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Six coronaviruses, including the recently identified Middle East

respiratory syndrome coronavirus, are known to target the

human respiratory tract causing mild to severe disease. Their

interaction with receptors expressed on cells located in the

respiratory tract is an essential first step in the infection. Thus

far three membrane ectopeptidases, dipeptidyl peptidase 4

(DPP4), angiotensin-converting enzyme 2 (ACE2) and

aminopeptidase N (APN), have been identified as entry

receptors for four human-infecting coronaviruses. Although the

catalytic activity of the ACE2, APN, and DPP4 peptidases is not

required for virus entry, co-expression of other host proteases

allows efficient viral entry. In addition, evolutionary

conservation of these receptors may permit interspecies

transmissions. Because of the physiological function of these

peptidase systems, pathogenic host responses may be

potentially amplified and cause acute respiratory distress.
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Introduction
Coronaviruses (CoVs) infect birds and a wide range of

mammals, including humans. These positive stranded

RNA viruses — belonging to the order Nidovirales, family

Coronaviridae, subfamily Coronavirinae [1] — occur

worldwide and can cause disease of medical and veter-

inary significance. Generally, CoV infections are localized

to the respiratory, enteric and/or nervous systems,

although systemic disease has been observed in a number

of host species, including humans [1]. At present, six

CoVs have been identified capable of infecting human

and all are thought to have originated from animal sources

[2–8]. HCoV-OC43 and HCoV-229E were identified in

the 1960s and have been associated with the common

cold [9–11]. In 2003, SARS-CoV was identified as the
www.sciencedirect.com 
causative agent of severe acute respiratory syndrome with

mortality rates as high as 10% [12–14]. Subsequently,

HCoV-NL63 and HCoV-HKU1 were identified in 2004

and 2005, causing generally mild respiratory infections

[15–17]. More recently, a novel zoonotic coronavirus,

named Middle East respiratory syndrome CoV (MERS-

CoV) was isolated from patients with a rapidly deterior-

ating acute respiratory illness [18�,19]. According to a

recent study describing the clinical manifestation of

144 laboratory-confirmed MERS-CoV cases, the majority

of patients experience severe respiratory disease and most

symptomatic cases had one or more underlying medical

conditions [20]. Thus, the severity of CoV-associated

disease in humans can apparently range from relatively

mild (HCoV-OC43, HCoV-229E, HCoV-NL63 and

HCoV-HKU1) to severe (SARS-CoV and MERS-CoV).

To further unravel the pathogenesis of these different

CoVs, a deeper understanding of the CoV biology and

interaction with their hosts is needed. In this review we

focus on one of the very first interactions of CoVs with

their hosts; the receptors required for cell entry.

Tissue distribution of coronavirus receptors
The ability of viruses to successfully replicate in cells and

tissues of a host is multifactorial, of which receptor usage is

an essential determinant. Enveloped coronaviruses engage

host receptors via their spike (S) glycoprotein, the principle

cell entry protein responsible for attachment and mem-

brane fusion. In line with epidemiological data and clinical

manifestations all human infecting CoVs are capable of

infecting cells in respiratory tract. Remarkably, all protein

receptors identified to date for these CoV are exopepti-

dases; aminopeptidase N (APN) for HCoV-229E, angio-

tensin-converting enzyme 2 (ACE2) for SARS-CoV and

HCoV-NL63, and dipeptidyl peptidase 4 (DPP4) for

MERS-CoV [21��,22��,23,24]. Protein receptors have not

been identified for HCoV-OC43 and HCoV-HKU1, rather,

for HCoV-OC43 acetylated sialic acid has been proposed as

a receptor for attachment [25].

The respiratory and enteric tissue distribution of the pep-

tidases makes them attractive targets for viruses to enter the

host. APN is expressed at the basal membrane of the

bronchial epithelium, in submucosal glands and the

secretory epithelium of bronchial glands [26]. In addition,

non-ciliated bronchial epithelial cells are positive for APN

correlating with the ability of HCoV-229E to infect those

cells [27]. ACE2 is expressed on type I and II pneumocytes,

endothelial cells, and ciliated bronchial epithelial cells [28].

Tissues of the upper respiratory tract, such as oral and nasal

mucosa and nasopharynx, did not show ACE2 expression

on the surface of epithelial cells, suggesting that these
Current Opinion in Virology 2014, 6:55–60
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Figure 1

(a) (b)
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Immunohistochemical detection of DPP4 expression in the lower respiratory tract of non-human primates. Lungs from naı̈ve Cynomolgus macaques

were inflated with formalin and subsequently processed for paraffin embedding. Sections were stained with goat polyclonal antibodies against human

