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Introduction to Coronaviruses
Coronaviruses (CoVs), a genus of the Coronaviridae family, are positive strand RNA 
viruses with the largest viral genome of all RNA viruses (27 – 32 Kb) [1]. The genomic 
RNA is capped, polyadenylated and covered with nucleocapsid proteins. The virus is 
enveloped and carries large spike glycoproteins. All CoVs employ a common genome 
organization where the replicase gene encompasses the 5’-two thirds of the genome and 
is comprised of two overlapping open reading frames (ORFs), ORF1a and ORF1b. The 
structural gene region, which covers the 3’-third of the genome, encodes the canonical set 
of structural protein genes in the order 5’ - spike (S) - envelope (E) - membrane (M) and 
nucleocapsid (N) – 3’ (Figure 1). Some beta-CoVs carry an additional structural protein 
encoding a heamagglutinin-esterase (HE). The gene is located between the ORF1b and 
S gene. Expression of the nonstructural replicase proteins is mediated by translation 
of the genomic RNA that gives rise to the biosynthesis of two large polyproteins, pp1a 
(encoded by ORF1a) and pp1ab (encoded by ORF1a and ORF1b) facilitated by a 
ribosomal frameshift at the ORF1a/1b junction. In contrast, the structural proteins are 
translated from subgenomic (sg) mRNAs. These sg mRNAs are the result of discontinuous 
transcription, a hallmark of CoV gene expression. The structural gene region also harbors 
several ORFs that are interspersed along the structural protein coding genes. The number 
and location of these accessory ORFs varies between the CoV species.
 In animals CoV infections can lead to a variety of syndromes, e.g. bronchitis, 
gastroenteritis, progressive demyelinating encephalitis, diarrhea, peritonitis and 
respiratory tract disease [1]. The first reports on human CoVs (HCoV) appeared in the 
mid-1960s. The human viruses were isolated from persons with common cold, and two 
species were detected: HCoV-229E and HCoV-OC43 [2,3]. Almost 40 years later, SARS-
CoV was identified as the causative agent of the Severe Acute Respiratory Syndrome 
(SARS) [4,5]. A highly effective global public health response prevented further spread 
of this virus, and as a result SARS-CoV was eradicated from the human population. Soon 
thereafter it became clear that there are more HCoVs. HCoV-NL63 was identified in 2004 
and HCoV-HKU1 in 2005 [6,7]. Both viruses are not emerging viruses like SARS-CoV 
but were previously unidentified. In fact, infections by these viruses is as common and 
wide spread as HCoV-229E and HCoV-OC43 infections [8]. 
 The SARS outbreak intensified the research on the unknown animal CoVs. As much 
as 16 new animal CoV species were identified till 2008 [9–16]. There are currently 29 
complete reference genome sequences available in Genbank of the various viruses and 
three phylogenetic distinct groups exist (Figure 2). HCoV-229E and HCoV-NL63 belong 
to the alpha-CoVs together with various CoV isolated from pigs, cats and bats. As shown 
in figure 2 HCoV-229E and HCoV-NL63 are the only 2 human viruses which have a 
relatively close relationship. HCoV-OC43 is a beta-CoV and clusters tight with bovine, 
porcine and equine CoVs. HCoV-HKU1 is not part of that cluster although the virus 
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clearly belongs to the beta-CoVs. SARS-CoV is of animal origin with civet cat SARS-CoV 
and bat SARS-CoV as very close relatives [17]. 
 This thesis focuses on the alpha-CoVs, HCoV-229E and HCoV-NL63. These two 
human viruses are unique in their relationship towards each other. Phylogenetically the 
viruses are more closely related to each other than to other human or animal coronaviruses, 
the common cold symptoms they induce are probably indistinguishable, yet they share 
no more than 65% sequence identity, and have crucial differences in their genotype and 
phenotype characteristics.

Discovery of the alphacoronaviruses
The first described CoV of the alpha-group was porcine transmissible gastroenteritis virus 
(TGEV) that was isolated in 1946 from pigs suffering from gastroenteritis [18]. Almost 
two decades later, one research group located in the US identified a human respiratory 
tract pathogen from nasal washings of persons with the common cold [2]. This novel 
pathogen – HCoV-229E – was later traditionally morphological characterized by electron 
microscopy and compared with the already well known avian infectious bronchitis virus 
(IBV) [19]. The viruses exhibited the typical crown-like (Latin: corona) appearance. 
During the following years another group member – canine coronavirus (CCoV) – was 
isolated from sentry dogs with diarrhea and mild gastroenteritis [20]. Similar clinical 
symptoms were later observed in pigs during a diarrheal outbreak in 1978 on four separate 
swine breeding farms [21]. The recovered pathogen – now known as porcine epidemic 
diarrhea virus (PEDV) – was first mistyped as a member of the rotavirus family, yet it 
soon became clear that the virus shared the CoV morphological characteristics but was 
serological distinct from TGEV [21]. Two cat-associated CoV species were identified in 
1981. Feline enteric coronavirus (FECV) and feline infectious peritonitis virus (FIPV) 
shared serological characteristics, but differed in the clinical outcome [22]. In 1986, 
another porcine CoV was isolated, porcine respiratory coronavirus (PRCV), a close 
relative of TGEV [23]. Hereafter, no new alpha-group members were discovered for more 
than 15 years. 
 In 2004, HCoV-NL63 was isolated from a 7-month-old child with bronchiolitis [7]. 
Shortly thereafter, Fouchier et al independently described the same virus from a clinical 
sample collected in 1988 [24]. In 2005, it became clear that several bat species can harbor 
CoVs that belong to the alpha-group [10,14,16,25–27]. Most of these viruses cluster with 
HCoV-229E, HCoV-NL63 and PEDV although only one of them is a very close relative to 
HCoV-229E [27].
 There are notable differences in the genome composition that divides the alpha-
CoVs into two separate branches, named A and B (Figure 1). All subgroup A members 
contain several short accessory protein coding genes between the S and E gene and 1 or 2 
accessory protein genes 3’ of the N gene. In contrast, all subgroup B members carry only 
one accessory protein gene, between the S and E gene, with the exception of some bat 
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CoVs. Three bat CoVs carry an additional ORF at the 3’-side of the N gene. The function 
of the accessory proteins from the alpha-CoV is unknown. Reverse genetic analyses of 
FIPV and extensive cell culture adaptation of PEDV and TGEV suggest that they are not 
required for in vitro virus replication [28–31]. Moreover, deletion of FIPV, PEDV and 
TGEV accessory genes results in attenuation of the virus, indicating that the alpha-CoV 
accessory proteins represent pathogenicity factors [28–31].
 The discovery timeline of the alpha-CoVs illustrates that this group just recently has 
grown in a more mature form of which its members can infect a diversity of mammalian 
hosts. 

Figure 1. Schematic representation of the genomic organization of the alpha-group coronaviruses. 

Subgroup B alphacoronaviruses HCoV-229E (NC002645), HCoV-NL63 (NC005831), porcine epidemic diarrhea virus (PEDV; 

NC003436), bat coronavirus 1A (Bt-CoV 1A; NC010437), Bt-CoV 1B (NC010436), Bt-CoV 512/2005 (NC009657), Bt-CoV 

HKU2 (NC009988) and Bt-CoV HKU8 (NC010438), and subgroup A alphacoronaviruses porcine transmissible gastroenteritis 

virus (TGEV; NC002306) and feline infectious peritonitis virus (FIPV; NC007025) genome organization. The open reading 

frames are denoted as replicase 1A (ORF1a), replicase 1B (ORF1b), spike (S), envelope (E), membrane (M), nucleocapsid (N) 

and accessory genes (ORFx).
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Evolution and variability of HCoV-229E and HCoV-NL63
HCoV-229E was the first human coronavirus which was fully sequenced [32], however 
it is striking that the sequence information of circulating strains is very poor. Recently, 
one study describes the variability of the spike and nucleocapsid gene in time which 
suggests that genetic drift shapes HCoV-229E evolution [33], whereas for HCoV-NL63 
this remains to be determined.
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Figure 2. Phylogenetic tree of 29 full genome coronavirus reference strains. 

The full genome coronavirus reference sequences were aligned with ClustalX v2.09.[96] Phylogenetic analyses was conducted 

with the neighbor-joining method, Kimura 2-parameter distances and a bootstrap of 1000 replicates, using MEGA version 4.01 

[97]. Bootstrap values below 75 are not shown. The 5 human coronavirus species are highlighted by a rectangle. The viruses 

are denoted as bovine coronavirus (BCoV), porcine hemagglutinating encephalomyelitis virus (PHEV), equine coronavirus 

(EqCoV), mouse hepatitis virus (MHV), severe acute respiratory syndrome coronavirus (SARS-CoV), Turkey coronavirus 

(TCoV), avian infectious bronchitis virus (IBV), porcine epidemic diarrhea virus (PEDV), bat coronavirus (Bt-CoV), porcine 

transmissible gastroenteritis virus (TGEV), feline infectious peritonitis virus (FIPV) and beluga whale coronavirus (SW1-CoV).
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 Of HCoV-NL63 much more sequences of strains that circulate these days are available. 
Two full genomes have been sequenced [7,24], but also 404 sequences (till 2011) of other 
regions are available in Genbank (compared to 169 for HCoV-229E). The increasing 
number of HCoV-NL63 sequences from several locations provides evidence for genetic 
diversity and suggest the presence of two main genetic clusters [34–36]. 

Receptors used by HCoV-229E and HCoV-NL63 
The S glycoprotein of HCoV-229E and HCoV-NL63 are both class I fusion proteins that 
mediate infection of target cells [37,38]. The proteins share 56% amino acid identity, but 
do not use the same receptor [39]. The receptor recognition regions within S are for both 
viruses not well defined linear binding sites [40]. For HCoV-NL63 the region between 
amino acid 476 to 616 is important for binding, whereas for HCoV-229E amino acid 
417 to 547 are involved in receptor recognition [41,42]. HCoV-229E utilizes the CD13 
(also known as aminopeptidase N) as receptor, whereas HCoV-NL63 uses angiotensin 
converting enzyme 2 (ACE2) for cellular entry [43–45]. 
 CD13 is a zinc-binding metalloprotease that is ubiquitously expressed in various cell 
types, including small intestinal and renal tubular epithelial cells, the granulocytic and 
monocytic lineage, synaptic membranes from the central nervous system and respiratory 
epithelial cells [46–48]. CD13 functions in digestion, angiogenesis and synaptic activity 
and cleaves peptides bound to MHC molecules of antigen-presenting cells [48]. ACE2 
belongs to the same protease family as CD13, and the protein is expressed in testis, 
renal, cardiovascular, gastrointestinal and airway tissue [49]. Both metalloproteases are 
involved in the renin angiotensin system, which regulates the blood pressure. ACE2 plays 
a role in vasodilatation of the blood vessels by carboxyl terminal cleavage of angiotensin 
II into angiotensin 1-7 and angiotensin I into angiotensin 1-9, whereas CD13 functions 
at another level by amino terminal cleavage of angiotensin III into angiotensin IV and 
angiotensin IV into angiotensin 4-8 [50]. 
 Beside HCoV-229E, CD13 is used by PEDV, TGEV, and FIPV to enter the cell [51–54], 
whereas HCoV-NL63 is the sole alpha-CoV which uses ACE2. Remarkably, SARS-CoV 
– a beta-CoV – also uses ACE2 protein for entry [55]. It has been suggested that the 
high mortality rate during SARS-CoV infection is related to the down-regulation of ACE2 
upon infection [56]. ACE2 protects from lung damage and the lack of ACE2 on the cell 
surface may account for the damage during infection [56]. Whether HCoV-NL63 induces 
a similar down-regulation during infection is yet unknown. 
 HCoV-229E can be cultured on various type of cells derived from the human 
neural system, granulocytic and monocytic lineage, airway tract cells and hepatocytes 
[46,47,57,58]. HCoV-NL63 in vitro replication can be achieved by culturing upon monkey 
kidney derived cell lines, tertiary monkey kidney cells (tMK), human colon carcinoma cells 
and hepatocytes [7,24,45,59,60]. On pseudo-stratified primary human airway epithelial 
cell cultures the CD13 and ACE2 proteins are expressed on the apical surface [47,61]. 
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The cell tropism for HCoV-229E in these cultures has not been investigated, whereas for 
HCoV-NL63 it is known that the virus infects ciliated cells [47,62,63]. Unfortunately, to 
date no permissive animal models have been reported thus far that can be utilized as in 
vivo models to further characterize HCoV-229E or HCoV-NL63 induced pathogenicity 
[64–66]. 

Prevalence of HCoV-NL63 and HCoV-229E
An accumulating number of reports revealed that HCoV-229E and HCoV-NL63 infections 
occur without gender, age or geographic boundaries [8,34,36,67,68]. In most children 
these infections do not lead to severe clinical symptoms, but for some, e.g. children with 
an underlying disease, the severity of the upper or lower respiratory tract infections may 
require hospitalization. HCoV-NL63 and HCoV-229E infections can account for 5% 
of all acute respiratory infections in the hospital, especially during the winter seasons 
[69,70]. Very often these severe infections are accompanied by a second respiratory virus 
infection [71]. At later age reinfections with the viruses occurs but only in frail persons 
the infection may need hospital uptake [7,36,68]. Studies with HCoV-229E infection of 
volunteers show that reinfections with common cold symptoms occurs when antibody 
levels directed to the virus are low [72]. The decrease of antibody titers to HCoV-229E 
is observed as fast as 1 year after an infection, indicating that every individual probably 
encounters numerous infections by HCoV-229E during a lifetime. Whether reinfection of 
HCoV-NL63 in healthy adults occurs is still unknown.

Disease association of HCoV-NL63 and HCoV-229E
Till 1989, clinical infection trials with HCoV-229E in healthy volunteers were performed 
by researchers at the facility of the Medical Research Council (MRC) in Salisbury, 
United Kingdom. HCoV-229E was administered by the nasal route to volunteers [73]. 
Of the infected volunteers 50% developed the common cold. The observed symptoms 
included malaise, headache, nasal discharge, chills, cough and sore throat. One fifth of the 
volunteers developed fevers. The incubation period ranged from 2 to 5 days with a mean 
of just over 3 days. The duration of the symptoms that were induced by HCoV-229E varied 
between 2 to 18 days with a mean of 7 days. During the trials researchers also noticed the 
high daily amount of disposable handkerchiefs usage. From this it was concluded that 
nasal discharge is one of the main symptoms of HCoV-229E infection. The number of 
handkerchiefs ranged from 8 to 120 with a mean of 23 per day, a high number compared 
to other common cold viruses, like rhinoviruses. In addition, the mean incubation period 
of HCoV-229E was significant longer than that of rhinoviruses, whereas the duration of 
the illness was somewhat shorter. Similar symptoms were observed with nine different 
HCoV-229E strains, thus providing no indication that various strains of HCoV-229E 
induce different symptoms [74].
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 The most frequently observed clinical manifestations in HCoV-NL63 infected patients 
are fever, cough, coryza, sore throat, bronchiolitis, bronchitis, pneumonia and croup [8]. 
As mentioned above, HCoV-NL63 infections in the hospital are frequently accompanied 
by infection with other respiratory viruses. Therefore an association of HCoV-NL63 with 
a certain disease remains difficult to establish. By investigation of a large group of children 
with lower respiratory tract infections (949 children) it was shown that among HCoV-
NL63 infected children croup is very frequently diagnosed (24%) [71]. Focusing only on 
single HCoV-NL63 infections revealed a very strong association (43%, p<0.0001). Several 
studies confirmed this finding. Taiwanese children were tested and HCoV-NL63 was the 
most common pathogen (14,7%) in children whom suffered from croup [75]. Also two 
Korean studies observed the association of HCoV-NL63 with croup [67,76]. One study 
found 50% cases of croup among the HCoV-NL63 infected children, and the other study 
64.2% croup among children with HCoV-NL63 infections. It is very likely that HCoV-
NL63 is responsible for croup, since in most studies no other pathogen was detected. Still 
it cannot be ruled out that the laryngotracheitis is facilitating HCoV-NL63 replication, but 
that the virus is not involved in causing the disease. There are no indications that HCoV-
229E is involved in croup [77]. 
 There is one study that linked HCoV-NL63 infection to Kawasaki disease [78], one of 
the most common forms of childhood vasculitis [79]. However, no subsequent study could 
confirm the association with Kawasaki disease [80–84]. HCoV-229E has been suggested 
as the causative agent for multiple sclerosis [85–88]. Some research groups found a higher 
frequency of HCoV-229E in brains of patient with multiple sclerosis compared to a control 
group. However, the high frequency might be influenced by the increased susceptibility of 
these patients, due to the damage of the blood-brain barrier.

Therapy
Common cold virus infections have a large impact on the economy because of the reduced 
productivity of the working population. Therefore, effective viral treatment against the 
common cold could prohibit these reduced economical benefits. Additionally, effective 
treatment can modulate the severe respiratory disease among children or elderly and 
immunocompromised patients which are sometimes observed. Currently, there are no 
treatments available for any of the human coronaviruses among which HCoV-NL63 and 
HCoV-229E. However, some candidate drugs have been investigated and might provide 
options for treatment in the future.
 The viral replication cycle of HCoV-229E and HCoV-NL63 can theoretically be tackled 
by either synthetic or natural antiviral components at various steps, including receptor 
binding, membrane fusion, transcription, RNA biosynthesis and post-translational 
processing. For HCoV-NL63 and HCoV-229E, there are no inhibiting neutralizing 
monoclonal antibodies available. However, HCoV-NL63 replication can be inhibited in 
vitro by pooled intravenous immunoglobulins from healthy adult donors (IVIG) that 
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probably contain neutralizing antibodies [89]. Whether this also accounts for HCoV-
229E remains to be investigated, although it is not unlikely since a lot of healthy adults 
carry antibodies directed to HCoV-229E [90]. Treatment with IVIG has shown to be 
beneficial in numerous (auto-) immune diseases such as multiple sclerosis, but also severe 
respiratory diseases and Kawasaki disease [91]. 
 Interferon’s of Type I (IFN-α, IFN-ß) modulate the viral permissiveness and replication 
efficiency by toggling infected and neighboring cells into their antiviral state [92]. For 
HCoV-229E it is known that IFN-α exhibits a potent antiviral activity towards HCoV-
229E in vitro and in vivo [93,94]. However, prolonged intranasal administration of IFN-α 
to HCoV-229E infected volunteers gave rise to bloodstained nasal discharge, a side effect 
which is perhaps worse than the common cold that HCoV-229E is causing [94]. 
 Other novel means to inhibit viral replication is RNA interference [89,95], and broad 
spectrum protease inhibitors [89,93]. Nevertheless, the in vivo efficacy and safety of these 
inhibitors remains to be established.

Scope of this Thesis
HCoV-NL63 and HCoV-229E are two of the four human coronaviruses that circulate 
worldwide. HCoV-NL63 is associated with croup in children, whereas all signs suggest 
that the virus probably causes common cold in healthy adults. HCoV-229E is a proven 
common cold virus in adults so most probably both viruses induce comparable symptoms 
even though their mode of infection differs. In this thesis the prevalence, genome 
characteristics, genetic diversity, animal model systems and in vitro model systems are 
investigated for both viruses. 
 The average age of seroconversion to HCoV-NL63 and HCoV-229E in children is 
determined in chapter 2, and compared with the rates for the human betacoronaviruses 
(chapter 4). The severity of disease of each HCoV is explored by comparing the frequency of 
infection in completely healthy and in hospitalized children, to reveal whether a particular 
HCoV leads to more hospitalization than another and, thus, if one is more pathogenic 
than another (chapter 4). The pathogenicity of each virus can also be determined in 
animal model systems. Unfortunately no suitable animal model system has been reported 
for most human coronaviruses among which HCoV-NL63. Therefore it is investigated 
whether Rhesus Macaques can be naturally infected by HCoV-NL63 in chapter 3, and 
monoclonal antibodies to differentiate between HCoV-NL63 and HCoV-229E infections 
are produced (chapter 5). Genetic diversity and evolution from a common ancestor is 
investigated by analyzing the sequences from currently circulating HCoV-NL63 and 
HCoV-229E strains (chapter 6), with a strong focus on the conservation of the ORF4 
accessory protein gene of HCoV-229E in chapter 7. 
 All HCoVs replicate in the respiratory epithelium, but in vitro propagation of the 
viruses is performed in various different cell lines. A universal respiratory virus culture 
system is desperately needed. Therefore the human airway epithelial cell culture system 
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is explored as an alternative culture system to culture “unculturable” viruses, like human 
bocavirus (chapter 8) and all 4 human coronaviruses (chapter 9). An unexpected difference 
in cell tropism by HCoV-229E is described in chapter 9. 
 Like SARS-CoV, HCoV-NL63 employs angiotensin converting enzyme 2 (ACE2) as 
receptor for cellular entry. SARS-CoV infection causes robust down regulation of cellular 
ACE2 expression levels and it has been suggested that the SARS-CoV effect on ACE2 
is involved in the severity of disease. In chapter 10 it is investigated whether cellular 
ACE2 down regulation occurs during HCoV-NL63 infection. The outcome of the studies 
presented in this thesis is summarized and discussed in chapter 11.
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Abstract
In 2004, a novel respiratory human coronavirus (HCoV) NL63 was identified and 
subsequent research revealed that the virus has spread worldwide, as its close relative 
HCoV-229E. HCoV-NL63 and HCoV-229E infections can lead to the hospitalization of 
young children, immunocompromised persons and elderly. Children infected with HCoV-
NL63 often develop croup, with obstruction of the airway. In this study we investigated 
at which age children are confronted for the first time with an HCoV-NL63 infection 
and, thus, at which age they seroconvert to HCoV-NL63. We designed a recombinant 
HCoV-229E and a recombinant HCoV-NL63 nucleocapsid protein ELISA and performed 
a seroepidemiology survey on longitudinal and cross-sectional sera. The longitudinal 
sera were collected from 13 newborns, from which multiple time points were available 
spanning a period of at least 18 months. For the cross-sectional survey we tested sera of 139 
children between the age of 0 to 16 years. In the longitudinal serum samples we observed 
that all children have maternal anti-NL63 and anti-229E antibodies at birth that disappear 
within 3 months. Seven of the thirteen children become HCoV-NL63 seropositive during 
follow up, whereas only 2 become HCoV-229E seropositive. The serology data of the 
cross-sectional serum samples revealed that 75% and 65% of the children in the age group 
2,5 – 3,5 years are HCoV-NL63 and HCoV-229E seropositive, respectively. Concluding, 
HCoV-NL63 and HCoV-229E seroconversion occurs on average before children reach 
the age of 3,5 years.
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Introduction
Coronaviruses (CoVs) are enveloped, plus-strand RNA viruses belonging to the family 
Coronaviridae [1]. The genomic RNA is 27 – 32 Kb in size, capped and polyadenylated. 
The virions have a unique morphology, with extended, petal-shaped spikes that give 
the virus a crown-like projection (Latin; corona) under the electron microscope [1]. All 
coronaviruses (CoVs) possess a common genome organization where the replicase gene 
encompasses the 5’-two thirds of the genome and is comprised of two overlapping open 
reading frames (ORFs), ORF1a and ORF1b. The structural gene region, which covers the 
3’-third of the genome, encodes the canonical set of structural protein genes in the order 
5’ - spike (S) - envelope (E) - membrane (M) and nucleocapsid (N) – 3’. The S and N 
proteins are the most abundantly expressed during virus infections and both induce an 
immune response [1]. CoVs are classified into three groups based on phylogenetic and 
serological relationships [1]. Group 1 and 2 consist of various mammalian coronaviruses, 
whereas avian viruses cluster in group 3. 
 Nowadays, there are five different human coronaviruses (HCoVs) known, all of 
which are associated with respiratory tract infections in humans. HCoV-229E (a group 1 
coronavirus) and HCoV-OC43 (group 2) were discovered in 1966 and 1967, respectively 
[2,3]. Both HCoVs were identified as the causative agents of the common cold in humans 
by experimentally inoculation of healthy adult volunteers [4–8]. Almost 40 years later the 
Severe Acute Respiratory Syndrome (SARS) outbreak emerged. The causative agent was 
identified as a novel member of the group 2 CoVs [9]. Over 8000 SARS-CoV infections 
were reported during the peak period of the 2002 and 2003 outbreak with a mortality rate of 
10% [9]. After revealing that highly pathogenic HCoVs can evolve, efforts of identification 
and characterization of new HCoVs increased. This resulted in the identification of two 
new family members in 2004 and 2005, HCoV-NL63 (group 1) and HCoV-HKU1 (group 
2), respectively [10,11]. Infections with either HCoV-HKU1 or HCoV-NL63 can lead 
to hospitalization of young children, elderly and  immunocompromised patients [10]. 
In addition, HCoV-NL63 is associated with croup, which is a common manifestation 
of lower respiratory tract infections with a peak occurrence in the first two life years 
[12]. Globally, approximately 10% of all upper and lower respiratory tract infections in 
hospitalized children is caused by HCoV-229E, HCoV-OC43, HCoV-HKU1 and HCoV-
NL63 infections [13,14].  
 Clinical studies indicated that HCoV-NL63 infections in children frequently occur 
below the age of 3 years [12]. These studies encompassed children that were hospitalized 
due to respiratory tract infections. This sketches a situation that HCoV-NL63 infections 
in children will lead to hospitalization, however, we hypothesise that HCoV-NL63 
infections are common during childhood and that only a minor fraction of infections 
requires hospitalization of children. Retrospective, investigation of all HCoV-NL63 
infections in children is possible with a serological assay, like ELISA. The age and 
frequency of infection can be monitored by measurement of HCoV-NL63 antibody titer 
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rise (seroconversion). The nucleocapsid (N) protein of CoVs is rather conserved within 
species, it is immunogenic, and it induces one of the strongest immune response of all 
structural proteins [15]. The HCoV-NL63 N protein shares only 42% amino acid identity 
with the N protein of its closest relative HCoV-229E [16], therefore an N protein ELISA is 
likely to be species specific.
 We developed an HCoV-NL63 N protein ELISA and determined that this assay is 
species specific. We observed no cross-reactivity between HCoV-NL63 N directed 
antibodies and HCoV-229E N directed antibodies, thus confirmed the specificity of the 
ELISA. Subsequently, we performed seroepidemiological surveys with longitudinal and 
cross-sectional sera obtained from newborns and children between 0 – 16 years old, 
respectively, to determine at which age children seroconvert to HCoV-NL63 and thus are 
confronted for the first time with an HCoV-NL63 infection. 
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Material & Methods

Serum for longitudinal and cross-sectional surveys
Human serum specimens from newborns were collected at the department of Medical 
Microbiology, Academical Medical Center (AMC), Laboratory of Experimental Virology. 
All children were born to HIV-1-positive mothers. Serial samples were collected during a 
follow-up period of at least 18 months and stored at -80oC. All 13 children remained HIV-
1 RNA negative and became HIV-1 seronegative during the follow-up period. 
 Human serum specimens from individuals between the ages of 0 – 16 years old were 
collected at the department of Medical Microbiology, AMC, Laboratory of Clinical 
Virology. Sera were obtained between 1999 and 2003 and were stored at -80oC. All serum 
samples were heat-inactivated at 56oC for 30 minutes.

