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Emergence of MERS-CoV

. There is currently no 

horseshoe bats in China

and renal failure

. 

mainly in Saudi Arabia , 

Arabian Peninsula , and mostly does not lead to an outbreak, except in South 
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to other CoVs

Figure 1.

blue.

MERS-CoV Receptor, Dipeptidyl Peptidase-4

. In vitro

. 

infected cells
. 
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protein

. It is 

MERS-CoV Transmission

not to the other human CoVs
. This 

infection

circulation in this animal species

from both the camels and humans
, and 

. It remains to be 
determined whether there are other animals besides dromedary camels that could 
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in vitro
CoV infection and transmission experiment in these animals would then be necessary 

also been reported to be transmitted between humans . This is in line with the fact 

. Viral RNA 

compared to that in the upper respiratory tract
samples was only successful when lower respiratory tract samples were used . 

ex vivo infection experiments 

tract epithelium

.

Figure 2.
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MERS-CoV Pathogenesis 

acute respiratory distress syndrome, and fatal outcome. It can also cause mild and 
. These subclinical cases are easily missed 

CoV patients

related protein

Outline of This Thesis

chapter 2-6
thesis. Meanwhile, chapter 7 and 8

while in dromedary camels, it merely causes upper respiratory tract infection. In 
chapter 2

chapter 
3 chapter 4, 
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chapter 5

chapter 6, we described 

in human, in chapter 7
chapter 8 

chapter 9.
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CHAPTER 2

Differential Expression of the Middle East 
Respiratory Syndrome Coronavirus Receptor 
in the Upper Respiratory Tracts of Humans and 
Dromedary Camels
J Virol. 2016 Apr 14;90(9):4838-42
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Abstract

human upper respiratory tract and hence restrict transmission.

Brief Communication

that causes pneumonia in humans, which may lead to acute respiratory distress 
syndrome

both between humans and from camels to humans.

only from this species thus far

fact that most outbreaks took place in hospitals
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not in MERS patients
replication in the respiratory tracts of different hosts is the differential expression of 

receptor
, its 

human and dromedary camel respiratory tracts.

. These tissue samples were residual 
human biomaterials that were collected, stored, and issued by the Erasmus MC Tissue 

. Dromedary camel tissue 
. 
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 with 

should not be present in healthy human tissue.
Figure 1.

of human and dromedary camel respiratory tissue samples 

presence of such receptors, we performed 

one of the structural proteins that form the 

respiratory tract infection in human . 
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kidney tissue samples for this experiment were also obtained from the Erasmus MC 

respiratory tract but not in the upper respiratory tract epithelium. Similar results were 

cells of ex vivo . The presence of the receptor at 

patients than in nasal or throat swabs

in the lower respiratory tract, are less likely to be transmitted .
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Figure 2.

Figure 3.
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Tissue Distribution of the MERS-Coronavirus 
Receptor in Bats
Sci Rep. 2017 Apr 26;7(1):1193
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Abstract

Epomophorus gambianus and Rousettus aegyptiacus
Pipistrellus pipistrellus and Eptesicus serotinus

Introduction

mainly in the Arabian Peninsula Camelus dromedarius

susceptible animals

.

and in vitro

in vitro . It is 
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, while in humans, 

. 

in vivo . These data indicate that 

tropism in vivo
.

Pipistrellus pipistrellus Eptesicus serotinus

Epomophorus gambianus Rousettus aegyptiacus . 
These four bat species were chosen based on their interactions with humans as they 

, but 

Results

. The antibody used in this 
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Figure 2.

the apical surface of the intestinal epithelium, proximal tubular 

In the intestinal tissues of all four bat spe

on the apical surface of both small and 

detected in the ductular epithelial cells, 
while in the serotine bat, it was detected 

In the serotine bat and Gambian fruit 

detected in a limited number of nasal 
respiratory epithelial cells. In contrast, in 

apical surface of the respiratory epithelial 

the common pipistrelle and serotine bat, 

of the capillaries but not in the bronchial, 

as well as in endothelial cells of small 

Figure 1.
of common pipistrelle bat, serotine bat, Gambian epauletted 

of the fruit bats, with limited expression in the epithelium 



PART 1 | Chapter 3
Tissue Distribution of the MERS-Coronavirus Receptor in Bats

CHA
PT

ER
 3

31

detected in the bile duct epithelial cells, in the endothelial cells of the hepatic arteries, 

In one common pipistrelle bat, the paranasal sinus and pharynx were examined and 

. In dromedary camels, 

been reported for humans

Discussion
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. 

material, rectal swabs, or intestinal tissues, rather than throat or nasal swabs.