DPP4 and the second antibody step that was conjugated with peroxidase was visualized with substrate. Shown are positive cells in the bronchus (a)

and alveoli (b).
tissues are not the primary site of entrance for SARS-CoV or

HCoV-NL63 [28]. In the alveoli of the lower respiratory

tract, infection of type I and II pneumocytes has been

shown for SARS-CoV in vivo [29]. DPP4 is widely

expressed in the human body and primarily localized to

the epithelial and endothelial cells of virtually all organs,

and on activated lymphocytes [30]. This distribution of

DPP4 can potentially allow dissemination of MERS-CoV

beyond the respiratory tract but due to lack of autopsy and

clinical data, the in vivo organ and cell tropism of MERS

CoV is largely unexplored. Experimental infection of rhe-

sus macaques demonstrated that MERS-CoV particularly

replicates in the type I and II pneumocytes of the alveoli

and the draining lymphoid tissue of the lungs [31]. Detec-

tion of viral genomes and infectious virus in respiratory

specimens indicate that the virus is primarily replicating in

the upper and lower respiratory tract, although low viral

RNA loads were also found in blood, urine and stool

samples [32,33]. Apart from propagation in continuous cell

lines, the virus replicates in human primary cells isolated

from the bronchus and kidney and in ex vivo bronchial and

lung tissues cultures. Target cell types in the respiratory

tract for MERS-CoV are known to express DPP4 and

include the non-ciliated bronchiolar epithelial cells, endo-

thelial cells and alveolar type I and II pneumocytes [34,35]

(Figure 1). Collectively, the correlation between cell

susceptibility to HCoV-229E, HCoV-NL63, SARS-CoV

and MERS-CoV and the expression of the respective

peptidase receptors, confirms that receptor expression is

an essential determinant for virus tropism.

Co-localization of cellular proteases with
coronavirus receptors
Binding of CoVs to their receptors, however, does not

suffice for viral infection and additional protease activities
Current Opinion in Virology 2014, 6:55–60 
are needed to allow membrane fusion with the target

cells. CoVs do not use the catalytic activity present in the

membrane ectopeptidases that serve as receptor

[21��,22��]. Rather, cellular proteases that colocalize with

CoV receptors are key factors for viral entry by activation

of the spike fusion machinery [36,37]. For example,

TMPRSS2 found together with ACE2 on the cell surface

cleaves the SARS-CoV spike protein and thus enhances

virus entry [38]. Interestingly, despite using the same

receptor, HCoV-NL63 and SARS-CoV display major

differences in virus tropism and pathogenesis [1]. The

protease responsible for HCoV-NL63 S cleavage has not

been identified thus far, clearly indicating that tropism as

well as severity of disease is governed by more viral and

cellular parameters than receptor preference. Therefore,

peptidase receptors and host protease(s) are targeted by

CoVs to enter the host cell and their differential usage

may partly determine the pathogenicity of CoVs.

Evolutionary conservation of coronavirus
receptors
The ACE2, APN and DPP4 peptidases are highly con-

served among animal species. This conservation is also

present at the virus binding motif on these receptors,

indicated by the ability of CoV — in particular MERS-

CoV — to recruit ortholog receptors in vitro [39,40]. The

sequence variation at the virus-receptor interface is

thought to be determined — at least in part — by the

ongoing evolutionary battle between the genomes of

viruses and their hosts also known as ‘host–virus arms

race’ [41��]. Particularly known are the arms races be-

tween mammalian innate immunity genes and their viral

counterparts, but these forces are also believed to occur at

the level of virus-receptor binding. Positive selection for

genetic changes in virus binding motifs on host receptor
www.sciencedirect.com
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Figure 2
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MERS-CoV and ADA binding sites on DPP4. (a) Cartoon representation of human DPP4 (hDPP4; b-propellor and hydrolase domain in orange respectively

gray) in complex with — in blue — MERS-CoV receptor binding domain (MERS-RBD) or bovine adenosine deaminase (bADA). Left panels: Surface

representation of the hDPP4 region with the footprints of ADA and MERS-CoV RBD. Contacting residues (based on Refs [43,44�]) are assigned in single-letter

code and sequence number and colored orange for contacting residues commonly binding MERS-RBD and ADA, or in green for residues specifically

contacting MERS-CoV or ADA. Figures were created using PyMol (www.pymol.org) (b) Amino acid sequence alignment of region of DPP4 binding ADA and

MERS. Residues in the alignment identical to that of human DPP4 are indicated by a dot. Green triangles on top indicate amino acids in hDPP4 engaged in

complex formation with MERS-CoV or ADA as indicated. Orange triangles indicate amino acids in hDPP4 engaged in complex formation with MERS and