Preparation of recombinant HCoV-NL63 and HCoV-229E nucleocapsid 
protein expression constructs 
HCoV-NL63 RNA was isolated and reverse transcribed as described [17]. The cDNA 
was used as template for generation of full length 1134 nt N-gene with the primer 
combination 5’ NL63_Nexp (5’ – CACCGCTAGTGTAAATTGGGC – 3’) and 3’ 
NL63_Nexp (5’ – TTAATGCAAAACCTCGTTGAC – 3’). The pTRE-HN plasmid 
(kind gift from Volker Thiel, [18]) was used as template for amplification of the full 
length 1170 nt N gene of HCoV-229E with the following primer combination 5’ 
229E_Nexp (5’ – CACCGCTACAGTCAAATGGGCT – 3’) and 3’ 229E_Nexp (5’ – 
TTAGTTTACTTCATCAATTAT – 3’). Amplification of the N genes was performed with 
Pfx polymerase (Invitrogen). Amplified N gene fragments were cloned in the pET-100D-
TOPO vector (Invitrogen). The generated pET100_NL63 and pET100_229N plasmids 
were sequenced and shown to be 100% identical to the virus reference sequences of HCoV-
NL63 (Amsterdam-01; NC_005831) and HCoV-229E (Inf-1; NC_002645), respectively.

Expression of HCoV-NL63 and 229E nucleocapsid proteins
Expression of recombinant nucleocapsid proteins of HCoV-NL63 and HCoV-229E was 
performed by transformation of 10 ng plasmid in chemically prepared competent E. Coli 
BL-21 derived strain Rosetta™ 2 (Novagen). Vector coding for the recombinant LacZ protein 
(using pET100/D/LacZ plasmid, Invitrogen) was included as a control. Overnight cultures 
of transformed bacteria containing either pET100_229N, pET100_NL63N or pET100_
LacZ plasmid were inoculated into Luria Broth (LB) medium, supplemented with 1% 
glucose, carbenicillin (10 μg /ml) and chloramphenicol (17,5 μg/ml). Cultures were grown to 
exponential phase, prior to induction with 0.5 mM of Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) for 5 hours. Recombinant proteins were purified with Ni-NTA Agarose (Qiagen), 
and protein concentrations were determined with the Micro BCA protein assay (Pierce).
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Nucleocapsid ELISA
Ninety-six-well ELISA plates (Greiner Bio-one) were coated overnight at 4oC with 3 μg/
ml of expressed recombinant N protein of HCoV-NL63 or HCoV-229E or LacZ protein 
(negative control). The proteins were diluted in 0,1 M carbonate buffer pH 9.6. Unspecific 
binding sites were blocked with PBS + 0,1% Tween20 (PBST) supplemented with 5% skim 
milk (Fluka) for one hour at room temperature (RT). Longitudinal and cross-sectional 
sera were diluted 1:200 or 1:100, respectively, in PBST containing 1% skim milk and 
incubated on the plate for 2 hours at RT. After washing, Alkaline Phosphatase conjugated 
anti-human IgG Fcγ-tail antibody (Jackson immunoresearch) diluted (1:1500) in 1% skim 
milk PBST was added. Following one hour at RT the plates were washed and signal was 
developed with 50 μl of Lumi-Phos Plus (Lumigen). Measurements were done with a 
GlomaxTM 96 Plate Luminometer (Promega). All sera were tested in duplicate. In the study 
with cross sectional sera a cutoff value was used. This value was the mean from the levels 
of the 6 – 12 months old children in either HCoV-NL63 or HCoV-229E ELISA. 

Nucleocapsid competition ELISA 
Human sera were diluted (1:200) in PBST containing 1% skim milk and twofold serial 
dilutions (ranging from 50 to 0 μg/ml) of either expressed recombinant N protein of 
HCoV-NL63, N protein of HCoV-229E or LacZ protein were added. The mixtures were 
briefly homogenized by vortexing prior to incubation for 1 hour at RT. No centrifugation 
was performed. Following the pre-incubations the samples were measured by HCoV-
NL63 or HCoV-229E ELISA, as described above.  

Statistical analysis
Calculations were performed using the Prism software version 5 (Graphpad). The 
median inhibition concentration (IC50) of the soluble HCoV-NL63 N, HCoV-229E N 
and LacZ protein competitor in the competition ELISA was calculated with the non-
linear regression method, with variable slope. Comparison of longitudinal results from 
the cumulative incidence of HCoV-NL63 and HCoV-229E seropositive time points was 
done with the Kaplan-Meier survival analysis, statistical significance was tested with the 
log-rank (Mantel-Cox) test. Comparison of the HCoV-NL63 and HCoV-229E analysis 
with cross-sectional sera was performed with the non-parametric Mann-Witney U test to 
determine if there was statistical difference between the frequency of seroconversion to 
HCoV-NL63 and HCoV-229E.
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Results
Comparison of the N protein sequences of HCoV-NL63 (YP_003771) and its closest relative 
HCoV-229E (NP_073556) revealed that these proteins share only 42% similarity. We 
hypothesized that the difference on amino acid level is sufficiently high for a recombinant 
HCoV-NL63 N protein ELISA specific for HCoV-NL63 N protein directed antibodies. 
To verify the specificity, we performed a competition ELISA with coated HCoV-NL63 
N-protein and incubated several HCoV-NL63 antibody positive samples with serial 
dilutions of LacZ, HCoV-NL63 N or HCoV-229E N proteins. To exclude sample to sample 
variation we performed the competition ELISAs for 4 different serum samples. 
 For all four samples we observed that incubation with the homologous protein (HCoV-
NL63 N protein) did inhibit the HCoV-NL63 ELISA (IC50 ranging between 9 to 43 µg /
ml), whereas the heterologous proteins did not (IC50 >50 µg /ml for both HCoV-229E N 
and LacZ protein). So, in the competition assay we observed that only HCoV-NL63 N 
protein pre-incubation diminished the signal in the HCoV-NL63 N ELISA. Incubation 
with HCoV-229E protein or LacZ had no effect in the HCoV-NL63 ELISA, while HCoV-
229E pre-incubation did inhibit an HCoV-229E N ELISA (shown for serum 1 in Figure 1). 
Thus, no antigenic cross-reactivity between HCoV-NL63 N-antibodies  and HCoV-229E 
N-antibodies has been observed. 
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Figure 1. Lack of cross-reactivity between antibodies directed to HCoV-NL63 N protein and HCoV-229E N protein. 

Serum of an adult, known to be positive for HCoV-NL63 and HCoV-229E was diluted (1:200) and pre-incubated with serial 

dilutions of proteins. Panel A. Competition by soluble HCoV-NL63 N protein (closed triangles, continuous line), HCoV-229E N 

protein (open squares, dashed line) and LacZ protein (open circles, continuous line) on an HCoV-NL63 N protein ELISA. Panel B. 

Competition by soluble HCoV-NL63 N protein (closed triangles, continuous line), HCoV-229E N protein (open squares, dashed 

line) and LacZ protein (open circles, continuous line) on an HCoV-229E N protein ELISA.  (RLU = relative luminescence units)
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 We aimed to investigate the age of a first HCoV-NL63 infection and therefore we 
followed newborn children and determined the age at which antibody titers to HCoV-
NL63 rise. We have access to sequential serum samples of newborn children that are 
followed until the age of 1.5 years (ranging from 18 months to 29 months). Serum samples 
were collected approximately at month 0, 1, 3, 12, and 18. The first thing that was noted 
was the high level of antibodies at birth. All children carried maternal HCoV-NL63 N 
antibodies. The level of these antibodies decreased to very low levels within a few months. 
Seroconversion to HCoV-NL63 during follow up was seen for 7 of the 13 children (Figure 
2. panel C, G, H, I, J, K and M). To determine whether seroconversion to HCoV-229E 
occurs as frequent as seroconversion to HCoV-NL63, the same longitudinal set of samples 
was tested in an HCoV-229E specific N protein ELISA. Similar to the HCoV-NL63 analysis 
we observed that all children carry maternal HCoV-229E antibodies at birth and that the 
level of antibodies decreased within the first months of life. Only 2 of the 13 children 
seroconverted to HCoV-229E (Figure 2. panel G and L) during follow up. Interestingly, 
one child presented a sequential antibody level increase to both HCoV-229E and HCoV-
NL63, at month 10 and 26 respectively (Figure 2. panel G). Five of the 13 children did 
not seroconvert to HCoV-NL63 or HCoV-229E during follow up. To investigate whether 
seroconversion to HCoV-NL63 occurs significantly earlier or more frequent than to 
HCoV-229E we determined the cumulative incidence (Kaplan-Meier) of seroconversion 
for each virus (Figure 3). The statistical analysis revealed however, that the difference of 
the frequency of infection by each virus is not significantly different (P=0.08).
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Figure 3. Cumulative incidence of HCoV-NL63 and HCoV-229E seroconversion. 

The Kaplan-Meier survival analysis was performed on the cumulative incidence of the percentage of seronegative individuals 

(y-axis) against time (in months; x-axis). Seroconversion to HCoV-NL63 is presented as a continuous line, HCoV-229E as a 

dashed line. The time point of seroconversion was calculated by taking the midpoint between the last seronegative and the first 

seropositive time point.
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 To investigate the frequency of infection of both viruses at higher ages, we collected a 
total of 139 sera from children between the ages of 0 – 16 years old and performed a cross-
sectional survey. We observed that the majority (64%) of infants younger than 6 months 
of age have N protein directed antibodies against both viruses (Figure 4). These N protein 
directed antibodies are most probably maternal antibodies. The numbers of seropositive 
individuals in the 6 – 12 months age category are low for both HCoV-NL63 and HCoV-
229E, 33% and 22% respectively. These percentages only slightly change in the age group 
of 1 – 1.5 years, the number of seropositive individuals for HCoV-229E increases to 36%, 
whereas for HCoV-NL63 it decreases to 29%. At the age 1.5 to 3.5 years most children 
become infected by HCoV-NL63 and HCoV-229E. The percentage of seropositive children 
increases almost 2 fold to 65% for HCoV-229E and 75% for HCoV-NL63. Beyond the age 
of 3.5 years we observed that the vast majority carries antibodies directed to HCoV-NL63 
and HCoV-229E (Figure 4). Like the longitudinal survey, we did not observe a significant 
difference between the frequency of infection between HCoV-NL63 and HCoV-229E. 

Figure 2. HCoV-NL63 and HCoV-229E N protein directed antibody levels in follow-up sera of 13 children. 

Each graph, A through M, represents the longitudinal profile of HCoV-NL63 N protein (closed triangles, continuous line) and 

HCoV-229E N protein (open squares, dashed line) directed antibody levels of a single child. The measured antibody levels are 

indicated as relative luminescence units x106 on the y-axis. The follow-up period is plotted on the x-axis. 
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Figure 4. Percentage of seropositives to HCoV-NL63 and HCoV-229E in different age groups. 

The percentage HCoV-NL63 (black bars) and HCoV-229E (grey bars) seropositive individuals was monitored in sera obtained 

from children of various ages, m = months, y = years.

Discussion
Here we show that HCoV-NL63 infections are common during childhood, and the 
majority of seroconversion to HCoV-NL63 occurs before children reach the age of 
3.5 years. This finding is comparable to what is known for other respiratory viruses 
like human metapneumovirus (hMPV), respiratory syncytial virus (RSV) and human 
bocavirus (HBoV). The approximate age of seroconversion for these viral pathogens 
varies and seems to peak between the age groups 5 – 10, 2 – 5 and 2 – 6 years for hMPV, 
RSV and HBoV, respectively [19,20]. We observed that the majority of children older 
than 10 years is seropositive for HCoV-NL63, which is similar as the observations for 
the previously mentioned viral pathogens [19,20]. In conclusion, HCoV-NL63 circulates 
among the entire children population, and, HCoV-NL63 plays an important role in 
acquired childhood infections.
 The antibody specificity directed towards viral proteins determines which virus-
specific antigen can be used in a serological assay. For HCoV-NL63, it has recently been 
published that human sera contain antibodies directed against full length recombinant 
expressed HCoV-NL63 N protein [21]. Vlasova et al reported that HCoV-NL63 N protein 
directed antibodies displayed no antigenic cross-reactivity with the N protein of non-
human CoVs [21]. However, it was not determined whether HCoV-NL63 directed N 
protein antibodies could cross-react with full length recombinant expressed HCoV-229E 
N protein. The CoVs N protein directed antibodies do not have neutralizing potential due 
to the structural blueprint were the N proteins are located inside the enveloped virion 
[1], thus, antigenic cross-reactivity can only be determined by performing a competition 
ELISA and not with a neutralization assay. With the competition assay we observed no 
detectable antigenic cross-reactivity between HCoV-NL63 N-protein directed antibodies 
and HCoV-229E N protein directed antibodies. A similar finding has recently been 
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published by another research group [22]. Therefore the utilization of HCoV N proteins 
in an ELISA provides a convenient tool for analyzing the seroepidemiological profiles of 
HCoV-NL63 and HCoV-229E.
 The analysis of longitudinal sera from children allowed us to simultaneously measure 
the HCoV-NL63 and HCoV-229E directed antibodies levels directly after birth with a 
follow-up period of at least 18 months. In all children we detected high levels of maternal 
HCoV-NL63 and HCoV-229E N protein directed antibodies at birth, although, the degree 
of maternal antibody titers varied between newborns. Nonetheless, these antibody levels 
decreased to low levels within a period of 3 months and remained low until subsequent 
infection. Five of the thirteen children remained HCoV-NL63 and HCoV-229E 
seronegative during follow-up. We investigated whether the levels of maternal antibodies 
could predict a seronegative outcome during follow-up, but found no correlation between 
the ELISA signal at birth and seroconversion. In addition, we tested the antibody levels in 
the mothers before and at birth, to investigate whether low antibody titers in the mother 
could predict seroconversion, but again we found no correlation (data not shown).
 The first seroepidemiologic study on HCoV-NL63 and HCoV-229E in children was 
reported by Hofmann et al [23]. They determined whether children carry neutralizing 
antibodies against HCoV-NL63 and HCoV-229E spike (S) glycoprotein. The neutralization 
assays were performed by challenging pseudo-viruses carrying the HCoV-NL63 or 
HCoV-229E spike glycoprotein with human sera [23]. This resulted in the observation 
that children until the age of 1.5 years do not carry neutralizing antibodies against the S 
glycoproteins from both HCoVs. However, the number of individuals carrying HCoV-
NL63 neutralizing antibodies increased in children older than 1.5 years, whereas for 
HCoV-229E this number remained low [23]. We observed however that the number 
of children with HCoV-NL63 directed antibodies was equal to those with HCoV-
229E directed antibodies. Shoa et al also found the same incidence of HCoV-229E and 
HCoV-NL63 infections [24]. They used a part of the C-terminal region of the N protein 
as antibody capture antigen in an ELISA [24]. Antibodies directed to HCoV-NL63 and 
HCoV-229E were frequently detected in children of 1 year and older. Thus the findings by 
Shoa et al and our findings are in contradiction with the findings by Hofmann et al. The 
fact that Hofmann et al measured seropositivity by using the HCoV-229E S protein of the 
reference strain may explain the difference. For HCoV-229E, it has been determine that 
the S protein of the reference strain is different from the recent circulating strains [25] and, 
therefore, it is possible that the reference strain S could not be recognized by HCoV-229E 
S antibodies that are induced by current circulating strains. The HCoV-NL63 spike used 
by Hofmann et al was recently obtained (2003) which may explain why HCoV-NL63 S 
directed antibodies were more frequently found than HCoV-229E S directed antibodies. 
We also used the HCoV-229E and HCoV-NL63 reference strains to amplify the N gene 
and express the protein, however, unlike the S protein is the N protein rather conserved in 
time [25]. 
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 In the past, most of HCoV-229E and HCoV-OC43 serological data and details on 
clinical manifestations were obtained from infection trials with adult volunteers [4–8]. The 
antibody levels of each volunteer was measured, before entering a trial, and all volunteers 
were HCoV-229E and HCoV-OC43 seropositive, although the antibody levels varied [8]. 
The volunteers with high antibody levels developed no or less clinical symptoms after 
HCoV-229E or HCoV-OC43 inoculation, whereas those with low antibody levels did 
develop normal clinical symptoms after inoculation [8]. Volunteers could be reinfected 
with either HCoV-229E or HCoV-OC43, because the antibody titers dropped within one 
year to the levels before attending the volunteer trials [8]. In a similar manner, HCoV-
NL63 reinfections might also occur considering the seroepidemiological similarity to 
HCoV-229E in children. However, this could only be determined by performing trials 
with volunteers, but, it will raise ethical issues regarding the unraveled pathogenicity of 
HCoV-NL63. Alternatively, these results could be obtained by monitoring the antibody 
levels in healthy adults, from which longitudinal collected sera are available. This will 
allow investigation of the steadiness of HCoV-NL63 directed antibodies, and whether 
reinfection of HCoV-NL63 occurs. 
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Abstract
HCoV-NL63 is a recently identified respiratory virus. Its pathogenesis has not been fully 
unraveled because an animal model is currently lacking. Here we examined whether 
rhesus macaques encounter HCoV-NL63 infections during life, by examining the levels of 
antibodies to HCoV-NL63 in time. The animals were followed for 7 up till 19 years, and 
in three animals we observed a steep rise in antibodies during follow up, indicative of a 
natural infection with HCoV-NL63. 
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Introduction
HCoV-NL63 was identified in 2004 in a child with bronchiolitis in The Netherlands [1], 
yet worldwide screenings revealed that the virus can be detected throughout the globe 
in children and adults with respiratory tract infections [2–8]. People acquire their first 
infection with HCoV-NL63 early in life [9], and during this first infection the chance 
to develop larynchotracheabronchitis (croup) is high [10]. With increasing age people 
experience repeated infections (unpublished findings LvdH), and in case of underlying 
disease an HCoV-NL63 infection can require hospitalization. On the whole we can say 
that within a few years a vast amount of data on this new virus has become available, 
except that the pathogenesis of HCoV-NL63 remains unknown. The lacking of an animal 
model system is the problem. In addition, an animal model system is needed to fulfill the 
Koch’s postulates and link infection to a disease. 
 To date, only a limited number of primary or immortalized cells from either human 
or non-human primate origin support propagation of HCoV-NL63 [1,11–13]. The first 
HCoV-NL63 isolate that was cultured was propagated on tertiary monkey kidney cells of a 
cynomolgus monkey (latin: Macaca fascicularis) and subsequently passaged to LLC-MK2 
cells, a cell line derived from the kidney of a rhesus macaque (latin: Macaca mulatta). It 
is of interest to investigate whether rhesus macaques can be infected by HCoV-NL63. 
This can either be investigated by direct inoculation of rhesus macaque with HCoV-
NL63. Alternatively, one can establish whether rhesus macaques that are in close contact 
to humans have experienced a natural HCoV-NL63 infection by investigating the NL63-
directed antibody titers in time.
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Materials and Methods

Serum of rhesus macaque monkeys
Cross-sectional and longitudinal serum specimens were collected from rhesus macaques 
with an Indian, Burmese or Chinese genetic background. The rhesus macaques were either 
imported or born in The Netherlands in one of the breeding colonies. The animals have 
not been isolated but remained in a breeding colony and were not used for immunization 
with antigens or adjuvant, or any other study. All serum specimens were stored at -80oC 
and heat-inactivated at 56oC for 30 minutes prior to analysis.

Generation and expression of recombinant HCoV-NL63 and HCoV-
229E carboxyl-terminal nucleocapsid proteins
The generation of the plasmid construct was performed as described [9]. For 
HCoV-NL63 the following primer combination was used 5’ NL63_N5_CT (5’ 
– CACCAAACCTAATAAGCCTCTTTCTCAAC – 3’) and 3’ NL63_Nexp (5’ – 
TTAATGCAAAACCTCGTTGAC – 3’), whereas for HCoV-229E the primer combination 
5’ 229E_5N_CT (5’ – CACCCCTTCTCGTAATCAGAGTCCT – 3’) and 3’ 229E_Nexp 
(5’ – TTAGTTTACTTCATCAATTAT – 3’) was used. The generated pET100_NL63_CT 
and pET100_229E_CT plasmids were sequenced and shown to be 100% identical to the 
virus reference sequences of HCoV-NL63 (Amsterdam-01) and HCoV-229E (Inf-1), 
respectively. Subsequent expression and purification of the HCoV-NL63 and HCoV-
229E recombinant carboxyl-terminal nucleocapsid proteins was performed as previously 
described [9].

Carboxyl-terminal nucleocapsid ELISA
Ninety-six-well ELISA plates (Greiner Bio-one) were coated overnight at 4oC with 3 μg/
ml of expressed recombinant C-terminal N protein of HCoV-NL63 or HCoV-229E. The 
proteins were diluted in 0,1 M carbonate buffer pH 9.6. Unspecific binding sites were 
blocked with PBS + 0,1% Tween20 (PBST) supplemented with 5% skim milk (Fluka) for 
one hour at room temperature (RT). Longitudinal and cross-sectional sera were diluted 
1:200, in PBST containing 1% skim milk and incubated on the plate for 2 hours at RT. 
After washing, Alkaline Phosphatase conjugated anti-monkey IgG antibody (Sigma 
Aldrich) diluted (1:40,000) in 1% skim milk PBST was added. Following one hour at RT 
the plates were washed and signal was developed with 50 μl of Lumi-Phos Plus (Lumigen). 
Measurements were done with a GlomaxTM 96 Plate Luminometer (Promega). All sera 
were tested in duplicate.
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Carboxyl-terminal nucleocapsid competition ELISA 
Rhesus macaque sera were diluted (1:200) in PBST containing 1% skim milk and twofold 
serial dilutions ranging from 50 to 0 μg/ml of either expressed recombinant C-terminal 
N protein of HCoV-NL63, N protein of HCoV-229E or LacZ protein and incubated for 1 
hour at RT. Prior to incubation, the mixtures were briefly homogenized by vortexing. No 
centrifugation was performed. Following the pre-incubations the samples were measured 
by HCoV-NL63 or HCoV-229E ELISA, as described above.