Table 1.

Common 
pipistrelle bat Serotine bat Gambian 

fruit bat
Egyptian fruit 

bat

Nose

Nasal respiratory epithelial cells +

Nasal olfactory epithelial cells

+ +

Lung

+

+
Endothelial cells of the capillaries and + +

Intestine

Small intestinal epithelial cells + + + +

+ + + +

Kidney

Glomerular cells + + + +

bowman capsule + + + +

Proximal tubular epithelial cells + + + +

Salivary gland 

Glandular epithelial cells +

Ductular epithelial cells + + +

Liver

+ +

Endothelial cells of the hepatic artery + +

Endothelial cells of the sinusoids + +
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Figure 3.

expressed in the upper respiratory tract and small intestine epithelium. In the human, it is predominantly expressed in the lower 
respiratory tract and small intestine epithelium.

replicate in both the respiratory tract and intestine of the fruit bats. These results are 

Artibeus jamaicensis . 
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species, particularly the common pipistrelle bat, is different from what has been 

in the lower respiratory tract, while in the dromedary camels, it is detected in the 
upper respiratory tract epithelium

. In 

apical surface of the small intestine epithelium

from nasal swabs

could be detected in stool samples of MERS patients

CoV replication in the intestinal tract of dromedary camels and humans. The human 

in vitro , has also been found 

In vitro
. 

two tissues in vivo
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CoV in vitro in vivo, particularly in bats, 
In vivo

, as well as for future 

their natural host.

Materials and Methods
 

After euthanasia, the bats were necropsied and tissues were collected. Parts of the 
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Dromedary camel intestinal tissues were obtained from three different animals 

.

Acknowledgements

E. gambianus and three of four R. aegyptiacus

R. aegyptiacus tissues that come from the 

the tissues of P. pipistrellus
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CHAPTER 4

Livestock Susceptibility to Infection with Middle 
East Respiratory Syndrome Coronavirus
Emerg Infect Dis. 2017 Feb;23(2):232-240
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Abstract

Introduction

associated deaths

Camelus dromedarius

isolated from humans were also detected in the upper respiratory tract of dromedaries 

Vicugna 
pacos

infect a plethora of cell lines and tissues from mammals of multiple species in vitro , 
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Lama glama Sus scrofa Equus ferus caballus Ovis 
aries

Materials and Methods

Ethics
 

Cells and MERS-CoV

Animal Studies

 TCID
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Virus Titration

.

Pathology Studies

. In brief, we 

reported
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Viral RNA Detection by Reverse Transcription PCR

were tested by UpE PCR

MERS-CoV S1 ELISA

, with some 

MERS-CoV Neutralization Assay
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Results

Clinical Signs

MERS-CoV RNA and Infectious Virus in Nasal Swab Samples and Viral RNA in 
Respiratory Tissues

swab samples from any animal.
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Figure 1.

Figure 2.

PI, postinoculation. 
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Pathology, IHC, and ISH

and sheep.

Figure 3.
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DPP4 Receptor Distribution and Presence of Mucosubstances in Respiratory 
Tissues

Figure 4.
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Figure 5. Antibody responses after ex

serum from all animals at postinocula

was used, and results are represent

Dashed lines depict the detection limit 

Discussion

camels  and alpacas
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 than 

of infection reported here. These results are in concordance with those reported by 

. 

humans

.

Streptococcus spp.

