5and
represent the global distribution of the NL63, HKU1, OC43, and 229E
MayCoronaviruses.
2014 | Volume
9 blue,
| Issue
| purple
e96084
human coronaviruses, respectively. (B) Red and yellow represent the global distribution of MERS-CoV and SARS-CoV, respectively.

An outbreak of disease caused by SARS-CoV, originating from Guangdong Province in southern
China during November 2002, eventually spread to other countries in Asia, in addition to North
America and Europe (37 countries/regions in total) over 9 months (http://www.who.int/ith/
diseases/sars/en/) (Figure 1B). An eventual 8273 cases were reported, with 775 deaths for
a case fatality rate (CFR) of 9%, and the majority of cases and deaths occurred in mainland China
and[23_TD$IF] in Hong Kong [19]. The elderly were more susceptible to SARS disease, with a mortality rate
of over 50% (http://www.cdc.gov/sars/surveillance/absence.html).
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Social and Occupa4onal Factors
• Number and type of contacts
• Hospital sebngs
• Family sebngs
• Slaughterhouses
• Breeders, animal care takers
• Food-borne transmission respiratory viruses.

Potential for control of Emergence?
Vectors

Wild animals

Domestic animals

Humans

Environment
49

Pandemic risk assessment
•
•
•
•

Exposure
Poten1al for infec1on in humans – level of severity
Poten1al for human-to-human transmission
Poten1al for spread in the human popula1on

Tools: IRAT (CDC); TIPRA(WHO)

Determinants of Pandemic risk
• Viral factors
• Host factors
• Social factors
50

Knowledge
M.F. Davis et al.

Mapping

Surveillance

2QH+HDOWK  ²

Teaching
Detec1on
Clinical
Sequencing
Fig. 1. Number of papers published per year identiﬁed with the search terms “One
Health” or “One Medicine” in Pubmed (1927–2016).

prevention strategies that address all three sectors with a goal to produce integrated knowledge [4].
A One Health approach, by deﬁnition, encompasses many ﬁelds,
and these include, but are not limited to, infectious diseases, chronic
diseases, toxicology, ecology, agriculture and sustainability, conservation medicine, economics, anthropology, ethnography, and the social
sciences. The approach can inform eﬀorts to develop and implement
studies or programs related to human and animal wellness, mental
health and wellbeing, and the human-animal bond. However, the ﬁelds
in question often are segregated by methodology, funding, and publication [5]. Requirements from funding sources and publication silos
may contribute to the fracture of One Health studies into multiple,
discipline-speciﬁc studies and/or publications. At the same time, the
term “One Health” has become increasingly common in the biomedical
literature (Fig. 1). As the literature expands, authors of this document
and contributing experts who have conducted systematic reviews have
noted considerable heterogeneity of approach and quality of reporting
in One Health studies [4,6,7]. Such lack of consensus on criteria that
constitute a well-designed and clearly-presented One Health study
jeopardizes the impact of this growing ﬁeld and limits the ability of the
reader to judge the strengths and limitations of this literature.

Fig. 2. Venn diagram illustrating the three domains of One Health. (A) Epidemiological
studies relating factors between animal and human health; (B) Epidemiological studies
relating factors between environmental and human health; (C) Epidemiological studies
relating factors between animal and environmental health.

Research

Modelling

publications classiﬁed as One Health studies. We intend this work to
apply primarily to the approach and reporting of observational and
interventional One Health studies that employ epidemiological
methods (see Box 1), although these guidelines may also beneﬁt other
One Health study designs. Given that interdisciplinary work can serve
as an incubator for innovation, we further intend this checklist to be a
living document informed by iterative feedback from authors, editors,
and readers of the One Health literature.

MULTIDICIPLINARITY
Davis et al. 2017 One Health 4

2. Aims and use of the COHERE standards
The Checklist for One Health Epidemiological Reporting of Evidence
(COHERE) provides a set of standards that should be included in articles
reporting on the results of One Health studies that use epidemiological
methods. Box 1 provides a glossary of terms that may be useful to those
who will use these standards.
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Thank you for your attention