Immunofluorescence on HCoV-NL63 infected cells
LLC-MK2 cells were seeded on coverslips in 12-well plates at a density of 0.32 × 106 cells 
/ well and cultured at 37 °C with 5% CO2 in minimal essential medium (MEM; 2 parts 
Hanks’ MEM and 1 part Earle’s MEM) supplemented with 3% heat-inactivated fetal calf 
serum (PAA Laboratories), penicillin (100 U/ml), and streptomycin (100 µg/ml). Cells 
were infected with HCoV-NL63 at a multiplicity of infection of 0.007 and incubated at 
37 °C with 5% CO2. After 4 days cells were fixated with 3.7% PFA in PBS for 30 minutes 
at room temperature (RT). The unspecific binding sites were blocked overnight at 4 °C 
with incubation buffer (2 % BSA (Sigma Aldrich) in PBS with 0.1% saponin and 50 mM 
ammonium chloride). For detection of HCoV-NL63 proteins cells were double stained 
for 1 hour at RT in incubation buffer with rabbit derived anti-S1-NL63 sera (1:200) and 
rhesus macaque sera (1:100) as primary antibodies. Donkey derived, Dylight 649 labeled, 
anti-rabbit IgG (H+L) and donkey derived, Dylight 594 labeled, anti-human IgG (H+L) 
(1:200) (Jackson immunoresearch) were applied as secondary antibodies for 1 hour at RT 
in incubation buffer, followed by nuclear DNA staining with Hoechst 33528. Fluorescent 
images were acquired on a Leica TCS SP2 AOBS spectral confocal microscope with a 63x 
HCX PL APO 1.32 oil objective.
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Table 1. Demographic characteristics of the rhesus macaques included in HCoV-NL63 antibody analysis.

Rhesus macaque ID Sampling date Date of birth Genetic origin
1 17-4-2008 26-3-1983 India
2 24-4-2008 11-12-2000 India
3 29-9-2008 4-5-1982 India
4 29-9-2008 6-7-1983 India
5 29-9-2008 16-10-1983 India
6 6-10-2008 1-1-1996 Burma
7 6-10-2008 9-8-1996 Burma
8 6-10-2008 12-4-1989 Burma
9 20-10-2008 6-4-2001 India

10 27-10-2008 7-5-1995 Burma
11 15-8-2007 7-1-1995 China
12 15-8-2007 14-4-1995 China
13 17-4-2007 20-9-1994 China
14 17-4-2007 16-6-1994 China
15 3-4-2008 6-8-1980 India
16 10-4-2008 24-4-2000 India
17 10-4-2008 1-5-2000 India
18 10-4-2008 20-5-1995 Burma
19 14-4-2008 3-12-1988 Burma
20 14-4-2008 31-12-1988 Burma
21 27-10-2008 12-1-1997 Burma
22 27-10-2008 26-1-1997 Burma
23 12-1-2009 4-1-1996 India
24 12-1-2009 11-3-1996 India
25 5-1-2009 11-3-2000 India
26 29-12-2008 9-4-2001 India
27 29-12-2008 13-3-2000 India
28 13-1-2009 26-9-1995 Burma
29 24-8-2000 5-2-1995 China
30 30-1-2003 24-4-1995 China
31 8-5-2006 27-12-1994 China
32 4-2-2002 23-3-1995 China
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Results and Discussion
A sudden rise in coronavirus antibody titers is a strong indication for a coronavirus 
infection. We have shown this for children who acquire their first HCoV-NL63 infection 
during their first years of life [9]. At later ages repeated infections with human coronaviruses 
can occur [14], depending on the levels of protective antibodies. Protective antibodies 
peak shortly after infection and gradually decrease during the following years, with 
accompanying susceptibility to a reinfection with time. In the current study we use the 
kinetics of the antibody response to HCoV-NL63 to determine whether rhesus macaques 
encounter natural infections with HCoV-NL63, or related coronaviruses. The serological 
assays were performed with the N-protein of HCoV-NL63 which is an immunodominant 
protein, although there is some homology with the N-protein of the closest relative of 
HCoV-NL63, HCoV-229E. To ascertain the most specificity, the C-terminal region 
(amino acids 215 to 377) of the protein – which has the most difference between NL63-N 
and 229E-N - was used. In addition, competition experiments with homologous and 
heterologous proteins were included in each experiment to ascertain the specificity of an 
antibody response.
 The first indication of infections with HCoV-NL63-like viruses in rhesus macaques 
was found when we tested 32 serum samples of 32 monkeys (Table 1 and Figure 1). Five 
samples showed high levels of antibodies to the HCoV-NL63 protein. The same samples 
did not have elevated levels of antibodies to HCoV-229E, indicative that the response 
was specific (data not shown). Furthermore, competition experiments with the NL63-
protein and the 229E-protein revealed that only the homologous protein could compete 
with binding to the NL63-protein on the ELISA plate (data not shown), suggesting that 
the antibodies are directed to an HCoV-NL63-like virus.

Figure 1. Antibody levels to HCoV-NL63. On the X-axis the rhesus macaque ID is indicated. 

On the y-axis relative luminescence signal (RLU) in an ELISA detecting antibodies to the C-terminal nucleocapsid protein is 

shown. Rhesus macaques of which longitudinally collected serum samples were analyzed are indicated with a “*”.
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 Longitudinal serum samples were available of three rhesus macaques with the highest 
antibody levels to HCoV-NL63 (numbers 5, 10 and 17). These monkeys had been sampled 
on a regular basis, with on average one serum sample every one or two years. Sampling 
started when the macaques were already a few years old, except for one which was 
followed from 6 months of age. In all three animals a sudden rise in antibody titers was 
noticed (Figure 2, panel A, B and C). Rhesus macaque number 5 was followed from 1989 
(starting at the age of 6 years) with high levels of NL63-directed antibodies. A strong 
peak was observed in 2003, indicating that the animal experienced an additional HCoV-
NL63 infection (at 20 years of age). Animal number 10 started with low titers to HCoV-
NL63 (age 2 years) but after some years very high titers to HCoV-NL63 were visible (age 
8 years). Unexpectedly, these high antibody levels remained for the complete follow-up 
period (last sample collected at the age of 13). This is suggesting that the adaptive immune 
response to HCoV-NL63 is constantly activated, and one could speculate that this animal 
is experiencing a chronic HCoV-NL63 infection. Unfortunately, additional samples 
like throat swabs or faeces to test for chronic infections were not available. The third 
animal (number 17) was followed from early age on, starting with low levels of NL63-
antibodies. Between the years 2003/2004 a steep rise in antibody levels was noted, whereas 
a second rise occurred after the winter of 2006/2007 (at 4 years and almost 7 years of age 
respectively). The animals were all checked for antibodies to HCoV-229E, but for none of 
the three monkeys reactivity was detected (Figure 2). This is in accordance with the first 
screening of the animals, which already showed low levels of HCoV-229E antibodies in 
these animals.

Figure 2. Serological response to HCoV-NL63 and HCoV-

229E in time. Reactivity to the C-terminal nucleocapsid 

protein of HCoV-NL63 is shown as closed circles (continuous 

line), to the HCoV-229E C-terminal nucleocapsid protein 

closed squares (dashed line). (A) rhesus macaque 5; (B) 

rhesus macaque 10; (C) rhesus macaque 17. The x-axis 

displays the age in years of the rhesus macaque during follow 

up, the y-axis the relative luminescence signal (RLU) in the 

two C-terminal nucleocapsid protein antibody ELISAs.

A

C

B
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 To confirm our findings we determined whether the post-seroconversion samples also 
react with whole virus by performing an immunofluorescence assay with HCoV-NL63 
infected cells. In all cases with low HCoV-NL63 antibodies we saw no reactivity with the 
infected cells. Whereas all samples obtained after seroconversion showed clear reactivity 
with whole virus (shown for animal number 10 in figure 3).
 With the assay used we cannot obtain evidence that it were HCoV-NL63 infections 
that these monkeys have encountered. However, one can conclude that it were infections 
with HCoV-NL63, or a virus which is serologically closely related. It can never be excluded 
that there is a coronavirus infecting these rhesus monkeys that is closely related to HCoV-
NL63 (but has not been identified yet). Sampling of the respiratory tract on a regular basis 
throughout the years and eventually identify the pathogen that is eliciting the antibody 
response can answer this question, but is not an easy task. To our opinion the most likely 
explanation would be that natural infection with HCoV-NL63 occurs. The macaques 
described in this study live in a closed system with close contacts to humans (feeding, 
cleaning of cages, etc.). Through this contact they can encounter the virus as infections 
of humans with HCoV-NL63 occurs frequently in winter seasons [10]. As the cells of this 
monkey species are susceptible to infection (LLC-MK2 cells, a kidney epithelial cell line) 
it is very likely that in vivo infections can occur as well.

Figure 3. Immunofluorescence detection of HCoV-NL63 in infected LLC-MK2 cells. 

Reactivity of rhesus macaque number 10 sera towards HCoV-NL63 infected (HCoV-NL63 positive) and non-infected (control) 

LLC-MK2 cells, at the age of 6 (pre-seroconversion) and 8 (post-seroconversion) years. The images represent the cell nucleus 

(blue) and rhesus macaque antibodies (green) signals.
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 The animals of our study were clinically examined on a routine yearly basis for colony 
health surveillance, but subclinical infections with coronaviruses will go unnoticed during 
this check up and in the periods between the examinations. Thus it can not be determined 
whether the seroconversion or reconversion to HCoV-NL63 was accompanied with 
minor clinical signs. Future studies should be designed to investigate viral infection with 
human viruses and the accompanying clinical signs to further unravel this subject. Here 
we show that it is not necessary to sacrifice monkeys by experimental infecting. A well-
designed follow up through the years with serum and respiratory samples collected on a 
regular basis would be sufficient to unravel the potential of the human respiratory viruses 
to infect rhesus macaques. Once a cohort has set up and samples have been collected for 
a few years, all newly identified respiratory viruses can be screened with the appropriate 
serological assays, and infection related to clinical symptoms.
 Natural infections of rhesus macaques with viruses that are known to be of human 
origin are not unusual. It has been described that smallpox, measles, rubella or 
parainfluenzavirus 1 and 2 cause natural infection of rhesus macaques and the closely 
related cynomolgus macaques [15,16]. Furthermore, experimental infection with several 
viruses showed that the animals are susceptible to various human respiratory viruses 
like respiratory syncytial virus and SARS coronavirus [17,18]. With the knowledge that 
natural infection of HCoV-NL63 is likely to occur, one should keep in mind that this has 
implications for animal model experiments. In case rhesus macaques are experimentally 
infected with HCoV-NL63 this might be a reinfection, in case the animal has encountered 
the virus previously, or the first infection, in case the animal is still young and was not 
naturally infected through human contact. The clinical signs during the first infection 
might be of a more severe nature in comparison with a recurrent infection. This should be 
taken into account in case a study is conducted to reveal the pathogenesis of the virus in 
an animal model system.

Conclusions 
In the early days of human coronavirus identification (the 1960s) it was possible to 
experimentally infect volunteers with the viruses which were isolated from persons with 
common colds. Nowadays, with the recent epidemic of SARS-CoV, it is very difficult to 
attract volunteers for such studies. Not only has the public become aware of the potential 
dangers of a coronavirus infection, the recently identified viruses (HCoV-NL63 and 
HCoV-HKU1) have been isolated from children or adults with severe lower respiratory 
tract infection, and not simple common colds. 
 Consequently, the only possibility to connect the recently identified coronaviruses to a 
certain disease is via associations with disease or animal experiments. To date no animal 
model system has been described for HCoV-NL63. Although all signs suggest that rhesus 
macaques might be a good model system – since cells of rhesus macaques can be in vitro 
infected by HCoV-NL63 – nobody has reported infection of these animals yet. We show 
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here that there are clear signs that rhesus macaques acquire natural infections with HCoV-
NL63, or a serologically very closely related coronavirus. In future animal experiments 
to be carried out with rhesus macaques the history of an animal should be known to 
determine whether the experimental infection occurs in an HCoV-NL63 naïve animal 
or an animal that has encountered the virus during life, as clinical symptoms might differ 
greatly in first or recurrent infection.
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Abstract 
Background. It is unknown to what extent the human coronaviruses (HCoVs) OC43, 
HKU1, 229E and NL63 infect healthy children. Frequencies of infections are only known 
for hospitalized children. 
Objectives. Comparing seroconversions in healthy children with the frequencies in 
hospital will determine whether infection by one of the four HCoVs leads to more severe 
disease. In addition, the sequence of seroconversions can reveal whether infection by one 
HCoV protects from infection by other HCoVs.
Study Design. HCoV natural infection rates in healthy children were obtained by 
serology in 25 newborns (followed 0 - 20 months). The frequencies of severe HCoVs was 
determined among 1471 hospitalized infants (<2-years old) with acute respiratory tract 
disease. 
Results. The majority of healthy children seroconverted for HCoV-OC43 (n=19) and 
HCoV-NL63 (n=17), less for HCoV-HKU1 (n=9) and HCoV-229E (n=5). Notably, 
HCoV-HKU1 seroconversion was absent after HCoV-OC43 infection. Also HCoV-229E 
infection was rarely observed after HCoV-NL63 infection (1 out of 5). In the hospital 207 
(14%) out of 1471 children were HCoV positive. Again, most infection by HCoV-OC43 
(n = 85) and HCoV-NL63 (n = 60), followed by HCoV-HKU1 (n = 47) and HCoV-229E 
(n = 15). 
Conclusions. HCoV-NL63 and HCoV-OC43 infections occur frequently in early 
childhood, more often than HCoV-HKU1 or HCoV-229E infections. HCoV-OC43 and 
HCoV-NL63 may elicit immunity that protects from subsequent HCoV-HKU1 and 
HCoV-229E infection respectively, which would explain why HCoV-OC43 and HCoV-
NL63 are the most frequently infecting HCoVs. There are no indications that infection by 
one of the HCoVs is more pathogenic than others. 
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Background 
Human coronaviruses (HCoV) NL63, 229E, OC43 and HKU1 are circulating worldwide 
among the human population and cause approximately 10 % of all upper and lower 
respiratory tract illnesses [1–3]. In children, infections with HCoV-NL63, HCoV-229E, 
HCoV-OC43 and HCoV-HKU1 are associated with acute respiratory tract illness, 
pneumonia and croup that eventually may lead to hospitalization [4]. 
 The Severe Acute Respiratory Syndrome (SARS) outbreak in 2002/2003 by a novel 
coronavirus, followed by the recent identification of HCoV-NL63 (2004) and HCoV-
HKU1 (2005) renewed research interest into HCoV infections and their ability to seriously 
affect human health [5–8]. Despite the accumulating knowledge on HCoV prevalence 
and burden of disease, studies on the frequency of infection by all 4 HCoV infections in 
the non-hospitalized population during the first years of childhood are underrepresented 
[9–11]. 
 We established a specific carboxyl-terminal nucleocapsid (NCt) protein ELISA system 
for HCoV-OC43 and HCoV-HKU1 analogous to that described for HCoV-NL63 and 
HCoV-229E [12]. With this serological toolset we performed a survey with longitudinal 
sera from newborns to identify seroconversion events during the first years of life. We 
compared the serology data with the frequencies of infection of all 4 HCoVs in hospitalized 
infants with acute respiratory tract disease. In addition the chain of seroconversions will 
reveal whether immunity to one HCoV may protect against infection by one of the other 
HCoVs.
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Study Design

Patient samples
Human serum specimens from newborns were collected at the department of Medical 
Microbiology, Academic Medical Center (AMC), Laboratory of Experimental Virology. 
All children (12 male and 13 female) were born to HIV-1-positive mothers, with various 
dates of birth (1993 n=1; 1997 n=1; 1998 n=3; 1999 n=4; 2000 n=1; 2001 n=1; 2002 n=4; 
2003 n=6; 2004 n=3). Serial serum samples were collected during a follow-up period of 
at least 18 months and stored at -80oC. The average follow-up period was 20 months. 
All newborns remained HIV-1 RNA negative and were HIV-1 seronegative during the 
follow-up period. None of the 25 children needed HCoV-infection-related hospitalization 
during the follow up period. Thirteen of the 25 newborns were part of a previous survey 
on HCoV-NL63 and HCoV-229E seroconversion [10]. All serum samples were heat-
inactivated at 56oC for 30 minutes. 
 Respiratory clinical samples were collected and analyzed at the Elisabeth Hospital, 
Tilburg, Netherlands (n=168) and The Edinburgh Royal Infirmary (South-east of Scotland) 
(n=1303) for routine respiratory virus screening [13,14]. Samples had been collected 
during 5 consecutive years. Samples were selected from the complete set of respiratory 
samples collected at hospital and primary care settings in southeast Scotland or middle 
south of the Netherlands.  Our selection was based on the following criteria: children that 
were hospitalized with acute respiratory tract illness and below the age of 2 years. This to 
guarantee that 1) the HCoV infections are severe enough to require hospitalization and 2) 
the children encountered their primary HCoV infection.

Generation and expression of recombinant HCoV carboxyl-terminal 
nucleocapsid proteins
In this study the Carboxyl-terminal region of the Nucleocapsid (NCt) protein was 
used as immunogenic protein, instead of the previous used full length N protein 
[10]. This was done to increase the specificity of the serological assay, since cross-
reactivity by the antibodies directed to the N of HCoV-OC43 and HCoV-HKU1 has 
been reported while testing human sera [15–17]. The HCoV-NL63 and HCoV-229E 
recombinant NCt proteins were produced as previously described [12]. The generation 
of the plasmid for NCt-OC43 and NCt-HKU1 was performed using the same method. 
Briefly, for NCt-OC43 the following primer combination was used 5’ OC43_N5_
CT (5’ – CACCAGATTAGAGTTGGCCAAAGTG – 3’) and 3’ OC43_Nexp (5’ – 
TTATATTTCTGAGGTGTCTTCAGTATAG – 3’), whereas for NCt-HKU1 the primer 
combination 5’ HKU1_5N_CT (5’ – CACCAAATTAGACTTGGTTAAAAGAGTCCG 
– 3’) and 3’ HKU1_Nexp (5’ – TTAAGCAACAGAGTCTTCTACATAAG – 3’) was used. 
The generated pET100_OC43_NCt and pET100_HKU1_NCt plasmids were sequenced 
and shown to be 100% identical to the virus reference sequences of HCoV-HKU1 (Caen1, 



61

Dominance of HCoV-OC43 and NL63

4

HM034837) and HCoV-OC43 (VR-759, AY391777), respectively. Subsequent expression 
and purification of the HCoV recombinant carboxyl-terminal N (NCt) proteins 
were performed exactly as described elsewhere [10]. The NCt proteins from HCoV-
OC43, HCoV-HKU1, like those from HCoV-NL63 and HCoV-229E, retained their 
immunogenicity in ELISA (checked with longitudinal sera from adults, or pooled human 
intravenous immunoglobulin (IVIG, Sanquin). No cross-reactivity during competition 
with any of the heterologous HCoV NCt proteins was observed, using the procedure 
previously described [10].

Carboxyl-terminal nucleocapsid ELISA
The procedure for the NCt ELISA of HCoV-NL63, HCoV-OC43, HCoV-HKU1 and 
HCoV-229E was performed as previously described [10,12]. All sera were tested in 
duplicate. Seroconversion was defined as a >2.5 signal increase compared to the signal of 
the preceding time point.

Statistical analysis
Calculations were performed using the Prism software version 5 (Graphpad). Comparison 
of longitudinal results from the cumulative incidence of HCoV-OC43, HCoV-HKU1, 
HCoV-NL63 and HCoV-229E seropositive time points was done with the Kaplan-Meier 
survival analysis, statistical significance was tested with the log-rank (Mantel-Cox) test. 
The time point of seroconversion was calculated by taking the midpoint between the last 
seronegative and the first seropositive time point. Comparison of the mean prevalence for 
HCoV-OC43, HCoV-HKU1, HCoV-NL63 and HCoV-229E infections among children 
under the age of 2 years was done with one-way ANOVA, using the Turkey’s multiple 
comparison test. 
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1 Duration in months

2 Age of seroconversion in months

3 Date of seroconversion

Table 1. Mid-time points of seroconversion

Subject

Follow-up period HCoV-NL63 HCoV-229E HCoV-OC43 HCoV-HKU1

Start End Time1 Age2 Date3 Age2 Date3 Age2 Date3 Age2 Date3

1 Sep-03 Mar-05 18.9

2 Oct-02 Jul-04 20.9 15.5 Jan-04

3 Apr-04 Mar-06 24.0 21.4 Jan-06 7.3 Nov-04

4 Jul-03 Mar-05 20.6 1.8 Sept-03

5 Jul-02 Dec-04 28.9 13.0 Aug-03

6 Jan-04 Feb-06 25.1 9.0 Oct-04 4.3 May-04

7 Feb-03 Aug-05 21.6 21.6 Dec-04 16.0 Jun-04 21.6 Dec-04 8.7 Oct-03

8 Aug-03 May-05 21.2 17.3 Jan-05 7.4 Mar-04

9 Oct-02 Apr-04 18.6 17.3 Mar-04 9.0 Jul-03

10 Jun-02 Jun-04 23.9 19.4 Jan-04 8.5 Feb-03 1.6 Aug-02

11 Oct-03 May-05 18.8 16.8 Mar-05 9.0 Jul-04

12 Aug-03 Mar-05 18.1 8.9 May-04

13 Sept-03 May-05 19.4 8.6 Jan-04 16.8 Feb-05 16.8 Feb-05

14 Jul-99 Feb-01 19.4 13.0 Aug-00 17.8 Dec-00

15 Nov-00 Jul-02 19.3 2.5 Feb-01

16 Jul-93 Feb-95 19.5 7.4 Feb-94 15.7 Oct-95

17 Dec-97 Jul-99 18.8 14.4 Feb-99 2.6 Mar-98

18 Aug-98 Feb-00 17.8 7.2 Feb-99 7.2 Feb-99

19 Aug-98 Jun-00 22.2 16.1 Dec-99 20.6 May-00

20 Jun-04 Jan-06 19.1 8.2 Feb-05 8.2 Feb-05

21 Aug-99 Apr-01 19.6 16.0 Jan01 16.0 Jan-01 7.3 Apr-00

22 Aug-98 Jul-00 22.4 14.5 Oct-99 14.5 Oct-99 14.5 Oct-99 14.5 Oct-99

23 Dec-99 Sept-01 21.1 1.51 Feb-00 7.5 Aug-00

24 Dec-99 Sep-01 20.4 1.8 Feb-00 15.7 May-01

25 Jan-01 Aug-02 19.1 1.8 Mar-01 9.1 Oct-01
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Results 

Seroconversion during childhood
In this serological survey we measured the antibody levels towards all four HCoVs in 
sera collected from 25 newborns that were followed until an average of 20 months of age. 
During this period none of the children were hospitalized due to an HCoV infection. At 
birth we observed high levels of antibodies directed to all four HCoVs that decreased 
to low detectable levels within a few months. This suggests that all newborns carry 
maternal antibodies directed to all four HCoVs. In one newborn (Subject 1) we did not 
observe any seroconversion for the HCoVs during 19 months follow up (Table 1). For 5 
newborns a single seroconversion was detected to one of the four HCoVs, whereas for 
the remaining newborns we observed sequential or simultaneous seroconversion events. 
In total, we recorded 17 events of seroconversion towards HCoV-NL63, 19 for HCoV-
OC43, 5 for HCoV-229E and 9 towards HCoV-HKU1 (Table 1). No correlation was found 
between the antibody levels of some of the mothers before and after giving birth and the 
seroconversion outcome of their children (data not shown).
 To determine whether there is variability in seroconversion rates for the different 
HCoV infections we used the cumulative incidence of seroconversion for each virus 
(Figure 1A), using the mid-time point of each event (Table 1). Statistical analyses (Log-
rank, Mantel Cox test) revealed that there are significant differences in the frequencies of 
the four HCoVs. HCoV-OC43 seroconversions occurred significantly more frequently 
than HCoV-HKU1 (p = 0.0095) and HCoV-229E infections (p = < 0.0001), but not HCoV-
NL63 infections (p = 0.1773). For HCoV-NL63 the frequency of seroconversion was 
significantly higher compared with HCoV-229E (p = 0.0015). No significant difference 
in seroconversion rates between alpha- (NL63 and 229E) or betacoronavirus (OC43 and 
HKU1) was found (p = 0.1529), median seroconversion age was 21.6 or 17.8 months, 
respectively. 