, this aspect should be studied further.
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 and in Saudi 

Phacochoerus 
africanus Potamochoerus larvatus Sus scrofa scrofa

Acknowledgments
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Technical Appendix

Technical Appendix Figure 1.

times postinoculation.

Technical Appendix Figure 2.
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in vitro

rabbits and possibly other host species. 

Background

contact . 
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Methods

Virus stocks

In vivo

 
earlier 

. 

Animal experiments

Oryctolagus cuniculus

 TCID
 TCID

 TCID  TCID

 TCID
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. Since 

Oryctolagus cuniculus

dwarf rabbits  TCID

 TCID

Virological analysis

. Samples with a cycle threshold less than 

Histopathology and histochemistry analysis

Respiratory tract tissue samples were collected in formalin and embedded in 
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immunohistochemical assay . 

Serological analysis 

Results

DPP4 is expressed in the upper and lower respiratory tract of rabbits 

expressed at the apical surface of both nasal respiratory and olfactory epithelium 

. 

MERS-CoV infects both upper and lower respiratory tract of rabbits upon 
intranasal inoculation 

Oryctolagus 
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the more recent strain of these two. 

Figure 1. DPP4 expression in the respiratory tract tissues 
of rabbits.

epithelium and bronchiolar epithelium pictures were taken in 

cuniculus
CoV EMC strain either intranasally with 

 TCID
 TCID

 TCID
 TCID

on these results, we decided to use 
 

TCID
experiments. 

ences between these strains in animals 

rabbits in comparison to the EMC strain. 
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 Three New Zealand 
 TCID  TCID

 TCID  TCID

Figure 3. MERS-CoV EMC strain and Qatar strain replicate equally in the upper respiratory tract of rabbits.
 TCID
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Unlike MERS-CoV-inoculated rabbits, both contact and airborne-exposed 
rabbits did not develop an infection
 

, 

New Zealand rabbits 

Figure 4. MERS-CoV infects the upper and lower respi-
ratory tract of Netherland dwarf rabbits. Upon intranasal 

nasal and throat swabs as well as in the respiratory tract tis

Dashed lines depict the detection limit of the assays. All error 
bars represent standard error of means. 

Netherland dwarf rabbits were intranasal
 TCID

for the donor and direct contact rabbits, 

 
 TCID

 TCID
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recipient and two airborne recipient rab

post inoculation in the nasal swabs, while 

detected in one direct contact recipient 

 
TCID

rus was detected in the nasal swabs of all 

none of the swabs from recipient rabbits 

Figure 5. Shedding of MERS-CoV RNA and infectious virus in inoculated, contact-exposed and airborne-exposed rab-
bits. 
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Discussion

In 
vitro

. The New 

. To further understand the transmission 

as animal model. 

inoculation 
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animals 

. 

In vitro
. In human plasmacytoid dendritic cells, 

. 

of asymptomatic to mild clinical manifestations 

camels 

Notes
Financial support.



64

PART 1 | Chapter 5
Middle East Respiratory Syndrome Coronavirus Transmission in Rabbits

CH
A
PT

ER
 5

 

been disclosed. 
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Background: 

Methods:

immunohistochemistry. Results:

Conclusions:

Introduction

. 

.

apoptosis , mainly in 

plasmacytoid dendritic cells
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.

of immune cells

Methods

Human Lung Tissue Samples 

Table 1.
Never-smokers Smokersa COPD IIb c 

Number 
d d d d 

 
d d d 

e e,f  
e,f  

e,f  
e,f  
e,f  

e  
d d d d 

a b

e f
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. None of the 

Human Proximal Bronchi Samples
Table 2.

Mean ± SD Median Range 

Table 3.
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. 

. The study was 

Rotterdam, and written informed consent was obtained from all participants. Patient 

, were 

in Ca

RNA Extraction and Real-Time Polymerase Chain Reaction Analysis
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.

DPP4 Immunohistochemistry and Analyses
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Statistical Analysis

were used for statistical analyses of the DC subsets. Characteristics of the study 

Results

DPP4 mRNA Expression is Upregulated in Lungs of Smokers and COPD Patients
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Figure 1.

scription polymerase chain reaction. 