ADA. Boxed regions indicate the MERS-CoV-contacting residues of DPP4. DPP4 accession numbers: Homo sapiens refjNP_001926.2j, Macaca mulatta

refjNP_001034279.1j, Oryctolagus cuniculus refjXP_002712206.1j, Equus caballus refjXP_005601601.1j, Cavia porcellus refjXP_003478612.2j, Myotis

lucifugus refjXP_006083275.1j, Capra hircus refjXP_005676104.1j, Bos Taurus refjNP_776464.1j, Ovis aries refjXP_004004709.1j, Camelus ferus

refjXP_006176871.1j, Vicugna pacos refjXP_006196279.1j, Sus scrofa refjNP_999422.1j, Felis catus refjNP_001009838.1j, Mus musculus

refjXP_006498756.1j, Mustela putorius furo refjXP_004744010.1j.
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molecules which prevent virus binding has been shown

for arenaviruses and retroviruses [41��]. Some pathogens

target binding sites of natural ligands on the host recep-

tors [42��], which may constrain the evolution potential of

the host to counteract virus binding. The recently eluci-

dated structure of MERS-CoV spike receptor binding

domain in complex with human DPP4 shows a remark-

able overlap with the binding surface of a natural ligand,

adenosine deaminase (ADA) [43�,44�,45]. Ten out of 14

residues on DPP4 which interact with ADA also interact

with MERS-CoV RBD (Figure 2). In accordance with this

finding, it was shown that ADA prevents binding of S to

DPP4 and antagonizes MERS-CoV infection in cell cul-

ture [21��,46]. During species evolution, the ADA-DPP4

interaction may have led to conservation of residues at the

binding interface, exemplified by the ability of bovine

ADA to interact with human DPP4 [46]. The observed

low level of variation in MERS-CoV-contacting residues

between DPP4 orthologs — presumably constrained

during divergent evolution by the DPP4-ADA interplay

– explains the promiscuous binding of MERS-CoV to

DPP4 orthologs and may facilitate virus transmission

between species (Figure 2).

Pathogenic consequences of peptidase
receptor recruitment by coronaviruses
The membrane ectopeptidases display important phys-

iological functions and their interaction with CoVs may

therefore interfere with their natural function. The

human ACE2 protein, a typical zinc metallopeptidase,

is an important player in the renin–angiotensin–aldoster-

one system (RAAS), cardinal in renal and cardiovascular

physiology and pathophysiology [47]. Angiotensin II, the

main effector substance of the RAAS, with potent vaso-

constrictive, pro-inflammatory, and pro-fibrotic properties

is inactivated by ACE2. As a result of diminished ACE2

expression severe acute lung failure may develop through

hampering angiotensin II cleavage, causing pathological

changes due to angiotensin II type 1a receptor activation

[48]. Interestingly, binding of the SARS-CoV spike

protein to ACE2 does trigger internalization, downregu-

lating enzyme activity from the cell surface [49�]. There-

fore, it is assumed that interaction of SARS-CoV with its

receptor may cause detrimental pathogenic host

responses partly responsible for the severe acute respir-

atory distress syndrome.

At the moment it is not clear whether similar virus–host

interactions are involved in the pathogenesis of MERS-

CoV. DPP4 is a multifunctional type II cell surface

glycoprotein with an N-terminal beta-propellor domain

and a C-terminal hydrolase domain that and can form

dimers. Through interactions with specific proteins,

DPP4 is involved in cell adhesion, cell apoptosis and

lymphocyte stimulation (for review see [30]). Similar to

ACE2, DPP4 exhibits dipeptidase activity, removing N-

terminal dipeptides of regulatory hormones and
Current Opinion in Virology 2014, 6:55–60 
chemokines, but it is not known whether MERS-CoV

interferes with DPP4 expression. Soluble forms of DPP4

and ADA are found in the body fluid and sera of humans

and hence can antagonize virus receptor binding and

potentially interfere with virus dissemination. On the

other hand, competition of MERS-CoV with ADA for

binding to DPP4 may impair proper functioning of the

DPP4-ADA complex. The association of ADA to DPP4 is

thought to be important as a costimulatory signal to

promote proliferation of lymphocytes and cytokine pro-

duction [30]. Thus, although highly speculative, MERS-

CoV binding to the ADA-binding site on DPP4-expres-

sing immune cells may antagonize or exert the immune

stimulatory functions of ADA. Intriguingly, other CoV

receptors like APN and murine CEACAM are also mar-

kers for T-cell activation [50].

Conclusions and outlook
The preference of a significant number of human infect-

ing CoV as well as animal CoV for peptidases as host

receptors is remarkable. The respiratory and enteric

tissue distribution of these ectopeptidases correlates with

the sites of replication of coronaviruses, but does not fully

explain this preference. The catalytic activity of the

ACE2, APN, and DPP4 peptidases is not required for

virus entry, yet interference of CoVs with the peptidase

functions may partly drive viral pathogenesis. Evolution-

ary conservation of these receptors on the other hand may

allow their usage in different host species, enabling

zoonotic transmission. One may exploit the inhibitory

activity of recombinant soluble receptors on CoV infec-

tion for therapeutic intervention strategies to interfere

with CoV entry into target cells. However, more studies

are needed to decipher the role of receptors in targeting

CoVs to their target cells in vivo and the potential patho-

genic consequences of the CoV-peptidase receptor inter-

action. In conclusion, the interaction of viral pathogens

with host receptors and their role in pathogenesis remains

a largely unexplored area and warrants future research.
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