Infection frequencies versus disease severity
We compared the serology data found in a non-hospitalized population with the infection 
frequencies in young children hospitalized with acute respiratory tract disease. Between 
December 2006 and February 2011 a total of 207 (14%) out of 1471 children were HCoV 
infected. HCoV-OC43 (n = 85) was most frequently detected, followed by HCoV-NL63 
(n = 60), HCoV-HKU1 (n = 47) and HCoV-229E (n = 15) (Figure 1B). The frequency of 
HCoV-229E infection was significant lower compared to HCoV-NL63 (p = < 0.05) and 
HCoV-OC43 (p = < 0.001). The frequency of HCoV-HKU1 infection was significant lower 
compared to HCoV-OC43 (p = < 0.05). Thus, in hospitalized children under the age of 
2 years, HCoV-OC43 and HCoV-NL63 were the most common coronaviruses detected, 
similar to the higher rates of seroconversion events observed for these two viruses.
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Figure 1. Frequency of infection by the four HCoVs in children

A) Healthy children: Seroconversion for HCoV-OC43, HCoV-NL63, HCoV-HKU1, HCoV-229E during the complete follow 

up period. The Kaplan-Meier survival analysis was performed on the cumulative incidence of the percentage of seronegative 

individuals (y-axis) against time (in months; x-axis). Seroconversion to HCoV-NL63 is presented as a black line, HCoV-OC43 as 

a green line, HCoV-229E as a blue line and HCoV-HKU1 as a red line. The P-values of statistical different lines are embedded. B) 

Hospitalized children: Percentage of coronavirus HCoV-229E, HCoV-HKU1, HCoV-NL63, and HCoV-OC43 positive patients 

by age group as determined by viral RNA diagnostics. HCoV-NL63, HCoV-OC43, HCoV-229E and HCoV-HKU1 are presented 

as a blue, green, black and red bar, respectively.
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Sequence of seroconversions
HCoV-NL63 and HCoV-229E belong to the alphacoronaviruses, whereas HCoV-OC43 
and HCoV-HKU1 are members of the betacoronaviruses. These groups were originally 
designed on serological reactivity, indicating that antibodies could cross-react with the 
other virus from the same group (we were aware of potential cross reactivity and carefully 
designed the partial NCt protein ELISA to best specificity, see Study Design). Antibodies 
directed to the Spike protein have the potential to be neutralizing, and in case these 
antibodies cross-react, seroconversion towards one HCoV might protect against infection 
by the other virus from the same group. 
 Inspection of the NL63/229E seroconversion dates shows that child 7 seroconverted for 
HCoV-NL63 6 months after HCoV-229E (December 2004 versus June 2004), indicating 
that an HCoV-229E infection did not protect from HCoV-NL63 infection. Further 
inspection showed that in none of the HCoV-229E seroconversions a recent infection by 
HCoV-NL63 was noted (<= 1 year before HCoV-229E infection) also pointing towards 
HCoV-NL63 elicited protective immunity for HCoV-229E infection. Strikingly, exactly 
the same pattern is observed for OC43/HKU1. HCoV-HKU1 seroconversions are only 
observed prior to HCoV-OC43 seroconversion, indicating that also for these two viruses 
an infection by HCoV-OC43 elicits immunity that is protective towards an HCoV-HKU1 
infection. This is not vice versa, child 6, 7, 10, and 21 seroconvert for HCoV-OC43 while 
they had been infected previously by HCoV-HKU1, indicating that an infection with 
HCoV-HKU1 does not protect against an HCoV-OC43 infection. 

Discussion
This is the first study on the seroconversion frequencies of all four HCoVs. In healthy 
children high frequency of seroconversion towards HCoV-OC43 and HCoV-NL63 
were detected, and to a lesser extent seroconversion to HCoV-HKU1 and HCoV-229E. 
Serosurveillance of otherwise healthy individuals subverts bias for analyses of patients 
with higher severity of symptoms as is an inevitable consequence of hospital based studies, 
thus providing a much clearer representation of virus epidemiology in the community. 
These data provide the opportunity to compare the natural infection frequency of each 
HCoV with the frequency with which these viruses are found in hospitalized children 
with acute respiratory infections within a community, something that has not been 
achieved previously. The combined data are in complete accordance, revealing that there 
are no indications that any of the four HCoVs cause significantly more hospitalization 
than another.
 The characteristic frequency of infection, in the order HCoV-OC43 >= HCoV-NL63 
> HCoV-HKU1 >= HCoV-229E, observed via seroconversion but also by direct detection 
of the virus in hospitalized children over multiple years is in contrast with some previous 
studies. Some studies addressed the frequency of HCoV infection during childhood 
and suggested that HCoV-NL63 infections were associated with more hospitalization 
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compared to HCoV-OC43 [3,18,19]. In the majority of the abovementioned studies only 
one year was sampled and for HCoVs a large year-to-year periodicity is known [14,20,21]. 
The significant differences of seroconversion rates between the coronaviruses observed 
here cannot be attributed to variable circulating frequencies as samples were collected 
over multiple years. 
 There has never been a clear explanation for the higher frequency of infection for 
HCoV-OC43 and HCoV-NL63 compared to HCoV-HKU1 and HCoV-229E among 
children. We hypothesize that an infection by HCoV-NL63 elicits neutralizing antibodies 
directed to the NL63-Spike protein that might also protect, or partially protect, against an 
HCoV-229E infection, whereas this relationship may not be reciprocated, thus providing 
a greater likelihood of HCoV-NL63 infection than HCoV-229E. The same can count 
for HCoV-OC43 for which neutralizing antibodies may protect against HCoV-HKU1 
infection. The seroconversion data we show here support our hypothesis.
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Abstract
Human Coronaviruses (HCoVs) are responsible of respiratory tract infections ranging 
from common colds to severe acute respiratory syndrome. HCoV-NL63 and HCoV-229E 
are two of the four HCoVs that circulate worldwide and are close phylogenetical relatives. 
HCoV infections can lead to hospitalization of children, elderly and immunocompromised 
patients. Globally, approximately 5% of all upper and lower respiratory tract infections in 
hospitalized children are caused by HCoV-229E and HCoV-NL63. The latter virus has 
recently been associated with the childhood disease croup. Thus, differentiation between 
both viruses is relevant for epidemiology studies. The aim of this study was to develop 
a double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) as a 
potential tool for identification and differentiation between HCoV-NL63 and HCoV-
229E. The nucleocapsid protein (N) of HCoV-NL63 and HCoV-229E was expressed in 
the E. coli system and used to immunize mice in order to obtain monoclonal antibodies 
(MAbs) specific for each virus. Three specific MAbs to HCoV-NL63 were obtained, 
one specific to HCoV-229E and four MAbs that recognized both viruses. After their 
characterization, three MAbs were selected in order to develop a differential DAS-ELISA. 
The described assay could detect up to 3 ng/ml of N protein and 50 TCID50/ml of virus 
stock. No cross-reactivity was found with other human coronaviruses, or closely related 
animal coronaviruses. The newly developed DAS-ELISA was species specific and therefore 
it could be considered as a potential tool for detection and differentiation of HCoV-NL63 
and HCoV-229E infections. 
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Introduction
Coronaviruses (CoVs) are large enveloped positive strand RNA viruses that belong to 
the family Coronaviridae [1]. Based on serological cross-reactivity and sequence analysis, 
coronaviruses are classified in 3 distinct groups [1,2]. The alpha- and betacoronavirus 
groups harbor various mammalian CoVs, whereas avian viruses cluster in the gamma-
coronavirus group. There are five different human CoV (HCoV) species, all of them 
associated with respiratory tract infections ranging from common colds to severe acute 
respiratory syndrome (SARS) [3,4]. 
 HCoV-229E and HCoV-NL63 belong to the alphacoronaviruses group and are the only 
two human CoVs that have a relatively close phylogenetic relationship [5]. HCoV-229E 
was discovered in the mid-1960s from persons with the common cold and HCoV-NL63 
was isolated for the first time in 2004 from a seven-month-old infant with bronchiolitis 
[6,7]. HCoV-229E and HCoV-NL63 infections have a worldwide distribution with a peak 
activity during the winter months [8–10]. These viruses are associated with both upper 
and lower respiratory tract diseases and frequently affect young children [11,12]. In most 
cases, these infections do not lead to severe clinical symptoms, although acute infections in 
infants, the elderly and immunocompromised patients can cause more serious respiratory 
disease, which may require hospitalization [13,14]. Globally, approximately 5% of all 
upper and lower respiratory tract infections in hospitalized children are caused by HCoV-
229E and HCoV-NL63 infections [15,16]. The clinical manifestations of HCoV-229E in 
infected persons are headache, nasal discharge, chills, cough and sore throat, whereas the 
symptoms observed in HCoV-NL63 infected patients are more severe, including fever, 
cough, sore throat, bronchiolitis and pneumonia. Moreover, HCoV-NL63 has recently 
been associated with the childhood disease croup [17]. Reinfections with HCoV-229E 
and HCoV-NL63 occur throughout life.
 Currently, there are no therapeutic treatments available for any of the HCoVs and 
diagnosis is based on virus detection by RT-PCR technology [18–20]. Several studies 
described the development of immunoassays using the nucleocapsid protein (N) for 
detection of antibodies to human coronaviruses [21–24]. The N protein is abundantly 
expressed during infection and it is highly immunogenic [25,26]. These features support 
the nucleocapsid protein as a potential source of antigen for detecting CoV infection. 
 HCoV-NL63 and HCoV-229E viruses are highly related phylogenetically, although 
they produce different diseases with HCoV-NL63 being more severe, and therefore 
differentiation between these viruses is an important issue. Due to the close genetic 
relationship between HCoV-NL63 and HCoV-229E viruses, their serologic differentiation 
is complex. Therefore, the aim of the present report was to establish a double antibody 
sandwich enzyme-linked immunosorbent assay (DAS-ELISA) capable of detecting and 
distinguishing between HCoV-NL63 and HCoV-229E. As mentioned in the background, 
the N protein appears to be the most suitable candidate for viral diagnosis. The amino 
acid homology of HCoV-NL63 N protein with HCoV-229E N protein has been reported 
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to vary from 42 to 49% [22,27]. Therefore, the N protein of HCoV-NL63 and HCoV-
229E was expressed in the E. coli system and used to immunize mice in order to obtain 
monoclonal antibodies (MAbs) specific for each virus and therefore allowing the 
differentiation between them. 
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Material and Methods

Viruses and cells
LLC-MK2 cells were grown and maintained at 34ºC and 5% CO2 atmosphere using 
a mixture of MEM Hanks and MEM Earle’s tissue culture medium (Invitrogen) 
supplemented with 3% fetal calf serum (FCS) and antibiotics (penicillin, streptomicin). 
 Huh-7 cells were maintained at 37ºC and 5% CO2 atmosphere in Dulbecco’s modified 
Eagles’s medium (DMEM) supplemented with 10% FCS and antibiotics (penicillin, 
streptomicin).Vero cells were maintained at 37ºC and 5% CO2 atmosphere in DMEM 
supplemented with 5% FCS. 
 HCoV-NL63 (isolate Amsterdam 1, passage 8) was obtained from a virus culture 
on LLC-MK2 cells as described previously [7]. HCoV-229E (Isolate Inf-1, passage 4) 
was obtained from a virus culture on Huh-7 cells for 5 days at 34°C with 5% CO2. The 
infectious titer of the virus stocks was determined according to the Reed and Muench 
formula on LLC-MK2 or Huh-7 cell monolayers [28]. 
 Porcine epidemic diarrhea virus (PEDV) was propagated in Vero cells growing in 
DMEM without FBS and supplemented with streptomycin and penicillin G, 12 µg/ml 
trypsin, 0.3% Tryptose phosphate broth and 0.02% Yeast Extract. After 24 hrs at 37°C 
with 5% CO2, the virus was harvested from the supernatant. After several cycles of freeze-
thaw, culture supernatant was clarified by low speed centrifugation, concentrated by 
ultracentrifugation and purified by sucrose gradient. Mock infected Vero cells treated in 
the same way were used as control antigens.

Antigen preparation
The recombinant N proteins of HCoV-NL63 and HCoV-229E were prepared using the 
Escherichia coli system as described previously [21]. Briefly, the N genes of each virus 
were amplified and cloned in the pET100/D-Topo vector (Invitrogen). The recombinant 
N proteins were expressed by transformation of BL21-derived strain Rosetta 2 (Novagen) 
cells. Overnight cultures of transformed bacteria were inoculated in Luria Broth medium 
supplemented with 1% glucose, carbenicillin and chloramphenicol. Cultures were grown 
to exponential phase prior induction with isopropyl-β-D-thiogalactopyranoside (IPTG) 
for 5 hours. Recombinant proteins were purified with nickel-nitrilotriacetic acid agarose 
(Qiagen). The C-terminal half of the N protein of HCoV-NL63 (amino acids [aa] 215-377) 
and HCoV-229E (aa 213-389) were expressed and purified following the same protocol 
as the one used to prepare the full length proteins. The recombinant N protein of HCoV-
HKU1 and HCoV-OC43 were prepared following the same protocol. The virus infected 
cell lysates were prepared from virus stocks of HCoV-NL63 and HCoV-229E, respectively 
by inactivation with 1% Triton X-100 and 0.3% Tri N-Butyl Phosphate (TNBP) during 2 
hours at RT. Purified PEDV was used as antigen in the ELISAs.
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Immunization of mice
Four 10 week old female Balb/c strain mice were injected subcutaneously with 30 µg of 
purified N protein of HCoV-NL63 or HCoV-229E, respectively. The first immunization 
was done in complete Freud’s adjuvant (CFA) (Difco) and two further doses in incomplete 
Freud’s adjuvant (IFA) at two weeks intervals. Mice received a final booster injection with 
30 µg of antigen in PBS during 3 consecutive days prior to hybridoma fusion.

Production of monoclonal antibodies
The production of hybridomas secreting virus-specific MAbs, was carried out following 
a modified version of the procedure previously described [29]. Briefly, X63/Ag 8.653 
myeloma cells were fused with splenocytes from immunized mice using polyethynelglycol 
(PEG, Sigma-Aldrich). After fusion, hybrid cells were eluted in DMEM (Gibco) containing 
15% FCS (Gibco) and coated on 96-well well plates at a concentration of 0.5 x 106 cells/
well. After 24 hours at 37ºC, HAT medium 2X with hybridoma cloning factor (Roche) 
was added and renewed every 48 hours over a period of 12 days. At day 15 the culture 
medium of hybridomas was screened for reactivity with the corresponding recombinant 
N protein by ELISA. Antibody producing hybridomas were cloned by limiting dilution at 
least 4 times. 
 Antibody selection was done using the corresponding nucleocapsid protein and an 
unrelated viral protein prepared the same way as the N protein as the negative control 
antigen in the ELISA. 
 Finally, the selected hybridomas were used to inoculate Balb/c mice. The resulting 
MAbs were purified from the ascitic fluid by precipitation with caprylic acid and labelled 
with peroxidase according to the method described by Nakane & Kawaoi for its further 
characterization [30].

Characterization of monoclonal antibodies
The specificity of the MAbs was determined by indirect ELISA and Western blot analysis 
using the recombinant N protein and the corresponding virus infected cell lysate as 
antigens. For indirect ELISA, the purified MAbs were incubated in 96-well microtiter plates 
coated with 0.2 µg/well of purified recombinant N protein, 0.1 µg/well of the C-terminal 
half of the N protein or virus infected cell lysates. The plates were blocked with Stabilzyme 
Select (SurModics, Inc MN, USA) for one hour at room temperature (RT). The bound 
antibody were detected with a 1/10000 dilution of horseradish peroxidase (HRP) labelled 
goat anti-mouse immunoglobulin (Sigma-Aldrich). After 1 hr incubation at RT followed 
by extensive washing, the plates were incubated with the substrate (TMB-MAX, Neogen 
Corporation, Lexington KY) and the reaction was stopped by addition of 0.5M sulfuric 
acid. The absorbance was measured at 450 nm in a Multiscan Ascent ELISA reader. 
 Western blot analysis was carried out by electrophoresing the protein preparations on a 
10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) under reducing conditions. 
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Detection of the antigens was followed by immunoblot using the selected hybridoma 
supernatants and a goat anti-mouse immunoglobulin conjugated with peroxidase as a 
secondary antibody. Specific bands were visualized using TMB as substrate. 
 The isotype of the MAbs was determined by ELISA, using specific anti-mouse subtype 
antisera (Sigma). 
 A competition ELISA between the different MAbs was performed in order to detect if 
they mapped in the same or different antigenic areas. Briefly, 96-well plates were coated 
with the corresponding recombinant purified N protein (0.2 µg/well) diluted in Sodium 
carbonate buffer (pH 9.6) and incubated overnight (O/N) at 4ºC. The plates were blocked 
for one hour at RT and a predetermined limiting dilution of the peroxidase-labelled MAb 
was added to the wells in the presence of serial dilutions of the unlabeled competitor. 
After 1 hr incubation at 37ºC followed by extensive washing the plates were incubated 
with the substrate (TMB) and subsequent development of the assay was performed as 
described in the indirect ELISA. A negative OD450 was obtained when the antibodies 
competed, indicating that they mapped in the same antigenic area. In contrast, when the 
two antibodies mapped in different regions, the resulting OD450 was positive.

Double antibody sandwich (DAS) ELISA
Microtiter plates were coated with 1 µg/well of purified MAb 1E8 (7 mg/ml) diluted in 
Sodium carbonate buffer (pH 9.6) and incubated O/N at 4ºC. After blocking the plates for 
one hour at RT, the recombinant N protein, the C-terminal half of the N protein or the 
corresponding virus infected cell lysates diluted in 0.05% Tween 20 in Phosphate-Buffered 
Saline (PBS) were added to the plates and incubated for one hour at RT. A specific MAb 
for each virus conjugated with peroxidase (2D4-PO and 1E7-PO for HCoV-NL63 and 
HCoV-229E, respectively) was subsequently used for antigen detection and incubated for 
1 hour at RT. TMB peroxidase substrate was added and the reaction was stopped by the 
addition of 0.5M sulfuric acid. Enzymatic activity was measured at OD450 in an ELISA 
plate reader. Washes between consecutive steps were performed with 0.05% Tween 20 in 
PBS.
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Results

Characterization of MAbs
Three MAbs were obtained from a fusion between myeloma cells and splenocytes from 
mice immunized with N protein of HCoV-NL63: 1B12, 2D4 and 2E6. The fusion between 
splenocytes from mice immunized with N protein of HCoV-229E and myeloma cells 
resulted in 5 MAbs: 1E7, 1E8, 1H11, 5D5 and 5D11. 
 An indirect ELISA using the recombinant N protein of HCoV-NL63 or HCoV-229E or 
the corresponding virus-infected cell lysate as antigen was performed to test the specificity 
of each MAb. The results showed that the MAbs could be classified in three groups 
according to their specificity. The first group included MAbs specific for HCoV-NL63 
(1B12, 2D4 and 2E6), the second group included MAbs specific for HCoV-229E (1E7) and 
finally a third group of MAbs that recognized both viruses (1E8, 1H11, 5D5 and 5D11). 
 The isotype of the MAbs was analyzed; the antibodies 1B12, 1E8, 2D4, 2E6 and 5D11 
were classified as IgG1 immunoglobulins, 1H11 as IgG2a and 1E7 and 5D5 as IgG2b 
immunoglobulins. All the described characteristics of the MAbs are summarized in Table 
1. 

 The ability of the MAbs to bind to the recombinant protein was further investigated 
by Western blot analysis. All MAbs were suitable for immunobloting and the results were 
consistent with the ELISA results. Figure 1 shows an example of the reactivity of one 
MAb representative of each group. MAb 2D4 showed reactivity with a 41 KD protein, 
corresponding to the expected molecular mass of recombinant N protein of HCoV-NL63 
(Fig. 1A). MAb 1E7 showed reactivity with a 43 KD protein, corresponding to the expected 
molecular mass of recombinant N protein of HCoV-229E and finally MAb 5D5 that 
showed cross-reactivity with the N protein of both viruses (Fig. 1B and 1C, respectively). 

Table 1. Characterization of HCoVs specific MAbs

MAb reactivity with N protein of:
Specificity MAb Isotype HCoV-NL63 HCoV-229E

Specific-HCoV-NL63
1B12 IgG1 + -
2D4 IgG1 + -
2E6 IgG1 + -

Specific-HCoV-229E 1E7 IgG2b - +

Common to 
HCoV-NL63

and HCoV-229E

1E8 IgG1 + +
1H11 IgG2a + +
5D5 IgG2b + +

5D11 IgG1 + +
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 A competition ELISA between antibodies belonging to the same group was done 
to determine whether they mapped in the same or a different antigenic region of the 
protein. The results indicated that MAbs specific for the N protein of HCoV-NL63 
mapped in different antigenic areas of the protein.  When competition between antibodies 
recognizing both viruses was done, the result showed that all of them competed with each 
other indicating that they all mapped in the same region of the protein (data not shown). 
As a first attempt to localize which regions of the nucleocapsid protein were recognized 
by the MAbs, a fragment covering the C-terminal half of the N protein (N- HCoV-NL63, 
aa 215-377 and N- HCoV-229E, aa 213-389) was expressed in the E. coli system and 
prepared the same way as the full-length antigens (described in Materials and Methods). 
Equimolar amounts of the full-length protein and the corresponding fragment were 
used to coat the plates. Under these conditions, antibody 2D4 reacted with this region 
of the protein, while no reactivity was found with either 1B12 or 2E6 MAbs (Figure 2A). 
MAb 1E7 bound to the C-terminal end of the protein and even the reactivity with this 
fragment was higher than the reactivity observed with the complete molecule (Figure 2B). 
Antibodies that recognized both viruses (1E8, 1H11, 5D5 and 5D11) reacted with this 
region of the protein and the reactivity of all of them was very similar. Thus, Figure 2C 
shows the reactivity of MAb 1H11 as representative example of the group.

75
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Figure 1. mmunoblot analysis of HCoV N protein. 

(A) Reactivity with an MAb specific for HCoV-NL63 (MAb 2D4); (B) reactivity with an MAb specific for HCoV-229E (MAb 

1E7); (C) reactivity with an MAb that recognizes both viruses (MAb 5D5). Lanes 1, N protein of HCoV-NL63; lanes 2, N protein 

of HCoV-229E; lane 0, molecular weight markers (numbers on the left are molecular weights, in thousands).
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Figure 2. Reactivity of MAbs with the N protein and the C- terminal half of the N proteins of HCoVs. 

(A) Reactivity of MAbs specific for HCoV-NL63; (B) reactivity of MAbs specific for HCoV-229E; (C) reactivity of MAbs that 

recognize both viruses. ELISA plates were coated with the recombinant N protein of HCoV-NL63 (black bars) or HCoV-229E 

(white bars) or the corresponding C-terminal fragments (dotted and dashed bars, respectively). The y-axis represents the 

absorbance readings (OD450) obtained in the indirect ELISA.
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DAS-ELISA
The DAS-ELISA was first set up using the purified recombinant N protein as antigen and 
all the possible combinations of MAbs were tested. Out of the five MAbs common to both 
viruses, MAb 1E8 was selected as the capture antibody and the optimal specific antibody 
labelled with peroxidase for each species was chosen: 2D4 for detection of HCoV-
NL63 and 1E7 for HCoV-229E. This assay could detect up to 3 ng/ml of recombinant 
N protein of HCoV-NL63 and 11 ng/ml of recombinant N protein of HCoV-229E. 
Further experiments were done with virus-infected cell lysates as the antigen, previously 
inactivated by treatment with 1% Triton X-100 and 0.3% TNBP for 2 hours at RT. The 
specificity of the assay was demonstrated once more and in this case the detection limit 
was approximately fifty 50% tissue culture infectious doses (TCID50/ml) of viral stock for 
both viruses. The results of the DAS-ELISA using virus lysates as antigen are shown in 
Figure 3. These results confirm the specificity of the assay.

Cross-reactivity with N protein of other CoVs
The reactivity of the MAbs to the N protein of other human coronaviruses belonging to 
the betacoronaviruses group (HCoV-HKU1 and HCoV-OC43) was examined by indirect 
ELISA and DAS-ELISA. The results of both assays showed that none of the MAbs did 
cross-react with any of the other viruses (data not shown). 
 The cross-reactivity with a CoVs of animal origin, belonging to the alphacoronaviruses 
group (PEDV) and closely related to HCoV-NL63 and HCoV-229E was also tested. This 
resulted in a negative OD in indirect ELISA (data not shown) with all the described 
antibodies, even with those that recognize both viruses.
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Figure 3. Detection of viral antigen in DAS ELISA. 