DPP4 Protein Expression is Upregulated in Lungs of Smokers and COPD 
Patients
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Figure 2.

disease.



90

Part 2 | Chapter 7
DPP4, the Middle East Respiratory Syndrome Coronavirus Receptor, is Upregulated in Lungs of Smokers and Chronic Obstructive Pulmonary Disease Patients

CH
A
PT

ER
 7

Figure 3.

the apical surface of the proximal bronchi epithelium of both 

Figure 4.

pulmonary disease.
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Discussion

in vitro
. Most importantly, 

. These results are in line with a recent 

.

and olfactory epithelium of humans

cells.

in vitro

primary human endothelial cells
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, our data 
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Supplementary Information
Supplementary table S1.

 Never-smokers Smokersç COPD II%     COPD III-IV$

 Number 

Footnote:

çsmokers 

$

Supplementary table S2.
 Never-smokers Smokersç COPD II%     COPD III-IV$

Number 

D

Footnote:

ç smok

$

Supplementary table S3.

Parameter B Std. Error t Sig. Lower Bound Upper Bound
Intercept
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. . . . .
ICS yes
ICS no . . . . .

Footnote:

Supplementary table S4.

Parameter B Std. Error t Sig. Lower Bound Upper Bound
Intercept

a . . . . .

a . . . . .
ICS yes
ICS no a . . . . .

Footnote:

Supplementary Figure 1.



98

Part 2 | Chapter 7
DPP4, the Middle East Respiratory Syndrome Coronavirus Receptor, is Upregulated in Lungs of Smokers and Chronic Obstructive Pulmonary Disease Patients

CH
A
PT

ER
 7



CHAPTER 9

Summarizing Discussion
on Viruses 2019, 11(3), 280



120

CHAPTER 9
Summarizing Discussion

CH
A
PT

ER
 9

Overview

these outbreaks 
especially in the Arabian Peninsula 

. 
The dromedary camel is the only animal species that has been reported to transmit 

upper respiratory tract infection 

. 

. This indicates that 

infection in vitro 

MERS-CoV-interacting Host Factors 

surface 
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Figure 1.

in blue.

in vitro

than a receptor 
in vivo

the susceptible cells 
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in vitro 

Host Factors in MERS-CoV Transmission

. 

. This difference in 

epithelium upon experimental in vivo infection 

epithelium 

in the nasal epithelium but present in the lower respiratory tract epithelium, mainly in 
the type II pneumocytes 
of dromedary camels 

both in the respiratory tract and the intestinal tract 
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bats, i.e. common pipistrelle and common serotine bat, but abundant in their intestinal 
epithelium 

, but also indicate the 

. In most of these species there is a preferential upper 

compartments 
. 

. Sheep, on the other hand, 

. The 

. 

in vivo

neither by contact nor airborne routes , and so does rabbits as described in chapter 
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CoV are present in the nasal epithelium of dromedary camels but absent in that of 

Figure 2.

. The 

. It has 

inhibits the immune response of dromedary camels than that of other species, 
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Figure 3.

Host Factors in MERS-CoV Pathogenesis

Figure 4.

. This implies that some host 
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. Autopsy 

infection 

clinical disease 

in vitro and in mice model 

. Therefore, the role 

other hand, one of the main components of the host innate immune response, type I 

formation 
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CoV infection 
. 

. It is plausible that 

 
Concluding remarks and future perspectives

, this did not result in distinct phenotypic 
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. Despite increased awareness and implementation of proper infection 

in the Arabian Peninsula 
. Therefore, 

in vitro and in 
vivo
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MERS-CoV is a virus that commonly 
infects dromedary camels in the Arabian 
Peninsula and Africa. However, since late 
2012s, it is known that MERS-CoV could 
also cause disease in humans and has 

been causing multiple outbreaks. 
MERS-CoV attaches to a protein called 

dipeptidyl peptidase-4 (DPP4) to infect the 
host cell. This thesis describes our effort to 

understand the role of DPP4 and other 
host factors in MERS-CoV transmission 

and pathogenesis
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