(A) Detection of HCoV-NL63; (B) detection of HCoV-229E. Purified MAb 1E8 was used as the capture antibody. Serial dilutions 

of virus-infected cell lysates were added to the plates and the viral antigen was detected by using a species-specific peroxidase-

conjugated MAb (2D4-PO and 1E7-PO for HCoV-NL63 and HCoV-229E detection, respectively). The absorbance at 450 nm 

was plotted against the viral titer expressed as TCID50/ml.
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Discussion
Detection of viral antigens and/or viral genomes is critical for rapid diagnosis of respiratory 
viral infections, followed by an appropriate treatment. Currently, the reverse transcription-
PCR is the major technique used for diagnosis of HCoVs infection [18,19,31]. However, 
this method has some disadvantages such as possible contaminations, instability of the 
RNA samples and the need for special equipment that in some cases, in particular, in 
undeveloped countries, is not available. Other rapid tests are needed in order to facilitate 
diagnosis. The antigen capture ELISA using MAbs allows rapid diagnosis of viral infections 
and it can be used as an alternative to PCR. On the basis of the low degree of homology 
among the amino acid sequences of the N proteins of different coronaviruses together with 
the high immunogenicity of this protein, the N protein appeared as a suitable antigenic 
marker for diagnosis of coronavirus infection. In the work reported here, we described the 
production and characterization of several species specific MAbs against the N protein of 
human coronaviruses NL63 and 229E, and the subsequent development of a differential 
ELISA that allowed their detection. 
 The immunization of Balb/c mice with the recombinant N protein of HCoV-NL63 
and HCoV-229E lead to the production of several MAbs. Some of these antibodies were 
species-specific, while others were able to recognize both viruses (Table 1). Additionally, 
the results of the immunoblotting experiments suggested that the epitopes recognized by 
the MAbs were linear rather than conformational (Figure 1). 
 As a first attempt to narrow down the location of the epitopes recognized by the 
antibodies, a fragment covering the C-terminal half of the N protein was expressed 
and tested in ELISA with the different MAbs. It has been previously described that the 
N-terminal half of all CoV N proteins contains a highly conserved motif [32]. However 
after two different fusions with N protein of HCoV-NL63 and N protein of HCoV-229E, 
only two out of 8 MAbs (1B12 and 2E6) did not bind to the C-terminal half of the N 
protein (Figure 2), indicating that the amino region is less immunogenic, at least in mice. 
This finding agrees with previous studies with SARS coronavirus N protein, where it was 
described that the most immunoreactive epitopes were located at the C-terminal end of 
the protein [33]. The localization of the developed MAbs in this part of the protein was also 
supported by the results of the competition ELISA. Thus, MAbs specific for HCoV-NL63 
(1B12, 2D4 and 1E6) which reacted differently with this part of the protein by indirect 
ELISA, did not compete with each other, suggesting that they mapped in different areas 
of the protein. In contrast, MAbs recognizing both viruses (1E8, 1H11, 5D5 and 5D11) 
and which reacted in a similar way to the C-termini of the protein in indirect ELISA 
competed with each other, indicating that they map in the same or very close regions. A 
detailed study of the C-terminal end sequence of the N protein revealed that although the 
overall homology between the different species is low, this fragment includes two regions 
(KPRWKR and QCFGPR) that are well conserved among all the viruses and one that is 
conserved only between HCoV-NL63 and HCoV-229E (NGVXAKG) (See Figure 4). This 
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observations together with our results, lead to the conclusion that the conserved sequence 
between HCoV-NL63 and HCoV-229E probably includes the epitopes of the selected 
common MAbs, although further experiments using peptides should be done in order to 
answer this question. 

 As shown in Figure 2B, the reactivity of MAb 1E7 (specific for HCoV-229E) with the 
C-terminal fragment was stronger than the reactivity to the full-length protein. This could 
be due to the structure of the protein, with the epitope becoming more accessible in the 
fragment than in the complete protein. 
 After characterization of the different MAbs, a double-antibody sandwich ELISA was 
developed for antigen detection. MAb 1E8 was selected as the capture antibody and 2D4 
and 1E7 conjugated with peroxidase were used as the detecting antibodies for HCoV-
NL63 and HCoV-229E, respectively. The results of the DAS ELISA demonstrated to be 
species specific when using the recombinant N protein as antigen. This was also true 
when using virus infected cell lysates (Figure 3). Besides, the use of one MAb that is able 
to capture both viruses makes the development of the assay simpler and less expensive, 
which is an important advantage for commercial purposes. 
 Finally, no cross-reactivity was found with viruses belonging to the betacoronavirus 
group (HCoV-OC43 and HCoV-HKU1), nor was cross-reactivity with a coronavirus of 
animal origin belonging to the alphacoronavirus group (PEDV) found. This result was 
somehow expected, since most of the MAbs map in the C-terminal half of the protein, that 
is, the most variable region [32]. In addition, these results strongly confirmed the assay 
specificity. 

aa 246 aa 286

229E KPRWKRQPNDDVTSNVTQCFGPRDLDHNFGSAGVVANGVKAKGYP

NL63 KPRWKRVPTR--EENVIQCFGPRDFNHNMGDSDLVQNGVDAKGFP

HKU1 KPRQKRTPNK--HCNVQQCFGKRGPSQNFGNAEMLKLGTNDPQFP

OC43 KPRQKRSPNK--QCTVQQCFGKRGPNQNFGGGEMLKLGTSDPQFP

Figure 4. Alignment of the amino acid sequences of the C-terminal half of the nucleocapsid protein of various HCoVs. 

Highly conserved regions between the 4 aligned sequences are in a shaded box. 

Sequences used for the alignment included those of the following viruses: HCoV-229E (GenBank accession no. NC_002645), 

HCoV-NL63 (GenBank accession no. NC_005831), HCoV-HKU1 (GenBank accession no. NC_006577), and HCoV-OC43 

(GenBank accession no. NC_005147). The N protein of HCoV-229E was considered the reference sequence (aa 246 to 286), and 

the alignment was performed with DS Gene (version 1.5) software.
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 Although future experiments using human respiratory samples should be done, 
the current findings show the present DAS-ELISA is a potential tool for detection and 
differentiation between HCoV-NL63 and HCoV-229E infection. This assay could be used 
as a valid alternative to nucleic acid detection for CoVs diagnostic purposes. Moreover, 
the combined use of DAS-ELISA and PCR may be very helpful, when possible. 
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Abstract
Before the SARS outbreak only 2 human coronaviruses (HCoV) were known: HCoV-
OC43 and HCoV-229E. With the discovery of SARS-CoV in 2003, a third family member 
was identified. Soon thereafter, we described the fourth human coronavirus (HCoV-
NL63), a virus that has spread worldwide and is associated with croup in children. We 
report here the complete genome sequence of two HCoV-NL63 clinical isolates, designated 
Amsterdam 057 and Amsterdam 496. The genomes are 27538 and 27550 nucleotides long, 
respectively, and share the same genome organization. We identified 2 variable regions, 
one within the 1a and one within the S gene, whereas the 1b and N genes were most 
conserved. Phylogenetic analysis revealed that HCoV-NL63 genomes have a mosaic 
structure with multiple recombination sites. Additionally, employing three different 
algorithms, we assessed the evolutionary rate for the S gene of group Ib coronaviruses to 
be ~3 × 10-4 substitutions per site per year. Using this evolutionary rate we determined that 
HCoV-NL63 diverged in the 11th century from its closest relative HCoV-229E.
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Introduction
Coronaviruses, a genus of the Coronaviridae family, are enveloped viruses with a large plus-
strand RNA genome. The genomic RNA is 27−32 kb in size, capped and polyadenylated. 
Coronaviruses have been identified in bats, mice, rats, chickens, turkeys, swine, dogs, cats, 
rabbits, horses, cattle and humans and cause highly prevalent diseases such as respiratory, 
enteric, cardiovascular and neurological disorders [1,2]. Originally, coronaviruses were 
classified on the basis of antigenic cross-reactivity in three antigenic groups [3]. When 
coronavirus genome sequence data began to accumulate, the original antigenic groups 
were converted into genetic groups based on similarity of the nucleotide sequences. 
 The coronaviruses possess a characteristic genome composition. The 5’ two-third of 
a coronavirus genome encodes two polyproteins (1a and 1ab) that contains all proteins 
necessary for RNA replication. The 3’ one-third of a coronavirus genome encodes several 
structural proteins such as spike (S), envelope (E), membrane (M) and nucleocapsid (N) 
proteins that, among other functions, participate in the budding process and that are 
incorporated into the virus particle. Additional accessory protein genes are located in the 
3’ part of the genome in a coronavirus species-specific position. 
 HCoV-NL63, a recently discovered member of the Coronaviridae family [4–6], has 
spread worldwide, is observed most frequently in the winter season and is associated with 
acute respiratory illness and croup in young children, elderly and immunocompromised 
patients [7–10]. A recent report suggested that HCoV-NL63 is one of the pathogens 
underlying Kawasaki disease [11], although other studies could not confirm this 
association [12–14]. 
 HCoV-NL63 belongs to the group I coronaviruses according to phylogenetic analyses. 
The highest similarity is observed with HCoV-229E and porcine epidemic diarrhoea virus 
(PEDV), 65% and 61%, respectively. Phylogenetic analysis based on gene 1a sequences 
indicates the presence of diverse HCoV-NL63 strains with distinct molecular markers 
[4]. The increasing number of HCoV-NL63 sequences from several locations provides 
further evidence for this genetic diversity and confirms the presence of 2 main genetic 
clusters [10,15,16]. However, drawing conclusions based on phylogenetic analysis of a 
single gene sequence and sometimes even a partial gene sequence requires caution as the 
true phylogeny can only be demonstrated by analyzing complete genome sequences. Full 
genome sequences of field isolates of HCoV-NL63 were however not available, therefore 
we sequenced the complete genomes of two HCoV-NL63 field isolates (Amsterdam 057 
and Amsterdam 496) and genome fragments of 21 additional field isolates. In the current 
study we present evidence for the in-field recombination of HCoV-NL63. Furthermore 
we characterized the molecular variability of HCoV-NL63 isolates to have insight into 
the evolution of the virus. We observed high variability at certain genome regions and a 
molecular clock analysis revealed that the virus is present in the human population for 
centuries.
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Materials and Methods

Patient isolates
HCoV-NL63 positive patients were identified by a diagnostic nested RT-
PCR as described previously [4] or by a real time PCR that was performed 
with primers NF (5’ GCGTGTTCCTACCAGAGAGGA 3’) and NR (5’ 
GCTGTGGAAAACCTTTGGCA 3’), and HCoV-NL63 was detected with probe NP 
(5’ FAM - ATGTTATTCAGTGCTTTGGTCCTCGTGAT – TAMRA 3’) as described 
before [13]. A total of 23 NL63-positive patients were identified within the Academic 
Medical Center, Amsterdam. Two HCoV-NL63 isolates were selected for full genome 
sequencing (57 and 496) and several genome fragments were sequenced for the other 
21 isolates (Table 1). Sampling dates and patient characteristics are summarized 
in table 1. Sequencing was performed on an ABI 3700 machine (Perkin-Elmer 
Applied Biosystems) using the BigDye terminator cycle sequencing kit (version 1.1). 
Chromatogram sequence files were inspected and assembled with CodonCode 1.4 and 
further corrected manually. Several genomic regions were amplified using the following 
primers. For the 1a gene: sense  5’ GGTCACTATGTAGTTTATGAT G 3’ and sense  5’ 
GGATTTTTCATAACCACTTAC 3’; antisense 5’ CTTTTGATAACGGTCACTATG 
3’ and antisense  5’ CTCATTACATAAAACATCAAACGG 3’. For the S 
gene: sense  5’ GGTTGTTGTTACGCAATAATGGTCGT 3’, antisense  5’ 
ACACGGCCATTATGTGTGGT 3’. For ORF3: sense  5’ ATTGTTTAACTTCATCAATGC 
3’, antisense 5’ CCATAAAATGGAATTGAGGACAATAC 3’. For N: sense 5’ 
CTCTCAGGAGGGTGTTTTGTCAGAAAG  3’, antisense 5’ ATAATAAACATT 
CAACTGGAATTA C    3’.

RT-PCR and full genome sequencing
The cDNA used for sequencing was generated with MMLV-RT, 1 µg of random hexamer 
DNA primers, in 10 mM Tris pH 8.3, 50 mM KCl, 0.1% Triton-X100, 6 mM of MgCl2 and 
50 µM dNTPs at 37˚C for 90 minutes. The cDNA was converted into double-stranded 
DNA in a standard PCR reaction with 1.25 U of Taq polymerase (Perkin-Elmer) per 
reaction with appropriate primers. Full genome sequencing of the two field isolates of 
HCoV-NL63 was performed with single round RT-PCR as described above, with a set 
of overlapping PCR products (average size 700 bp) encompassing the entire genome. 
Primers were designed in regions that are conserved between the Amsterdam 1 and NL 
isolates of HCoV-NL63. Primer sequences used for full genome sequencing are available 
on request. The 5’ and 3’ terminal sequence were determined by 5’ RACE (Invitrogen) 
and 3’ RACE as described [4]. Each PCR fragment was sequenced on both strands and 
the virus isolates were amplified and sequenced on separate dates to prevent sample 
contamination. Each experiment contained negative extraction controls. Sequencing was 
performed as described above.
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Sequence analysis
Multiple sequence alignments were prepared with ClustalX 1.83 and manually edited in 
BioEdit. Phylogenetic analyses were conducted using MEGA, version 3.1. Bootscan and 
similarity graphs were prepared with SimPlot 2.5 software [17]. Analysis of HCoV-NL63 
variability and synonymous and non-synonymous substitutions was done with DnaSP 4.0 
software. Positive selection was analysed with the PAML 3.14 software [18]. The analysis 
is according to the codon-based evolution models (one-ratio, neutral and selection 
models) developed by Nielsen and Yang [19], which allows the ratio of synonymous and 
nonsynonymous substitution rates to vary among amino acid  (aa) positions. This method 
uses dS and dN to denote the rates of synonymous and nonsynonymous substitutions, 
respectively. Their ratio reflects the selection intensity at the amino acid level. 

Molecular clock analysis 
Evolutionary rates were estimated using three approaches: Bayesian inference in BEAST, 
version 1.2 (kindly made available by A. J. Drummond and A. Rambaut, University of 
Oxford; http://evolve.zoo.ox.ac.uk/beast/) and serial ML estimate and sUPGMA with 
PEBBLE 1.0 [20]. Divergence times were estimated using Bayesian inference in BEAST, 
version 1.2. The Markov chain Monte Carlo (MCMC) length was 108 with a sample 
frequency of 103 and effective sample size of 9 × 104. The burn-in was 107. Convergence to 
stationarity was investigated using the Tracer 1.3 MCMC trace analysis tool. The molecular 
clock hypothesis was tested by  likelihood ratio test.

Nucleotide sequence accession numbers
The sequence of HCoV-NL63 isolate Amsterdam 57 and Amsterdam 496 described in this 
study were deposited in GenBank under accession numbers: DQ445911 and DQ445912, 
respectively. The partial sequences of patient isolates were deposited in GenBank under 
accession numbers DQ462752-DQ462792. The GenBank accession number of HCoV-
NL63 isolate Amsterdam-1 is NC_005831; isolate NL is AY518894; HCoV-229E is 
AF304460; and PEDV (strain CV777) is AF353511. The GenBank accession numbers of 
the 6K region of isolates 072, 246, 248 and 466 are AY567494, AY567489, AY567493 and 
AY567488, respectively. 
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Results

HCoV-NL63 isolates
We sequenced the complete genomes of two HCoV-NL63 isolates (Amsterdam 57 and 
Amsterdam 496) directly from patient material. Isolate 496 was obtained from the throat 
swap of an 8-month old boy (February 2003) and isolate 57 was amplified from the 
bronchoalveolar lavage of a 57-year old woman (December 2002), both suffering from 
acute respiratory illness. Both isolates displayed the same basic genome structure as 
previously described for HCoV-NL63. Furthermore, we partially sequenced additional 
isolates directly from patient material to analyze the variability of HCoV-NL63 (Table 1). 
The regions were: 1a gene nt 3004 - 3888 (3K) and nt 5815 – 6280 (6K), S gene nt 20497 
– 21003 (21K), ORF3 gene nt 24521-25206 (25K), and N gene nt 26136-27166 (26K). In 
some cases only a few regions were amplified because of the low virus load in some patient 
samples.

 n.k. = not known
 n.d. = not determined

Isolate name Sampling date Viral load in patient sample 
[copies/ml] Fragments sequenced

3 n.k. 5.66 × 105 3K;
27 n.k. 2.23 × 106 3K; 21K
42 n.k. n.d. 26K
57 08.01.2004 2.00 × 108 Full genome
63c n.k. n.d. 26K
72 31.12. 2002 196305 3K; 6K; 21K; 25K; 26K

111 12.01.2004 n.d. 21K
120 13.01.2004 n.d. 21K
173 n.k. n.d. 3K
202 31.03.2003 n.d. 21K
212 01.02.2003 n.d. 21K; 25K
223 08.01.2003 n.d.  21K; 25K; 26K
242 10.02.2003 n.d. 25K; 26K
246 13.01.2003 1.80 × 104 6K; 21K; 25K; 26K
248 16.01.2003 1.98 × 106 3K; 6K;  25K; 26K
251 07.01.2003 8.34 × 107 25K
466 04.02.2003 5.36 × 105 3K; 6K; 21K; 25K; 26K
496 25.02.2003 1.70 × 106 Full genome
705 n.k. 3.30 × 106 3K; 21K
744 n.k. 7.20 × 106 3K
791 n.k. 3.70 × 106 21K
857 10.12.2003 3.50 × 107 3K; 6K; 21K; 25K; 26K
890 n.k. 7.39 × 105 3K

Table 1. Clinical isolates of HCoV-NL63.
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Genetic variability along the genome
Pair-wise sequence alignments of isolates Amsterdam 1, NL, 57 and 496 demonstrate 
an overall genome similarity of 99.0% between the HCoV-NL63 strains. We plotted the 
frequency of polymorphic nucleotides along the genome to visualize variable sites (Figure 
1A) and identified two hypervariable regions, one in the 5’ part of the 1a gene encoding 
nsp1-nsp3 (nt 170 - 5000) and in the 5’ part of the spike gene (nt 20300 – 22000). The latter 
region encompasses the S1 region that contains a unique insert in HCoV-NL63 when 
compared to its closest relative HCoV-229E. 
 Within the variable region 1-5000 nt in the 1a gene, we identified 126 variable sites 
among the four full genome isolates (55 non-synonymous substitutions), which resulted 
in 51 variable amino acid (aa) positions. In this region, we also identified an in frame 
deletion of 15 nt in isolate 496 and NL (corresponding to nt 3321 - 3335 of Amsterdam 1). 
To determine the prevalence of this deletion in the virus population, we analysed partial 
sequences of the 1a gene (region 3K) of additional HCoV-NL63 isolates (Table 1) and 
found it in three more patients (003, 890 and 248) while in eight patients no deletion 
was observed. The second variable region encompasses the S1 part of the S gene. Out 
of 175 polymorphic nucleotides (56 non-synonymous substitutions) leading to 51 aa 
substitutions, 119 are located in the first 1200 nt (46 non-synonymous substitutions) of 
the spike gene leading to 41 aa changes. Furthermore, we observed a 3 nt deletion within 
the S gene (corresponding to nt 20798 and 20800 of Amsterdam 1) in isolates 496, 57 and 
NL. Sequencing of 12 additional patient samples identified no additional variants with 
this 3 nt deletion.
 The analysis of synonymous/non-synonymous substitutions along the genome 
indicates that synonymous substitutions are generally in excess over non-synonymous 
substitutions (Figure 1B). To determine if the high variability in the 3K and 21K regions 
is driven by positive selection we analyzed these regions with PAML software, which 
provides maximum likelihood estimates of the extent of positive selection. Likelihood 
ratio tests were used to assess whether a model which included positive selection was 
significantly better than one which did not. When positive selection was indicated, 
empirical Bayes’ methods were used to identify which individual sites were under positive 
selection. According to the PAML analysis the 3K and 21K regions show no significant 
sign of positive selection. 
 We analyzed the most conserved genome regions to identify suitable targets for the 
development of a PCR-based diagnostic assay that can detect all HCoV-NL63 isolates. The 
1b polyprotein gene is highly conserved, with 25 variable nt and only one aa substitution 
in the region nt 12401 – 15195 among the 4 isolates. This region encodes the RNA-
dependent RNA polymerase (RdRp). The second most conserved region is the N protein 
and we confirmed the homogeneity in 9 additional patient isolates. Of the 24 variable 
positions scored in a 1031 nt region, only 5 were non-silent and resulted in 4 aa changes. 
Although it was previously mentioned that the ORF3 gene is highly variable in strain 
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NL [21], we observed a low heterogeneity  in Amsterdam 1, 57 and 496. Also among 11 
patient isolates, only ten polymorphic nucleotides were observed (one non-synonymous 
substitution), resulting in only 1 aa change in the patient isolates. A 3 nt insertion and an 
additional 1 aa change were observed only in the cultured NL isolate [21]. 

HCoV-NL63 recombination
We analyzed the full genome sequence of the four HCoV-NL63 isolates for possible 
recombination events. As the explorative bootscan analysis was not suggestive due to 
the low number of highly similar sequences and a stochastic noise that could not be 
distinguished from the real signal, we decided to analyze only the regions showing high 
number of informative sites. We analyzed the partial sequences of five regions (3K, 6K, 
21K, 25K, 26K) for 57, 496, NL and Amsterdam 1 isolates and nine additional patient 
isolates. The phylogenetic analysis confirms that in the 3K region the isolates Amsterdam 
1 and 57 do cluster together in one subgroup while NL and 496 are located in the second 
(Figure 2 and 3). Phylogenetic analysis of the 6K region of several isolates reveals that the 
clustering pattern changes, with isolates NL, 496 and Amsterdam 1 in one subgroup and 
isolate 57 being an outgroup (Figure 2 and 3). In the 21K region the analysis shows that 
Amsterdam 1 is a single representative of one cluster, while NL, 496 and 57 are tightly 
clustering in the second group (Figure 2 and 3). Therefore, there is clear evidence that 
HCoV-NL63 isolates are mosaics with multiple recombinations along the genome.
 Because in several regions the sequence was highly conserved and the analysis did not 
show signs of the presence of two genetic clusters it was very difficult to identify the exact 
location of the recombination spots. The S gene does contain enough informative sites, and 
we identified two spots of recombination: one between positions nt 21072 and 21161 and 
the second between positions nt 21662 and 21884 in the Amsterdam 1 genome (Figure 4).
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Figure 1. Molecular variability of HCoV-NL63 along the genome. 

A) Frequency of polymorphic sites at the nucleotide level among four isolates of HCoV-NL63. B) Frequency of polymorphic 

sites on the synonymous and non-synonymous positions among four isolates of HCoV-NL63. The analysis was done with 500 

nt non-overlapping window.
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Figure 2. Discordance in phylogenetic clustering of different isolates of HCoV-NL63 at regions 3K, 6K and 21K. 

Phylogenetic trees were constructed as described in materials and method section using an UPGMA algorithm. The scale bar 

unit is equivalent to 0.002 substitution per site. The trees were rooted with the sequences of it’s closest relative for 3K and 6K the 

HCoV-229E and for the 21K region the PEDV. Four completely sequenced isolates are marked with color boxes, illustrating the 

discordance in clustering in different regions of the genome.

Amsterdam1     CTTCAAGAGA 

466            .......... 

246            ....C..... 

248            ..G.C..G.G 

496            ..G.T....G 

NL             ..G.C..G.G 

057            ..GTCGAGAG 

857            TAGTCGAGAG 

072            TAGTCGAGAG

Amsterdam  GTTAAAGCAGAAAGCAACGTTCTATAAAAGCCCACAGCAAAAGAAAACAAAAGTTCAAGGGTAGAGG

072        .A..................G.............................T.....G..........

466        ...................................................................

857        .A..................G.............................T.....G..........

246        ..................................................G................

496        .G.GGGATCAGGGAGTGGAA.---CCGG.ATGTGGGCT.TGGAG.GCTG.TGACCTGGAATCGAGAA

057        AGC.GGATCAGGGAGTGGAA.---CCG.GATGTGGGCT.TGGAG.GCTGGTGACCTGGAATCGAGAA

NL         .GC..GATCAGG.A.TGGAA.---CCGG.ATGTGGGCTGT.GAGGGCT..TGACCTGGAATCGAGAA

A

B

A

B

A

B

Amsterdam1  TCCAAAGGAGTTGATGACTCTGTTCAAGTTAGGCATATGCGA

466         ..........................................

857         .....................---.......A...G.G....

072         ...............................A..GG.G....

057         ...............................A...G.G.T..

NL          .TTGG..CG---------------.GG.C.GAAT..TGA.TG

248         CTTGGGATG---------------TGGTCC.AAT..TGA..G

496         CTTGGGATG---------------.GGTCC.AAT..TGA..G

3K 6K

21K

Figure 3. Discordance in clustering of different isolates of HCoV-NL63 at regions 3K, 6K and 21K. 

Three alignments of only variable sites subtracted from the original sequence with DnaSP 4.0 software, shows the discordance 

in clustering at different regions of the genome. Groups A and B were created arbitrarily to show the discordance. Group A was 

defined as the group that contains the Amsterdam 1 isolate. 
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Interspecies recombination 
We also analyzed whether recombination within the coronavirus family can be identified. 
The analysis was performed with the SimPlot software by plotting the similarity between 
different members of the Coronaviridae family as well as by scanning the genome with 
the bootscan tool. Along the genome the similarity between HCoV-NL63 and HCoV-
229E is the highest, except for one part of the M gene. The similarity graph shows that 
the 3’ region of the M gene has a higher nucleotide similarity to PEDV than to HCoV-
229E (Figure 5A). Additionally, the bootscan analysis suggests recombination between 
an ancestral HCoV-NL63 strain and PEDV in that region (Figure 5B). To rule out that 
the observed effect is the result of the divergent evolution we analyzed the synonymous 
substitution pattern between HCoV-NL63 and HCoV-229E. It has been described that 
the synonymous substitution rate is increased at genome regions which originated from 
another species and may be used as a marker of gene transfer from another species 
[22,23]. Indeed a rise in the synonymous substitution rate in the 3’ region of the M gene 
was observed (Figure 5C).

20496

24515

21072 21161

21662 21884 22007

496        ATTCTCGATTCCAGGTCATCAGCTCTCCATAGCCCACATTCCGG---TTC
NL         ATTCTCGATTCCAGGTCATTAGCCCTCTACAGCCCACATTCCGG---TTC
057        ATTCTCGATTCCAGGTCACCAGCTCTCCATAGCCCACATCTCGG---TTC
Amsterdam1 GCCTCTACCCTTGAACTTTTGTTTTCTTTTGCTGTGGGCTTTTATAGACG

496        CACTCCCTGATCCCACCGTGATTGTTATCCCGTTTCGTCTGCTTCGCTTG
NL         CAGTTCCTGATCTTGCCGTGATCATTACTCCGCCCTGGTCATCCAGCCGG
057        CACTCCCTGATCCTGCTGTGATTGTTATCGTATTTCATCTGCTTCTCTTG
Amsterdam1 TTGCTTTCTGCTTTAACACTTCCGGAGCTCCGCCCCGGTCATCCAGTTGT

496        TCCCTTGCATTTCCGCCTGTTTCGATTCATTTTTTGCATTGCTCACCTTC
NL         CTTTTTATTTCTTTATTCATCCAGTTCCAGCCTGCATGCCGTTAACTCTT
057        TCCCCTGCATTTCCGCCCGTTTCATTCGAGCCCGCATACCTCCAACTCCT
Amsterdam1 CCTTTCATTGCCTTATTCACCCAGTCCCGGCCCGCATACCGCCAGTCCTC

496        CATCCCAGGCAAACACTCCGCTTCCTTC
NL         TATCTCAGTTTTGCGTCTTTTTTCCCCT
057        CACCCTGATTAGGCGTCTTTCCCCTCCC
Amsterdam1 CGTTCCGGTTAGGAGTCTTTTCTTTCCC

Figure 4. Identification of recombination sites in the S gene. 

The alignment includes only subtracted variable sites. These variable sites were subtracted with DnaSP 4.0 software. The change 

of color represents the alternation of genetic clustering between isolates. The numbers on top represent the beginning of S gene 

(nt 20472 in Amsterdam 1 isolate), coordinates of recombination spots inside S gene (nt 21061-21072 and 21575-21576 in 

Amsterdam 1 isolate) and the 3’ terminus of the S gene (nt 24542 in Amsterdam 1 isolate).
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Similarity plot (A) and bootscan analysis with Kimura (2-parameter) distance model, neighbor-joining tree model and 500 
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Molecular clock analysis 
Based on the nucleotide sequence coding for the S protein (nt 20649-22269), a maximum-
likelihood phylogenetic tree was constructed for HCoV-NL63 and several HCoV-229E 
strains for which the date of isolation was known (three isolates from year 1967, five 
isolates from year 1999 and six isolates from year 2000). Based on this sequence data, 
the evolutionary rate of HCoV-229E was calculated by Bayesian coalescent approach 
[24], serial ML estimate [20,25] and sUPGMA [26] approaches. The evolutionary rates 
estimated with these three approaches were of very similar magnitude and were 3.28 × 
10−4 (95% confidence interval, 1.72 × 10−4 to 5.00 × 10−4), 6.17 × 10-4 and 2.82 × 10-4 (95% 
confidence interval, 1.36 × 10-4 - 4.42 × 10-4) substitutions per site per year, respectively. 
Assuming a constant evolutionary rate in time and between the branches for HCoV-
NL63 and HCoV-229E, the time to the most recent common ancestor (TMRCA) of 
HCoV-NL63 and HCoV-229E was dated by the Bayesian coalescent approach around the 
year 1053 (95% highest posterior density interval, year 966 to 1142). This estimate was 
highly consistent under different demographic models, including an exponential-growth 
(TMRCA around  year 1105 (95% confidence interval, 1017 to 1188)), and expansion 
growth (TMRCA around  year 1124 (95% confidence interval, 1038 to 1206)). A likelihood 
ratio test indicated that the molecular clock hypothesis could not be rejected (P = 0.05). 
We also attempted to date back the split of two HCoV-NL63 lineages, but due to several 
recombination spots in the spike gene region that we sequenced (see also Figure 4) this 
analysis was not possible. The 3K and 6K fragments could not be used because we only 
know the substitution rate for the 20649-22269 region in the HCoV-NL63 genome.

Discussion
Homologous recombination is well known for several RNA viruses, including 
coronaviruses [27,28]. A “copy-choice” mechanism has been proposed, in which the RNA-
dependent RNA polymerase, together with the nascent RNA strand, dissociates from the 
original template and reassociates at the same position on another template subsequently 
recommencing RNA synthesis [28]. Recombination of coronavirus genomes has been 
observed in vitro in cell culture [27–29], in experimentally infected animals [30], and 
in embryonated eggs [31]. In the case of infectious bronchitis virus, there is evidence 
for homologous recombination occurring in the field [32–35]. We present evidence that 
recombination has occurred during the evolution of HCoV-NL63 and that viral isolates 
possess a mosaic genome structure. Recombination was discovered by full genome 
sequence analysis of HCoV-NL63 variants from clinical samples. Analysis of several 
genome regions showed discordance in the phylogenetic clustering along the genome, 
a clear sign of recombination. Because the majority of informative sites are located at 
non-coding positions one can exclude that related genome sequences were the result of 
convergent evolution due to positive selection. 
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 HCoV-NL63 is the causative agent of up to 10% of all respiratory illnesses [4,7–10,15,36–
39]. This high prevalence obviously increases the possibility of a recombination event 
through co-infection with another human or zoonotically transmitted animal coronavirus. 
Thus, recombination might enable highly pathogenic recombinant virus variants to arise. 
There is some evidence for recombination between PEDV and an ancestral HCoV-NL63 
strain. Whereas HCoV-NL63 is mostly similar to HCoV-229E a part of the HCoV-
NL63 M gene shows the highest similarity to PEDV, suggesting a possible interspecies 
recombination event. The M protein is a key player in virus assembly and budding, thereby 
interacting with other structural viral proteins. The M protein of coronaviruses has been 
shown to span the virion membrane 3 or 4 times. The Nexo-Cendo topology is adopted by 
most coronaviral M proteins, but it has been proposed that the M protein of TGEV is 
present in the viral envelope in two topological states, Nexo-Cendo

 and Nexo-Cexo [40]. The 
sequence analysis with the TMHMM v 2.0 prediction software (http://www.cbs.dtu.dk/
services/TMHMM/) suggests a similar scenario for HCoV-NL63 (data not shown). Also 
the M protein of PEDV, but notably not HCoV-229E, shares this characteristics, which 
suggests that this domain of the M gene is obtained by interspecies recombination. 
 Coronaviruses are well equipped to adapt rapidly to changing ecological niches by 
the high substitution rate of their RNA genome. The average substitution rate for this 
family was estimated to be 10-4 substitutions per year per site [41,42]. HCoV-NL63 is a 
member of the group I coronaviruses, with highest similarity to HCoV-229E and PEDV. 
These three species cluster with a recently described bat coronavirus (BatCoV, strain 61) 
[43] in subgroup Ib. Our efforts to establish the substitution rate of HCoV-NL63 failed, as 
there is not enough sequence data available from isolates of the past years. For this reason 
we decided to calculate the substitution rate for HCoV-229E, using partial sequences of 
the S gene from different dates. Based on this substitution rate, we dated the divergence 
time of HCoV-229E and HCoV-NL63 to the 11th century. The reliability of molecular 
dating is dependent on the validity of the molecular clock hypothesis, which assumes that 
the substitution rate is roughly constant. A maximum likelihood test confirmed that the 
molecular clock hypothesis is suitable for the coronavirus data set investigated here. 
 We propose that around 900 years ago the HCoV-229E and HCoV-NL63 viruses 
started to evolve from a common ancestor into the direction of separate species. For 
HCoV-OC43 it has been estimated that it emerged at the end of the 19th century or the 
beginning of the 20th century, implying that it has only been around for 100 years [44,45]. 
The SARS-CoV was introduced in humans in 2002, and for HCoVHKU1, this has not 
been investigated. The heterogeneity of HCoV-HKU1, which appears in two separate 
genotypes and a third genotype that is a recombinant of these two genotypes [46,47], 
suggests that this virus was not recently introduced into the human population, similar 
to the situation of HCoV-NL63. The divergence of HCoV-NL63 and HCoV-229E was 
followed by a separation of HCoV-NL63 into two lineages, of which we suspect that this 
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occurred at geographically distinct locations. Subsequently the two lineages recombined 
during coinfection, illustrated by the fact that all four full genome sequences available. 
 The variability of coronaviruses has not been thoroughly studied. Although there are 
several reports concerning SARS-CoV, the relatively short time that this virus was present 
in the human population makes a long term study impossible. The first variable region 
of HCoV-NL63 encodes the three proteins nsp1 - nsp3. The biological function of nsp1 
and nsp2 proteins is thought to be linked to virus replication [48,49]. The nsp3 protein 
is a coronaviral papain-like proteinase (PLpro) that is expected to be a multifunctional 
protein with several domains that mediate various enzymatic activities [50,51]. Thus, 
the high variability of this region might influence the viral replication and interaction 
with cellular proteins. The second variable region is located in the 5’ part of the S gene. 
This region contains 24% of all polymorphic nucleotides, whereas it encompasses only 
~4% of the genome. The coronavirus S protein is an important determinant for the 
host cell specificity and tissue tropism, which is largely determined by the distribution 
of its receptor. Recently, Hofmann et al reported that HCoV-NL63 uses the angiotensin 
converting enzyme 2 (ACE2) molecule as a receptor. The interaction of NL63-S with 
ACE2 is surprising, as HCoV-NL63 is closely related to HCoV-229E, which uses CD13 as 
a receptor. Furthermore, NL63-S shares no appreciable amino acid identity with SARS-
CoV-S, which does use ACE2. The amino acid sequence of the CD13-binding site in 229E-
S is 57% conserved in NL63-S, whereas the alignment of the ACE2-binding site of SARS-
CoV-S with NL63-S reveals only 14% aa identity. These data suggest that NL63-S and 
SARS-CoV-S might have evolved different strategies to interact with ACE2. The receptor 
binding domain of NL63-S protein resides in the S1 region [52]. Thus, the variability that 
we observed may alter the ACE2-binding properties of the S protein or, alternatively, the 
binding to a co-receptor.
 Besides the two hypervariable regions, we also identified regions with a remarkably 
low substitution rate. The 1b gene is extremely conserved, most prominently in the region 
encoding RdRp (nt 12416 – 15195). Analysis of the ORF3 gene shows high conservation of 
this gene, unlike reported previously for HCoV-NL63 [21]. This suggests a vital function 
of the ORF3 protein during natural infection. Further investigations on the ORF3 protein 
function is needed to determine its real biological relevance.
 The observation of recombination within the HCoV-NL63 group indicate that two 
lineages, identified in previous reports in the 1a gene, cannot be treated as separate 
lineages. Characterization and typing of currently circulating strains should be performed 
with at least two assays, based on sequences derived from hypervariable regions 1-6000 
nt and 20000-21000. On the contrary, a sensitive diagnostic assay for detection of HCoV-
NL63 should be designed in the regions with highest stability such as 1b or N gene. 
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Abstract
Background
The genome of coronaviruses contains structural and non-structural genes, including 
several so-called accessory genes. All group 1b coronaviruses encode a single accessory 
protein between the spike and envelope genes, except for human coronavirus (HCoV) 
229E. The prototype virus has a split gene, encoding the putative ORF4a and ORF4b 
proteins. To determine whether primary HCoV-229E isolates exhibit this unusual genome 
organization, we analyzed the ORF4a/b region of five current clinical isolates from The 
Netherlands and three early isolates collected at the Common Cold Unit (CCU) in 
Salisbury, UK. 
Results
All Dutch isolates were identical in the ORF4a/b region at the amino acid level. All CCU 
isolates are only 98% identical to the Dutch isolates at the nucleotide level, but more 
closely related to the prototype HCoV-229E (>98%). Remarkably, our analyses revealed 
that the laboratory adapted, prototype HCoV-229E has a 2-nucleotide deletion in the 
ORF4a/b region, whereas all clinical isolates encode a single ORF, 660 nt in size, encoding 
a single protein of 219 amino acids, which is a homologue of the ORF3 proteins encoded 
by HCoV-NL63 and PEDV. 
Conclusions
Thus, the genome organization of the group 1b coronaviruses HCoV-NL63, PEDV and 
HCoV-229E is identical. It is possible that extensive culturing of the HCoV-229E strain 
in the laboratory resulted in truncation of ORF4. This may indicate that the protein is 
not essential in cell culture, but the highly conserved amino acid sequence of the ORF4 
protein among clinical isolates suggests that the protein plays an important role in vivo.
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Background
Coronaviruses (CoVs) are enveloped, plus-strand RNA viruses belonging to the family 
Coronaviridae [1]. The genomic RNA is 27 – 32 Kb in size, capped and polyadenylated. 
The virions are 80 - 150 nm in diameter and have a unique morphology, with extended, 
petal-shaped spikes that give the virus a crown-like projection (Latin; corona) under the 
electron microscope [1]. CoVs are classified into three groups based on phylogenetic and 
serological relationships. Group 1 and 2 consist of different mammalian coronaviruses, 
whereas bird viruses dominate group 3. All coronaviruses employ a common genome 
organization where the replicase gene encompasses the 5’-two thirds of the genome and 
is comprised of two overlapping open reading frames (ORFs), ORF1a and ORF1b. The 
structural gene region, which covers the 3’-third of the genome, encodes the canonical set 
of structural protein genes in the order 5’ - spike (S) - envelope (E) - membrane (M) and 
nucleocapsid (N)  – 3’. Expression of the replicase gene is mediated by translation of the 
genomic RNA that gives rise to the biosynthesis of two large polyproteins, pp1a (encoded 
by ORF1a) and pp1ab (encoded by ORF1a and ORF1b using a ribosomal frameshift at the 
ORF1a/1b junction). Expression of the structural gene region is mediated via discontinuous 
transcription of subgenomic (sg) mRNAs, a hallmark of coronavirus gene expression. The 
number of sg mRNAs produced by a particular coronavirus usually exceeds the number 
of encoded structural proteins and, consequently, coronaviruses are able to express 
additional, so-called – accessory – genes (formerly called group-specific genes). These 
genes are interspersed between the structural genes and their number and location varies 
within coronavirus genomes. The functions of coronavirus accessory proteins are largely 
unknown, however, reverse genetic analyses of Mouse Hepatits Virus (MHV) and Feline 
Infectious Peritonitis Virus (FIPV) suggest that they are not required for virus replication 
[2–4]. Moreover, deletion of MHV and FIPV accessory genes results in attenuation in their 
respective hosts, indicating that accessory genes represent pathogenicity factors [2–4].
 The group 1 coronaviruses can be divided into the two genetic subgroups 1a and 1b 
[5]. Members of group 1a include canine coronavirus, FIPV, transmissible gastroenteritis 
virus (TGEV), and ferret enteric coronavirus. Group 1b includes porcine epidemic 
diarrhea virus (PEDV), human coronavirus NL63 (HCoV-NL63) and human coronavirus 
229E (HCoV-229E). All members of group 1b encode one or two accessory proteins 
between the S and E gene, ORF3 protein for PEDV and HCoV-NL63, and ORF4a and 
ORF4b proteins for HCoV-229E (Figure 1). The numbering of the ORFs in HCoV-229E is 
based on Northern blot analysis of sg RNAs [6]. The presence of an additional sg mRNA in 
HCoV-229E-infected cells (i.e. sg mRNA3) shifts the numbering from ORF3 to ORF4a/b. 
However, the location of HCoV-229E ORFs 4a and 4b genes in the genome (i.e. between S 
and E) and sequence similarities to the group 1b ORF3 genes strongly support the notion 
that they are homologous. Unfortunately, very little information is currently available 
about the structure and function of the ORF3 proteins. Several studies have linked the 
ORF3 protein of PEDV and TGEV to viral infectivity and pathogenicity [7,8]. PEDV and 
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TGEV acquire truncated forms of their accessory proteins after extensively passaging in 
cell culture, and these laboratory-adapted strains, encoding truncated forms of ORF3-
proteins, are less pathogenic than the corresponding wild-type strains (Figure 1) [7,8]. 
 HCoV-229E contains two ORFs, ORF4a and ORF4b between the S and E genes 
(Figure 1). Since both genes share the same sg mRNA (i.e. sg mRNA4), the expression 
of gene 4b would require alternative mechanisms of translation, such as internal entry, 
leaky scanning, or translational reinitiation of ribosomes. However, comparison of the 
hydrophobic domains of both ORF4 parts with the single ORF3 homologs indicates that 
they encode a similar protein [9], suggesting a scenario in which HCoV-229E acquired 
an out-of-frame insertion or deletion. It should be noted that the origin of full-length 
genomic sequences of the group 1b coronaviruses PEDV and HCoV-NL63 are derived 
from clinical isolates, CV777 and Amsterdam-1, Amsterdam-057 and Amsterdam-496, 
respectively. In contrast, the HCoV-229E ORF4a/b sequence [10] and the HCoV-229E 
full-length genomic sequence [6] has been determined from a cell culture-adapted virus 
more than 30 years after the initial isolation of HCoV-229E by Hamre and Procknow [11]. 
We, therefore, hypothesized that HCoV-229E ORFs 4a/b might actually had been a single 
ORF that was truncated upon adaptation of HCoV-229E to cell culture.

PEDV

HCoV-NL63

HCoV-229E

100 nucleotides

ORF4a ORF4b EnvelopeSpike

Spike

Spike

Envelope

Envelope

ORF3

ORF3

PEDV (P80)
Spike EnvelopeORF3-2

PEDV (P40)
Spike EnvelopeORF3

ORF3

Figure 1. Schematic overview of group 1b accessory protein genes between the S and E gene. 

PEDV (NC_003436), HCoV-NL63 (NC_005831) and HCoV-229E (NC_002645), the truncated forms of PEDV (P40) and (P80) 

are based on previous published data [7].
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Methods

Collection of patient material
Patient materials were collected at the department of Medical Microbiology, Academic 
Medical Center (AMC), The Netherlands (VS03-099) and from the Laboratory for 
Infectious Diseases and Screening, National Institute of Public Health and the Environment 
(RIVM), Bilthoven, The Netherlands (RIVM02-034, RIVM02-041, RIVM03-224 and 
RIVM04-037) (Table I). One sample was collected in 1986 at the common cold unit 
(CCU), Salisbury, Great Britain, during Trail no. T935.

Viral RNA isolation
Total viral RNA was isolated either from 200 µl cell culture supernatant, 100 - 200 µl nose/
throat swab (RIVM) or nasopharyngeal aspirate (AMC) as previously described [12].

RT-PCR
Reverse transcription and PCR reactions were performed as described [13,14]. 
Amplification of the ORF4a/b region was performed with the primer combination 
5’-229E-ORF4ab (5’ – AAC TTC CTT ATT ACG ACG TT – ‘3) and 3’-229E-ORF4ab (5’ – 
ATC CAC TAG CTT AAG GAA CA – ‘3). If required, a semi-nested PCR was performed 
with the primers 5’-229E-ORF4abNested (5’ – CAT ACA GTA ATG GCT CTA GG – ‘3) 
and 3’-229E-ORF4ab, and the cycle profile of the first PCR was modified to 30 cycles.

Sequence analysis of ORF4a/b region
RT-PCR fragments were directly sequenced with primers 3’-229E-ORF4ab, 
5’-229E-ORF4ab, 5’-229E-ORF4abNested, 5’229E4int (5’ – GCA ACT TTG ATT GCT 
G – ‘3) and 3’229E4int (5’ – GTC CTC TAA GAG CAA C – ‘3). Sequence reaction was 
preformed without purifying steps, according to the BigDye® terminator V1.1 cycle 
sequencing manufacturer’s protocol on a GeneAmp® PCR System 9700 thermal cycler 
(Perkin Elmer). Electrophoresis and data collection was performed on a 3100 Genetic 
Analyzer (Applied Biosystems). Raw collection data was processed and analyzed with 
Codoncode Aligner v1.52 software (CodonCode Corporation).  

Deduced protein sequences
Deduced protein sequences encoded by ORF4a and ORF4b from the published HCoV-
229E sequence (ORF4a; NP_073552, ORF4b; NP_073553), the sequence of VR-740TM, 
determined in this study, and the sequences of the 5 current and the 3 early isolates were 
aligned with ClustalX v1.8, and manually adjusted with Bioedit v7.0.1.
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Phylogenetic analysis of the ORF4a/b region
The sequences of the ORF4a/b regions were aligned with ClustalX v1.8 and phylogenetic 
analyses was conducted with the neighbor-joining method, Kimura distances and a 
bootstrap of 1000 replicates, using MEGA version 3.1 [15].

Data Deposition 
The sequences reported in this paper have been deposited under the Genbank database 
accession numbers EF198671–EF198679.
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Results

Analysis of HCoV-229E cell culture adapted virus
We first analyzed the ORF 4a/b region of VR-740TM, a cell culture-adapted virus that also 
originates from the initial HCoV-229E clinical isolate and which was deposited at the 
American Type Culture Collection  (ATCC) in 1973. The ORF4a/b sequence of VR-740TM 

showed an overall 99% similarity at the nucleotide level with the published sequence of the 
cell culture-adapted HCoV-229E, and we detected only one single amino acid substitution 
in each protein (ORF4a protein; aa 94 Y>D, ORF4b protein; aa 36 F>L). Still, like the cell 
culture-adapted HCoV-229E, VR-740TM encodes two ORFs between the S and E genes 
(Figure 2). 

10 20 30 40 50 60 70 80 90
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

RIVM 04-037 MALGLFTLQFVSAVNQSLIKSKVSAEVSRQVIQDVKDGTVTFNLLAYTLMSLFVVYFALFKARSHRGRSALIVFKILILFVYVPLLYWSQ
RIVM 03-224 ..........................................................................................
RIVM 02-041 ..........................................................................................
RIVM 02-034 ..........................................................................................
VS03-0099 ..........................................................................................
CCU T935 .........L........S.A...............................................A.....................
VR-740 ORF4a .........L........SNA...............................................A.....................
VR-740 ORF4b
Inf-1 ORF4a .........L........SNA...............................................A.....................
Inf-1 ORF4b

100 110 120 130 140 150 160 170 180
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

RIVM 04-037 AYIDATLIAVILLGRFFHTAWHCWLYKTWDFIVFNVTTLCYVQGKCWFLENKALKPFVCFYGGDQFLYIGDRIVTYLSTNDLYVALRGRI
RIVM 03-224 ..........................................................................................
RIVM 02-041 ..........................................................................................
RIVM 02-034 ..........................................................................................
VS03-0099 ..........................................................................................
CCU T935 ..........................................................................S...............
VR-740 ORF4a .........................................AR*
VR-740 ORF4b M................................S...............
Inf-1 ORF4a ...Y.....................................AR*
Inf-1 ORF4b M................................S.F.............

190 200 210 220
....|....|....|....|....|....|....|....|

RIVM 04-037 DKDLSLSRKVELYNGECVYLFCEHPAVGIVNTDFKLEIH*
RIVM 03-224 .......................................*
RIVM 02-041 .......................................*
RIVM 02-034 .......................................*
VS03-0099 .......................................*
CCU T935 .......................................*
VR-740 ORF4a
VR-740 ORF4b .......................................*
Inf-1 ORF4a
Inf-1 ORF4b .......................................*

Figure 2 Amino acid sequence alignment of ORF4 of laboratory-adapted and clinical HCoV-229E strains.  “.” Denotes 

identical amino acid to the RIVM 04-037 sequence; “*” denotes stopcodon.



114

Chapter 7

7

Analysis of current clinical HCoV-229E isolates
The apparent identity of the ORF4a/b region in both cell culture-adapted viruses prompted 
us to elucidate this region in clinical HCoV-229E isolates, of which no ORF4a/b sequence 
data is available thus far. We therefore studied nose/throat swab and nasopharyngeal aspirate 
materials from 5 patients that were tested positive for HCoV-229E. The clinical symptoms 
of the HCoV-229E-infected patients were similar to those that are commonly observed 
for HCoV-229E infections, with symptoms like rhinorrhoea, fever and malaise (Table I) 
[16]. RT-PCR sequencing analysis of the ORF4a/b region revealed an overall nucleotide 
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Table 1. Clinical symptoms of HCoV-229E infected patients.
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similarity of 97% of the Dutch clinical isolates to that of the cell culture-adapted viruses. Of 
most interest is the presence of a 2-nucleotide deletion, within the ORF4a gene of the cell 
culture-adapted viruses when aligned to the Dutch isolates. Strikingly, this Thymidine and 
Guanosine deletion at position 395-396 is absent in all clinical isolates. Deduced protein 
sequences encoded by ORF4a and ORF4b from the published HCoV-229E sequence, 
the sequence of VR-740TM, determined in this study, and the sequences of the 5 clinical 
isolates were aligned. This reveals that clinical isolates encode a single, uninterrupted ORF 
between the S and E genes (Figure 2). This single accessory gene is 660 nucleotides in 
length and encodes an ORF4 protein that is 219 amino acids in size, with a high similarity 
of the N- and C-terminal domains with ORF4a (93%) and ORF4b (96%), respectively. All 
Dutch sequences have the same amino acid sequence (Figure 2), but some silent mutations 
were observed at the nucleotide level, excluding the possibility of PCR contamination. 

Analysis of early HCoV-229E isolates
Although our data suggest that the deletion in the laboratory HCoV-229E strain and 
VR-740TM is the result of cell culture-adaptation, we cannot rule out the possibility that 
the deletion might represent natural variation between different HCoV-229E isolates. 
Since the VR-740TM virus was deposited at the ATCC in 1973, HCoV-229E might have 
evolved over the years and current clinical isolates may thus differ from the prototype. 
Alternatively, the Dutch clinical isolates may represent a subgroup of HCoV-229E, and 
VR-740TM-like clinical isolates may exist as a second HCoV-229E subgroup. To investigate 
whether the 2-nucleotide deletion is also present in isolates that are more related to VR-
740TM, we searched for other early HCoV-229E isolates. We were able to retrieve three early 
isolates that were originally collected at the common cold unit (CCU), Salisbury, UK. Two 
of these are laboratory-adapted viruses of which it is unknown in which extend they were 
passaged. HC-LP was initially isolated in 1965 [17] and HC-Killick in the eighties [18]. 
The third sample, CCU-T935, was obtained from an infected person that participated trial 
T935 in 1986, of which unfortunately all data were lost. Phylogenetic analysis shows that 
the sequences of ORF4a/b from the three early isolates were indeed more related to the 
cell culture-adapted, prototype viruses (98 - 99%) than to the current Dutch isolates (98%) 
(Figure 2 and 3). Most importantly, however, the early isolate sequences of CCU-T935 and 
HC-Killick, like those derived from the clinical isolates, do not contain the 2-nucleotide 
deletion, but carry the uninterrupted ORF between S and E. Interestingly, HC-LP does not 
have this particlar 2-nucleotide deletion, instead, a larger (118 nt) deletion was observed 
that is located halfway the ORF4a region (Figure 2). 
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Hypothetically, an ORF4b protein could be translated via alternative translation 
mechanisms, as described for some other coronavirus proteins [19,20], but those 
mechanisms have not been described for this region, nor has any evidence for the 
expression of HCoV-229E ORF4b protein ever been reported. In addition, our results 
show that a large fragment is deleted in the cell-culture adapted HC-LP virus, which 
corresponds with the ORF4b region of the prototype virus. As mentioned previously, 
it has been shown for MHV and FIPV that accessory genes are dispensable for virus 
growth in cell culture. Moreover, the deletion of accessory genes resulted in these cases 
in viruses that are attenuated in vivo. Similarly, attenuation of in vivo viral infectivity and 
pathogenicity has been linked to ORF3 truncation upon in vitro culturing of other group 
1b coronaviruses. For a virulent PEDV strain this occurred after 40 passages, and more 
severe truncation and attenuation was observed after 60 or more passages [7]. Similar 
results have been reported for TGEV after at least 35 passages [8]. Unfortunately, no 
detailed information is available about the in vitro passaging of the cell culture-adapted 
HCoV-229E strains. It is tempting to speculate that ORF4 of HCoV-229E, like ORF3 of 
PEDV, is vital for efficient in vivo replication. The fact that VR-740TM contains a truncated 
ORF4 may explain why this virus replicates in vitro in murine cells expressing HCoV-
229E receptor (human CD13), but not in vivo in the human CD13 transgenic animals 
[21,22]. It is of interest to investigate whether an HCoV-229E strain with a more severe 
truncated or a non-truncated ORF4 gene can replicate in these mice.
 Accompanied with the deletions, we also observed several non-silent nucleotide 
differences between the cell culture-adapted viruses and the clinical isolates. In our Dutch 
isolates the ORF4 is highly conserved on the protein level. The CCU T935 isolate that 
was collected in 1986 at the CCU, Salisbury, is a clinical isolate with high ORF4 similarity 
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RIVM 02-041

RIVM 03-224

RIVM 04-037

CCU T935

VR-740TM
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HCoV-NL63
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Figure 3. Phylogenetic analyses of ORF4 nucleotide sequences of laboratory-adapted and clinical HCoV-229E strains. 

ORF3 of HCoV-NL63 (NC_005831) was used as outgroup; bootstrap values above 70 are shown.
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to the cell culture-adapted viruses. Since we cannot reconstruct the experimental setting 
performed during the clinical trail T935 at the CCU in 1986, we cannot exclude the 
possibility that the CCU T935 sample was obtained from a volunteer inoculated with an 
HCoV-229E laboratory strain. This strain might even have the same origin as the cell 
culture-adapted viruses [11]. In any case, the CCU T935 sample is derived from an “in 
vivo” infection, be it experimental or natural, and this further supports a relevant in 
vivo function of HCoV-229E full-length ORF4 protein. We believe that the divergence 
between the current Dutch isolates and the early CCU T935 strain most likely represents 
genetic drift over 20 – 30 years of evolution [23]. Molecular clock analysis with the average 
mutation rate of coronaviruses [24,25] supports this idea (data not shown). Given the 
long time of evolution the differences between the CCU T935 and Dutch isolates are 
remarkably small. For HCoV-NL63 we also observed a highly conserved ORF3 among 
different clinical isolates [13], and although for PEDV limited sequence data are available, 
Song et al found only one nucleotide difference in ORF3 between two PEDV field isolates 
[7]. 
 Recently, Tang et al reported on novel bat coronaviruses (Bt-CoVs), of which several 
cluster with group 1b coronaviruses. They determined the full-length genomic sequence 
of one of these wild-type Bt-CoVs (Bt-CoV/512/2005) [26]. The genome organization of 
this Bt-CoV strain is similar to that of the other group 1b members, with the exception 
of one putative gene at the 3’end of the genome. However, only one accessory protein, 
encoded by ORF3, is identified between the structural genes S and E. The ORF3 protein 
of Bt-CoV/512/2005 is homologous to ORF3 proteins of PEDV, HCoV-NL63 and the 
ORF4 protein from our clinical HCoV-229E isolates. These data show that all currently 
sequenced group 1b coronaviruses contain one homologous accessory gene between the S 
and E genes.

Conclusion
We report the first sequences of the ORF4a/b region of clinical HCoV-229E isolates. The 
experimental data strongly support the hypothesis that a separation of a formerly single 
ORF4 had taken place upon adaptation of HCoV-229E to cell culture.  We observed two 
different types of deletions, 2 or 118 nucleotides, of the ORF4 gene only in cell culture-
adapted viruses whereas all clinical isolates, including CCU T935, encoded a single ORF4 
gene. Both types of nucleotide deletion within the ORF4a/b region of cell culture-adapted 
HCoV-229E viruses creates a frame shift that introduces an early termination codon, 
which either separates ORF4 to ORF4a and ORF4b or results in a truncated ORF4(a) 
fragment (HC-LP). Most likely, the two types of deletion occurred independently and 
are not site specific. Therefore the genome organization for the group 1b coronaviruses 
(HCoV-NL63, PEDV, Bt-CoV and HCoV-229E) is identical. The amino acid sequence of 
the HCoV-229E ORF4 protein is highly conserved among clinical isolates suggesting that 
the protein plays an important role during in vivo infection.
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Abstract
In 2005, a human bocavirus was discovered in children with respiratory tract illnesses. 
Attempts to culture this virus on conventional cell lines failed thus far. We investigated 
whether the virus can replicate on pseudo-stratified human airway epithelium. This 
cell culture system mimics the human airway environment and facilitates culturing of 
various respiratory agents. The cells were inoculated with human bocavirus positive 
nasopharyngeal washes from children, and virus replication was monitored by measuring 
apical release of the virus via real time PCR. Furthermore, we identified different viral 
mRNAs in the infected cells. All mRNAs were transcribed from a single promoter but 
varied due to alternative splicing and alternative polyadenylation, similar to what has been 
described for bovine parvovirus and minute virus of canines, the other two members of 
the Bocavirus genus. Thus transcription of human bocavirus displays strong homology 
to the transcription of the other bocaviruses. In conclusion, here we report for the first 
time that human bocavirus can be propagated in an in vitro culture system, and present a 
detailed map of the set of mRNAs that are produced by the virus.
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Introduction
Parvovirinae, a subfamily of the Parvoviridae family, are non-enveloped single-stranded 
DNA viruses with a viral genome of approximately 4000 – 6000 nucleotides [1]. The genera 
that belong to the Parvovirinae family are parvoviruses, erythroviruses, dependoviruses, 
amdoviruses and bocaviruses [1,2]. The virions of the parvoviridae family exhibit a round, 
icosahedral symmetry containing a single linear DNA molecule of either negative- or 
positive-sense orientation [1]. The viruses are autonomous and do not require a helper 
virus for infection, except for the dependoviruses [1]. After host cell entry the viral genomic 
ssDNA is transported to the nucleus, where it is converted into dsDNA by cellular host 
proteins [1]. Transcription of viral mRNAs occurs in general only during the S phase of 
the host cell cycle, leading to the synthesis of viral proteins from non-spliced and spliced 
viral mRNAs [3]. Replication of the genomic ssDNA occurs through a so-called rolling-
hairpin mechanism, and newly synthesized ssDNA genome products are excised from the 
replication complex by a process called junction resolution [4]. Newly synthesized ssDNA 
genomes can either serve as template for viral gene expression or they can be encapsidated 
in new virions [4].
 Nowadays, the bocavirus genus includes bovine parvovirus (BPV), minute virus 
of canines (MVC), and the recently identified human bocavirus (HBoV) and HBoV-
2 [2,5,6]. HBoV has been identified in 2005 within pools of human nasopharyngeal 
aspirates obtained from individuals with respiratory tract illnesses. The current genomic 
DNA reference sequence of HBoV is 5.299 nt in length, but sequence information 
regarding the flanking terminal hairpin structures remains to be determined [5]. HBoV 
has been found worldwide, mainly in respiratory samples, but in some cases HBoV has 
also been detected in serum, fecal samples and urine samples [7–10]. HBoV infections are 
frequently diagnosed in <2-year-old children with upper or lower respiratory tract illness, 
often in combination with another respiratory virus [5,9,10]. One of the most frequently 
observed clinical symptoms in HBoV infected patients appears to be acute wheezing [7]. 
Despite the current knowledge of HBoV, no in vitro or in vivo model has been established 
that supports replication of HBoV.
 In this study we investigated whether pseudo-stratified human airway epithelium cell 
culture could be utilized as a model for HBoV replication. Pseudo-stratified epithelium is 
formed by culturing primary human airway epithelial cells in an air-liquid interface. The 
morphology and functionality of the cells resembles the human airways and this system 
has been used previously to culture a wide range of respiratory viruses, e.g. influenzavirus 
[11], parainfluenzavirus [12], respiratory syncytial virus [13], adenovirus [14] and SARS-
coronavirus [15]. In this study we documented HBoV replication upon inoculation with 
respiratory material from HBoV infected patients. We observed apical release of virus, 
and analyzed the viral mRNA transcripts in the infected cells.
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Material & Methods

Clinical samples
Clinical patient material (samples Bonn-1, Bonn-2 and Bonn-3) was obtained from 
three children ageing (from 1 to 1.5 years) that were hospitalized due to upper or lower 
respiratory tract illness. Nasopharyngeal washes were collected two days after onset 
of symptoms. These symptoms were indistinguishable from the symptoms observed 
with respiratory syncytial virus infection. Diagnostic PCR and RT-PCR analysis were 
performed for human bocavirus (HBoV), human coronavirus group I and group II, 
human metapneumovirus, influenza virus A and B and respiratory syncytial virus as 
previous described [16,17]. All nasopharyngeal washes were positive for HBoV, whereas 
the diagnostic panel was negative for all other viruses. HBoV sequencing revealed that all 
3 strains were type ST-2. 

Human Airway Epithelial cell culture
Cryo-preserved Human Trachea Epithelial primary Cells (HTEpC) were obtained from 
the European Collection of Cell Cultures (ECACC). HTEpC were maintained for one 
serial passage as a monolayer in Bronchial/Tracheal epithelial cell serum-free growth 
medium (BEGM; ECACC), supplemented with Pen/strep. BEGM was refreshed every 2 or 
3 days. HTEpC cultures were maintained at 37oC in a 5% CO2-incubator. When reaching 
75% confluence cells were dissociated with 2 ml of TrypLE™ Express enzyme (Invitrogen). 
HTEpC were diluted in Air Liquid Interface (ALI) medium [18], a mixture of LHC basal 
and D-mem (Invitrogen) supplemented with the required additives (Sigma). A total of 8 x 
104 HTEpC were seeded upon Type IV collagen (Sigma) coated 12-wells ThinCerts™ with 
a 0.4-μm pore size (Greiner Bio-One). Medium was renewed every 2 or 3 days. When 
cultures reached full confluence the cells were exposed to air. HTEpC cultures on the 
air liquid interface were maintained in 12-wells deep-well plates (Greiner Bio-One) for 
21 days to let the cells differentiate into pseudo-stratified human airway epithelial cell 
cultures. Medium from the basolateral compartment was renewed every 6 days and the 
apical surface was washed every two days with Hank’s Balanced Salt Solution (HBSS) 
(Invitrogen). 

Human bocavirus infection
An aliquot of 50 µl clinical patient material was diluted in 200 µl HBSS and centrifuged for 
30 minutes at 4oC with 10.000 x rcf. Two hundred µl of diluted clinical sample was directly 
inoculated upon the apical surface of pseudo-stratified human airway epithelium and 
incubated for 2 hours at 34oC in a 5% CO2-incubator. After 2 hours 200-µl samples were 
collected from both the apical and basolateral sides. Inoculated cultures were maintained 
at 34oC in a 5% CO2-incubator. Samples were collected after 24, 48, 72 and 95 hour post-
inoculation from both the apical and basolateral sides. Apical washing and harvesting 
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was performed by adding 200 µl of HBSS to the apical surface, incubated for 10 minutes 
at 34oC in a 5% CO2-incubator, followed by the removal and storage of the 200 µl HBSS 
from the apical surface. Washing is needed to remove the mucus which will otherwise 
suffocate the cells. An aliquot of 50 µl apical washing was transferred into 900 µl L6 Lysis 
buffer for HBoV DNA quantification. At the last day of culture the cells were collected in 
TRIzol® reagent (Invitrogen) for HBoV mRNA analysis. Cultures were transferred to a 
conventional 12-wells plate (Greiner Bio-One) and analyzed by eye with a phase contrast 
microscope, prior to cell collection in TRIzol® reagent.

Human bocavirus viral yield
Viral DNA was isolated from the collected samples of the apical and basolateral harvests 
by the Boom method for total nucleic acids isolation [19], elution was performed in 100 µl 
H2O. Real time PCR reactions were performed on the Human Bocavirus NS1 gene region. 
Primer and probe details are available upon request (unpublished data).

DNAse protection assay of HBoV DNA from the Bonn-1 culture 
An aliquot of 50 µl apical and basolateral harvest of the Bonn-1 isolate was spiked with 
25 µl naked plasmid DNA containing a part of phocid herpesvirus-1 (PhoHV-1) DNA 
(250 DNA copies/µl) and 5 µl cell culture supernatant of Human Adenovirus Type 5 
(1E8 TCID50/ml). Eighty µl of the spiked sample was incubated with 18 Units of DNAse I 
(Ambion) in a total volume of 100 µl, for 45 minutes at 37oC, followed by total nucleic acids 
isolation (Boom) as described above. Real time PCR reactions for HBoV were performed 
as described above. The design and characteristics of the PhoHV-1 and adenovirus real-
time PCR are available upon request. In all samples naked plasmid DNA was degraded 
(>2 log decrease) whereas adenoviral DNA inside a virus particle was protected from 
DNase treatment (<1 log decrease) (data not shown).

Full genome sequencing
The complete genome sequence of the human bocavirus Stockholm 2 isolate (NC_007455) 
was used as template for designing bidirectional primer combinations encompassing 5299 
nucleotides. Primer combinations had an average theoretical fragment length of 600 bp 
with a minimum overlap of 70 bp with adjacent primer combinations. All primers match 
identical regions of the most recent available full genome sequences of different human 
bocavirus isolates with the BLAST sequence alignment tool [20]. Primer sequences are 
available upon request. Amplification of the fragment was performed with the thermal 
cycle profile as follows: 95 oC for 5 min; 35 cycles of 94 oC for 30 sec, 55 oC for 30 sec,  and 
72 oC for 1 min, followed by a final elongation step at 72 oC for 10 min. PCR fragments were 
visualized upon agarose gel electrophoreses by ethidiumbromide staining. Positive PCR 
fragments were directly sequenced with their respective PCR primers. A sequence reaction 
was performed without purifying steps, according to the BigDye® terminator V1.1 cycle 
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sequencing manufacturer’s protocol (Applied Biosystems) on a GeneAmp® PCR System 
9700 thermal cycler (Perkin Elmer). Electrophoresis and data collection was performed 
on a 3100 Genetic Analyzer (Applied Biosystems). Raw collection data was processed and 
analyzed with Codoncode Aligner v2.06 software (CodonCode Corporation).

5’ and 3’ RACE of human bocavirus mRNA
Cellular mRNA was isolated from whole cell lysate of the pseudo-stratified human airway 
epithelium cell culture in TRIzol® reagent, according to the manufacturer’s protocol 
(Invitrogen). Elution was performed in 200 µl of Diethyl pyrocarbonate-treated water. 
Eighty µl of whole cellular mRNA fraction was incubated with 18 Units of DNAse I 
(Ambion) in a total volume of 100 µl, for 45 minutes at 37oC. The DNAse treated fraction 
was subsequent phenol-chloroform (Invitrogen) extracted, followed by an overnight 
ethanol precipitation. The 5’ sequences of the mRNA transcripts were determined with a 
5´ system for rapid amplification of cDNA ends (RACE system, Version 2.0; Invitrogen), 
according to the manufacturer’s protocol. Gene specific reverse transcription and PCR 
primers were designed based on the predicted NS1, NP1, VP1, VP2 and the putative ORFx 
gene (Table 1). Gene specific primers for 5’ RACE PCR amplification were designed to 
flank approximately 100 nucleotide of the 5’ region of the predicted start codon positions 
of the ORFs. The 3’ end of human bocavirus mRNA transcripts were determined with 
the 3´ RACE System (Invitrogen), according to the manufacturer’s protocol with minor 
modifications. Reverse transcription was performed with the JZH-OligodT primer (5’ – 
GCTATCATCACAATGGACTTTTTTTTTTTTTTTTTTV – 3’) and PCR amplification 
was performed with JZH-Nested adaptor primer (5’ – GCTATCATCACAATGGAC – 
3’) and a gene specific primer (Table 1). The PCR products were excised after agarose 
electrophoresis and purified with the NucleoSpin® Extract II (Machery-Nagel), according 
to the manufacturer’s protocol. Purified PCR products were cloned in the pCR2.1-TOPO  

TA vector (Invitrogen) and transformed in chemical competent TOP10 Escherichia coli 
(Invitrogen), according to manufacturer protocol. Transformants were directly analyzed 
via colony PCR with T7 and M13RP primers. PCR products were sequenced as described 
above. 

In silico analysis
The obtained human bocavirus genomic sequence was used for prediction of  ORFs 
with ORFfinder [20]. Identification of putative internal ribosomal entry site (IRES) was 
performed with REGrna V1.0 prediction software on in silico derived mature mRNA 
sequences [21]. The NetPicoRNA, NetCorona, ProP and PeptideCutter software packages 
were used for identification of putative proteases that specifically cleave at the VP1/VP2 
boundary [22–25].
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Nucleotide sequence accession number
The genome sequence of the Bonn-1 isolate has been submitted to GenBank under 
accession number FJ858259.
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Results

Human bocavirus infection of human airway epithelial cultures
Currently there is no culture system that supports HBoV replication. Pseudo-stratified 
human airway epithelium, which is formed after exposure of human tracheal epithelial 
cells to air, is the best imitation of the human trachea. We tested whether this system 
allows propagation of HBoV. Clinical material from three HBoV infected patients was 
inoculated at the apical side of pseudo-stratified human airway epithelium and incubated 
for 2 hours at 34oC. The culture was maintained and 200-µl harvests were collected from 
the apical and basolateral sides at 2, 24, 48, 72 and 95 hours post-inoculation (hpi). The 
concentration of the input virus of the 3 clinical samples varied from 9.2E4 HBoV DNA 
copies/ml (isolate Bonn-3) to 2.2E9 HBoV DNA copies/ml (isolate Bonn-1) as determined 
by quantitative real time PCR. A steep decrease in HBoV DNA concentration was noted 
for all three infections over the first 24 h (see Figures 1A, 1B and 1C), and this decrease 
correlates with entry of the virus and subsequent washing of the apical side of the cells. A 
3 log increase of the HBoV yield was observed for the Bonn-1 isolate at 72 hpi (Figures 
1A). This increase in viral DNA concentration strongly suggests that there is active HBoV 
replication. The fact that the Bonn-1 virus yield at 72 and 95 hpi (3.6E10 and 6.0E10 
HBoV DNA copies/ml, respectively) are higher than the concentration of the input virus 
(2.2E9 HBoV DNA copies/ml) provides the evidence that active replication occurs in 
the cell culture system. For the Bonn-2 and Bonn-3 isolate no clear sign of replication 
was noticed, but this may relate to the lower concentration of the virus in these samples 
(Figure 1B and Figure 1C, respectively). We also monitored the HBoV DNA yield at the 
basolateral side to investigate whether the viral secretion occurs exclusively at the apical 
surface. We detected HBoV Bonn-1 DNA at the basolateral side starting at 48 hpi, with an 
increase over time (Figures 1D; see Figures 1E and 1F for Bonn-2 and Bonn-3 isolates). 
To investigate whether the secreted HBoV DNA in the Bonn-1 harvests was from virus 
particles or naked DNA from broken cells, a DNase protection assay was conducted. 
The apical HBoV DNA was insensitive to DNase (<1 log decrease; Figure 2A) while the 
basolateral harvest was sensitive to DNase (>2 log decrease; Figure 2B). Thus the HBoV 
DNA from the basolateral side was most likely the result of leakage from dying cells, but 
the apical HBoV DNA was protected by a viral capsid.
 To investigate the cytopathic effect of HBoV infection we monitored the morphological 
changes of the cells at 95 hpi with the Bonn-1 isolate by phase-contrast microscopy. Minor 
changes in the culture were noticed. Stretching of cells was observed (which was absent 
in the control culture), but no disruption of the pseudo-stratified epithelium layer and the 
ciliated cell density. Furthermore, the ciliary movement and the mucosal secretion of the 
Bonn-1 inoculated culture were similar to that of the control culture.
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Figure 1. Human bocavirus propagation on human airway epithelium cell culture.

HBoV DNA concentration (copies DNA / ml; y-axis) in the apical washings at different hours post-inoculation (x-axis) for the 

Bonn-1 (A), Bonn-2 (B) and Bonn-3 (C) HBoV-inoculated human airway epithelium cell cultures. HBoV DNA quantification 

at the basolateral side is shown in panel D (Bonn-1), E (Bonn-2), and F (Bonn-3). The horizontal dashed line represents the 

detection threshold of the HBoV DNA real time PCR assay.
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Human bocavirus transcription
The apical release of Bonn-1 virus particles demonstrate viral replication, yet further 
evidence of productive infection can be obtained by measuring intracellular viral mRNA 
transcripts. This can be done by Northern blotting; however, this was not possible, 
due to the low number of cells in this culture system. Alternatively the mRNAs can be 
investigated by 5’ RACE and 3’ RACE. For primer design we first established the viral 
genome sequence; more specifically we obtained this information for the ORFs in the 
Bonn-1 isolate. As template for sequencing, we used the apical washing of Bonn-1 at 
95 hpi. The acquired genomic sequence encompasses 5299 nucleotide with an overall 
similarity of 99,8% with the HBoV ST2 reference sequence (NC_007455) and 97,9% with 
the HBoV ST1 reference sequence (DQ000495). In silico analysis of the putative ORFs 
within the Bonn-1 genomic sequence resulted in four hits: NS1, NP1 and VP1/VP2 genes, 
and one additional putative gene (ORFx) encoding a 120 amino acid protein that has not 
been described previously. The deduced amino acid sequence of the ORFx protein has no 
viral or cellular homologue. The deduced amino acid sequence of the putative NS1 and 
NP1 proteins of Bonn-1 shared 100% homology with that of the HBoV ST2,and for the 
VP1/VP2 protein, the shared homology is 99%. 
 The 5’ terminal sequence of the various mRNAs was determined by 5’ RACE with 
primers annealing in NS1, NP1, VP1, VP2 and ORFx (Table 1). Only with NS1, NP1 
and VP1 primers the 5’ RACE was positive (Figure 3A). The NP1 and VP1 5’ RACE 
products display two fragments, NS1 only one. Sequencing of the fragments revealed 
that all three transcripts start at position 186 (Figure 3B). Prediction of promoter regions 
with the neural network promoter prediction software (version 2.2) indeed show that 
at position 146 to 196 a promoter region (5’– TATTAAACCTATATAAGCTGCTGCA 
CTTCCTGATTCAATCAGACTGCATC– 3’ [the putative TATA box is underlined and 
the starting nucleotide is in boldface]) is present, and our 5’RACE experiments suggest 
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that it is the only promoter used [26]. The 5’ RACE experiment further revealed that the 
transcript containing the NS1 gene was not spliced at the 5’ terminus (mRNA 1, Figure 3B 
and Figure 4). This was not the case for the mRNAs that contained the NP1 gene and the 
VP1 gene, which are all the product of alternative splicing. There are two transcripts that 
contain the NP1 gene (mRNA 2 and mRNA 3, Figure 3B and Figure 4). In mRNA 2, only 
one splicing event occurred (donor 241 and acceptor 2236), whereas in the other mRNA 
(mRNA 3) splicing occurred twice (donor 241 – acceptor 2044 and donor 2164 – acceptor 
2236) (Figure 3B and Figure 4). So in mRNA 3 the sequence between position 2044 and 
2164 is retained in the mRNA. 
 The 5’ RACE with a VP1 specific primer showed that there are two different transcripts 
that contain the VP1 gene (Figure 3A). One of the transcripts is spliced twice (mRNA 4, 
donor 241, acceptor 2236, donor 2357 and acceptor 2995),  whereas the other (mRNA 
5) is triple spliced (donor 241 – acceptor 2044, donor 2164 – acceptor 2236 and donor 
2357 – acceptor 2995) (Figure 3B and Figure 4). Again, there are mRNA variants that have 
retained the sequence between 2044 and 2164. We searched for mRNAs that are specific 
for VP2 and ORFx by RT-PCR experiments with 5’ UTR and VP2- and ORFx-specific 
primers. In none of these experiments could we identify VP2- or ORFx-specific mRNAs; 
in all cases, the VP1 gene was included in the transcripts. This finding suggests that 
mRNA 4 and 5 are polycistronic mRNAs that can encode different proteins (VP1/VP2 and 
ORFx). A confirmation of the splicing that we observed in 5’ RACE of the various mRNAs 
was obtained by using a PCR with 5’ UTR primers and 3’ primers at the 3’ region of the 
NS1, NP1 and VP1. The 3’ primers were selected on specificity, so they could not amplify 
transcripts containing other ORFs (See Table 1). The same splicing pattern was observed 
as noticed with 5’ RACE (data not shown).
 Subsequently we determined the 3’ terminal sequence of the viral mRNA transcripts 
to investigate whether splicing occurs downstream of the ORFs and to identify the 
polyadenylation signals of each mRNA. Unfortunately, the 3’ RACE with NS1 gene 
specific primers did not yield any PCR product, suggesting that the polyadenylation signal 
is located far from the 3’ terminus of the ORF. We decided to further investigate the NS1 
transcript by RT-PCR using a 5’ primer specific to the NS1 gene and 3’ primers located 
in the NP1 gene or further downstream. This revealed that adjacent to the NS1 gene the 
complete NP1 is situated. Furthermore, RT-PCR with a 3’ primer at position 3605 was 
negative (data not shown). This suggests that NS1 mRNA is polyadenylated downstream 
of the NP1 gene. 
 The 3’ RACE results with NP1 and VP1 gene-containing transcripts were positive 
(Figure 3C). The VP2 PCR fragment of approximately 100 bp and the NP1 PCR fragment 
of approximately 790 bp (indicated by arrows in Figure 3C) were properly primed on a 
polyadenosine tail and revealed that the NP1 containing mRNAs are polyadenylated at 
two positions proximal to the 3’ terminus of the NP1 gene (Position 3219 and 3260, Figure 
3D). Upstream of position 3219, a polyadenylation signal is present (position 3199), but 
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also upstream of position 3260 a polyadenylation signal is situated (position 3233, Figure 
3D) and we conclude that both polyadenylation signals proximal to the NP1 gene are in 
use. The VP2 containing transcript is polyadenylated at position 5075, downstream of a 
polyadenylation signal at position 5057 (Figure 3D).
 With the identification of the spliced mRNAs we provided further evidence that a 
productive HBoV infection was established. For a final control, we tested whether the 
spliced mRNA could have originated from the clinical samples itself, instead of being 
produced in the infected cells. An RT-PCR on the 5’ terminus of the NP1 containing 
mRNAs was performed on the input materials (0 hpi; Figure 5) and the cellular RNA at 95 
hpi. All clinical samples – including Bonn-1 – were negative for spliced mRNA, whereas 
at 95 hpi, the spliced NP1 mRNAs are present in the cellular mRNA pool of the Bonn-1 
inoculated culture (Figure 5).

In silico analysis of human bocavirus transcripts
The VP2 protein is one of the capsid proteins of HBoV. Since humans develop antibodies 
to this protein after infection it is clear that expression of the protein indeed occurs [27]. 
As we found no VP2 specific mRNA, it is most likely that mRNA 4 and/or mRNA 5 is 
the template for VP2 translation. By in silico analysis we searched for indications of the 
mechanism of translation of VP2. We searched for internal ribosomal entry sites (IRES) 
upstream of the VP2 gene with the RegRNA version 1.0 software but did not find any at 
this location. Secondly we examined whether a VP1/VP2 polyprotein might be target for 
proteases, in case VP2 is expressed as part of a larger polyprotein. However, no known 
protease cleavage site is located at the amino terminal region of the VP2 protein. Finally, 
we investigated mRNA 4 and 5 in detail to examine whether one of these 2 transcripts 
could be better for VP2 expression, in comparison to VP1 expression, but detected no 
clear signals that link mRNA 4 or mRNA 5 to expression of VP1 or VP2, or vice versa.
However, there is one interesting feature in mRNA 5. This mRNA contains the 2044 – 
2164 genome segment. Strikingly this segment contains an AUG codon (position 2116). 
An AUG codon upstream of the VP1 gene is an indication that translation of VP1/VP2 
is inefficient from mRNA 5, although it must be mentioned that the Kozak sequence is 
poor (Figure 2B), so leaky scanning of the ribosome complex is not unlikely. Still, in the 
case that the 2116 AUG in mRNA 5 is used to start translation, a small protein (UP2) is 
generated, as a stop codon is encountered after 81 codons (TAA at position 3067). 
 Also in mRNA 3, the genome segment from positions 2044 – 2164 is included. 
Inspection of mRNA 3 reveals that in case the 2116 AUG is used a protein (UP1) of 161 
amino acids is generated. The first 17 amino acids of UP1 and UP2 are identical to aa 622 
– 638 of the NS1 protein.
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5’RACE NS1, mRNA 1
186
AGACTGCATCCGGTCTCCGGCGAGTGAACATCTCTGGAAAAAGCTCCACGCTTGTGGTGAGTCTACTATGGCTT
TCAATCCTCCTGTGATTAGAGCTTTTTCTCAACCTGCTTTTACTTATGTCTTCAAATTTCCATATCC

5’RACE NP1, mRNA2
186                                                  
AGACTGCATCCGGTCTCCGGCGAGTGAACATCTCTGGAAAAAGCTCCACGCTTGTG(241)│(2236)GTGACT
TGGGGGATTCGGACGGAGAAGACACCGAGCCTGAGACATCGCAAGTGGACTATTGTCCACCCAAGAAACGTCGT
CTAACTGCTCCAGCAAGTCCTCCAAACTCACCTGCGAGCTCTGTAAGTACTATTACTTTCTTTAACACTTGGCA
CGCACAGCCACGTGACGAAGATGAGCTCAGGGAATATGAAAGACAAGCATCGCTCCTACAAAAGAAAAGGGAGT
CCAGAAAGAGGGGAGAGGAAGAGACACTGGCAGACAACTCATCACAGGAGCAGGAGCCGCAGCCCGATCCGACA
CAGTGGGGAGAGAGGCTCGGGCTCATATCATCAGGAACACCCAATCAGCCACCTATCGTCTTGCACTGCTTCCA
AGACCTCAGACCAA

5’RACE NP1, mRNA3
186                                                  
AGACTGCATCCGGTCTCCGGCGAGTGAACATCTCTGGAAAAAGCTCCACGCTTGTG(241)│(2044)GACTTT
ACACTTCACGAAAACGGATACTGCACTGATTGCGGTGGTTACCTTCCTCATAGTGCTGACAATTCTATGTACAC
TGATCGCGCAAGCGAAACTAGCACAGGAGACATCACACCAA(2164)│(2236)GTGACTTGGGGGATTCGGAC
GGAGAAGACACCGAGCCTGAGACATCGCAAGTGGACTATTGTCCACCCAAGAAACGTCGTCTAACTGCTCCAGC
AAGTCCTCCAAACTCACCTGCGAGCTCTGTAAGTACTATTACTTTCTTTAACACTTGGCACGCACAGCCACGTG
ACGAAGATGAGCTCAGGGAATATGAAAGACAAGCATCGCTCCTACAAAAGAAAAGGGAGTCCAGAAAGAGGGGA
GAGGAAGAGACACTGGCAGACAACTCATCACAGGAGCAGGAGCCGCAGCCCGATCCGACACAGTGGGGAGAGAG
GCTCGGGCTCATATCATCAGGAACACCCAATCAGCCACCTATCGTCTTGCACTGCTTCCAAGACCTCAGACCAA

5’RACE VP1, mRNA4
186
AGACTGCATCCGGTCTCCGGCGAGTGAACATCTCTGGAAAAAGCTCCACGCTTGTG(241)|(2236)GTGACT
TGGGGGATTCGGACGGAGAAGACACCGAGCCTGAGACATCGCAAGTGGACTATTGTCCACCCAAGAAACGTCGT
CTAACTGCTCCAGCAAGTCCTCCAAACTCACCTGCGAGCTCT(2357)|(2995)ACAGAAGCAGACGAGATAA
CTGACGAGGAAATGCTTTCTGCTGCTGAAAGCATGGAAGCAGATGCCTCCAATTAAGAGACAGCCTAGAGGGTG
GGTGCTGCCTGGATACAGATATCTTGGGCCATTTAATCCACTTGATAACGGTGAACCTGTAAATAACGCTGATC
GCGCTG

5’RACE VP1, mRNA5
186
AGACTGCATCCGGTCTCCGGCGAGTGAACATCTCTGGAAAAAGCTCCACGCTTGTG(241)|(2044)GACTTT
ACACTTCACGAAGACGGATACTGCACTGATTGCGGTGGTTACCTTCCTCATAGTGCTGACAATTCTATGTACAC
TGATCGCGCAAGCGAAACTAGCACAGGAGACATCACACCAA(2164)|(2236)GTGACTTGGGGGATTCGGAC
GGAGAAGACACCGAGCCTGAGACATCGCAAGTGGACTATTGTCCACCCAAGAAACGTCGTCTAACTGCTCCAGC
AAGTCCTCCAAACTCACCTGCGAGCTCT(2357)|(2995)ACAGAAGCAGACGAGATAACTGACGAGGAAATG
CTTTCTGCTGCTGAAAGCATGGAAGCAGATGCCTCCAATTAAGAGACAGCCTAGAGGGTGGGTGCTGCCTGGAT
ACAGATATCTTGGGCCATTTAATCCACTTGATAACGGTGAACCTGTAAATAACGCTGATCGCGCTG

Figure 3. Identification of mRNA transcripts of 

Bonn-1.

(A) Agarose gel with ethidium bromide-stained 5’ RACE 

PCR products of NS1, NP1, and VP1 mRNAs of the Bonn-1 

isolate at 95 hpi. The arrows indicate 5’ RACE-amplified PCR 

products. (B) The  determined cDNA nucleotide sequences 

of the NS1, NP1, and VP1 5’ RACE products. The start 

position of each transcript is indicated at the beginning of 

the nucleotide sequence. The spectrum of color highlights the 

nucleotide sequences corresponding with different regions 

along the genome. The genome positions at the splice donor 

and acceptor junction sites are shown in parentheses. The 

first start codon triplets along each fragment are indicated in 

underlined black letters. In mRNA 1, the start codon is for 

NS1; for mRNA 2, the start codon is for NP1; for mRNA 3, 

the start codon is for UP1; for mRNA 4, the start codon is for 

VP1; and for mRNA5, the start codon is for UP2. The binding 

region of the reverse 5’ RACE primer is shown in italics. 
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3’RACE NP1 (pA)p 3233
2498
CAACTCATCACAGGAGCAGGAGCCGCAGCCCGATCCGACACAGTGGGGAGAGAGGCTCGGGCTCATATCATCAG
GAACACCCAATCAGCCACCTATCGTCTTGCACTGCTTCGAAGACCTCAGACCAAGTGATGAAGACGAGGGAGAG
TACATCGGGGAAAAAAGGCAATAGAACAAATCCATACACTGTATTCAGTCAACACAGAGCTTCCAATCCTGAAG
CTCCAGGGTGGTGTGGGTTCTACTGGCACTCTACTCGCATTGCTAGAGATGGTACTAATTCAATCTTTAATGAA
ATGAAACAACAGTTTCAACAGCTACAAATTGATAATAAAATAGGATGGGATAACACTAGAGAACTATTGTTTAA
TCAAAAGAAAACACTAGATCAAAAATACAGAAATATGTTCTGGCACTTTAGAAATAACTCTGATTGTGAAAGAT
GTAATTACTGGGATGATGTGTACCGTAGACACTTAGCTAATGTTTCCTCACAGACAGAAGCAGACGAGATAACT

3067
GACGAGGAAATGCTTTCTGCTGCTGAAAGCATGGAAGCAGATGCCTCCAATTAAGAGACAGCCTAGAGGGTGGG
TGCTGCCTGGATACAGGTATCTTGGGCCATTTAATCCACTTGATAACGGTGAACCTGTAAATAACGCTGATCGC

3233
GCTGCTCAATTACATGATCACGCCTACTCTGAACTAATAAAGAGTGGTAAAAATCCATACCTGTATTTCAATAA
AGCTGATGAAAAATTCATTGAAGAAAAAAAAAAAAAAAAAAA

3’RACE NP1 (pA)p 3199
2498
CAACTCATCACAGGAGCAGGAGCCGCAGCCCGATCCGACACAGTGGGGAGAGAGGCTCGGGCTCATATCATCAG
GAACACCCAATCAGCCACCTATCGTCTTGCACTGCTTCGAAGACCTCAGACCAAGTGATGAAGACGAGGGAGAG
TACATCGGGGAAAAAAGACAATAGAACAAATCCATACACTGTATTCAGTCAACACAGAGCTTCCAATCCTGAAG
CTCCAGGGTGGTGTGGGTTCTACTGGCACTCTACTCGCATTGCTAGAGATGGTACTAATTCAATCTTTAATGAA
ATGAAACAACAGTTTCAACAGCTACAAATTGATAATAAAATAGGATGGGATAACACTAGAGAACTATTGTTTAA
TCAAAAGAAAACACTAGATCAAAAATACAGAAATATGTTCTGGCACTTTAGAAATAACTCTGATTGTGAAAGAT
GTAATTACTGGGATGATGTGTACCGTAGACACTTAGCTAATGTTTCCTCACAGACAGAAGCAGACGAGATAACT

3067
GACGAGGAAATGCTTTCTGCTGCTGAAAGCATGGAAGCAGATGCCTCCAATTAAGAGACAGCCTAGAGGGTGGG
TGCTGCCTGGATACAGATATCTTGGGCCATTTAATCCACTTGATAACGGTGAACCCGTAAATAACGCTGATCGC

3199
GCTGCTCAATTACATGATCACGCCTACTCTGAACTAATAAAGAGTGGTAAAAATCTAAAAAAAAAAAAAAAAAA

3’RACE VP2 (pA)d 5057
4989                         5057
TGGATCCAACAGGAGCATACATCCAGCCCACGTCATATGATCAGTGTATGCCAGTAAAAACAAACATCAATAAA

5069
GTGTTGTAATCTTAAAAAAAAAAAAAAAAAAA

Figure 3. Identification of mRNA transcripts of 

Bonn-1.

(C) Agarose gel with ethidium bromide-stained 3’ RACE 

products of the NP1 and VP2 mRNAs of the Bonn-1 isolate at 

95 hpi. The arrows indicate 3’ RACE-amplified PCR products 

that were properly primed on the polyadenosine tails. The 

additional fragments were generated by nonspecific priming 

of the RT primer at polyadenosine stretches along the HBoV 

genome. (D) The determined cDNA nucleotide sequences of 

the VP2 and NP1 3’ RACE products. The forward 3’ RACE 

primer is shown in italics. The position of the stop codon of 

the NP1 and VP2 transcripts is indicated with underlined 

black letters, and the proximal polyadenylation [(pA)p] (NP1 

3’ RACE products) and distal pA [(pA)d] (VP2 3’ RACE 

product) are underlined. The genome position of the stop 

codon and the pA sites are indicated above the sequence.
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Table 1. Primers for HBoV mRNA analysis
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Figure 4. Schematic representation of the genomic and transcriptional map of human bocavirus Bonn-1 isolate.

The transcriptional start (arrow), the splice donor (D numbers) and acceptor (A numbers) sites, the proximal and distal 

polyadenylation signal [pA(p) and pA(d), respectively], and the predicted ORFs are positioned along the HBoV genome of 

the Bonn-1 isolate. In the lower panel, a schematic overview of the identified mRNA transcripts of Bonn-1 HBoV and their 

suggested protein products is presented.
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Figure 5. Spliced mRNAs are not present in the inoculum. 

Agarose gel with ethidium bromide-stained RT-PCR products. Primers spanning the splice junctions in the NP1 mRNA were 

used for amplification (primers BOCA_5UTR1 and BOCA_R12; Table 1). At 95 hpi,  the spliced mRNA RT-PCR is positive 

(mRNA 2: 445 bp; mRNA 3: 565 bp) for the Bonn-1 HBoV, whereas the inoculum did not contain HBoV mRNA (0 hpi). 
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Discussion
This is the first study that presents a culture system for HBoV. Pseudo-stratified human 
airway epithelium cell culture can be used as model for HBoV replication. We observed 
virus replication after inoculation with a nasopharyngeal wash from an HBoV-infected 
patient. Apical secretion of HBoV was observed at 72 hpi, but there were no obvious 
morphological changes of the cells as seen for respiratory syncytial virus [13]. 
 The difficulty of isolating respiratory viruses from clinical material on conventional 
cell lines has been described in the mid-60s, leading to ex vivo culturing of human embryo 
respiratory tract explants [28,29]. Nowadays, the usage of human embryo respiratory 
tract explants will raise ethical issues, but efforts to isolate HBoV from clinical respiratory 
material on conventional cell lines, like LLC-MK2, HEp-2, Vero and MRC-5 cells were 
not successful [30–32]. It is likely that these cell lines are not susceptible to certain 
respiratory viruses, e.g. because they are deficient in receptor expression or no longer 
exhibit the cell specific phenotypes, such as basal, secretory, and ciliated cells. We show 
that pseudo-stratified human airway epithelium cell culture is a convenient tool to isolate 
and characterize newly identified respiratory viruses that cannot be cultured on cell lines. 
This culture system morphologically and functionally resembles the human airways in 
vivo, and the susceptibility towards viruses coincides with the degree of differentiation. 
The system also allows characterization of the mode of release and infection of a virus, a 
major advantage compared over the respiratory tract explants.
 The transcription profile that we present for HBoV displays features that are similar 
to the transcription map of the closely related BPV and MVC that belong to the same 
bocavirus genus [33,34]. The NS1 mRNA of BPV and MVC is not spliced, similar to what 
we show for HBoV. Downstream of the NS1 gene the complete NP1 gene is present on 
the NS1 mRNA of HBoV. The same has been found in MVC (mRNA R1 and mRNA R2) 
and in BPV (mRNA R1b), yet in BPV, one of the NS1 mRNAs (R1a) is polyadenylated 
upstream of the stop codon of NP1 [33,34]. It is however unlikely that the NP1 protein 
of the bocaviruses is expressed from the non-spliced NS1 containing mRNA. In HBoV 
the pre-mRNA is alternatively spliced and the spliced mRNAs are probably used for 
translation of NP1, VP,1 and VP2. In BPV and MVC two NP1 mRNAs are found which 
differ in site of polyadenylation [33,34]. We detected two HBoV NP1 mRNAs (mRNA 2 
and mRNA 3) that differ due to alternative splicing. Alternative splicing is also operational 
for the HBoV transcripts containing the VP1/VP2 ORF. There are two forms, one which 
is double spliced (mRNA 4) and one which is triple spliced (mRNA 5). Also in MVC- 
and BPV-infected cells, two mRNAs that encode VP1/VP2 are generated. One mRNA 
is spliced once, whereas the other is spliced three times. The implications of the two 
alternative spliced VP1/VP2 mRNAs have not been reported for either BPV or MVC 
[33,34]. The most remarkable HBoV transcript feature we found was the creation of an 
ORF by splicing in mRNA 3 and mRNA5. Due to retaining of a small part of the NS1 gene 
these mRNAs have the potential to encode two previously unknown viral proteins: UP1 
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and UP2 (18.1 and 8.6 kDa, encoded by mRNA3 and mRNA5, respectively). The proteins 
display no clear homology with other known viral or cellular proteins, and future research 
is needed to determine whether expression occurs during infection.
 The transcript map that we propose was determined for an ST2 type HBoV. Inspection 
of the ST1 complete genome sequences in Genbank revealed that ST1 will probably 
generate the same 5 mRNAs, because the promoter and all splice donor and acceptor 
sites are conserved for ST1 and ST2 strains. In case splicing in ST1 occurs in an manner 
identical to that in ST2 also, the putative UP1 and UP2 proteins can be produced, as the 
start and stop codons of UP1 and UP2 are present in the ST1 genomes. Even the ORFx 
gene is present in ST1 and ST2 strains, although not in all isolates. The reference sequence 
of ST1 (DQ000495) contains a stop codon 175 nt downstream of the AUG codon, and 
the ST2 strains of Taiwan (EU984241, EU984240, EU984236, EU984239, EU984242, 
EU984231 and EU984245) contain an AUG which is located 24 nt upstream of the 
ST2 ORFx AUG codon. Whether the ORFx protein of ST1 and ST2 is produced during 
infection is subject to future research. We analyzed whether ORFx could be alternatively 
expressed via an internal ribosome entry site (IRES) and identified a putative IRES of 98 
nt in length located directly upstream of the putative ORFx gene on mRNA transcripts 4 
and 5 (data not shown). Translation of ORFs located within the coding region of the VP2 
mRNA is not an unusual feature of the parvovirus family [35]. Still, whether the IRES is 
functional remains to be determined.
 The capacity to culture HBoV broadens the scope of research possibilities, among 
which the identification of the cellular receptor and tropism. Furthermore, and perhaps 
most important, it provides the possibility to analyze antiviral compounds for their 
capacity to inhibit viral replication.

Acknowledgements
R.D. and O.S. are supported by the sixth framework grant LSHM-CT-2006-037276 from 
the European Union. L.v.d.H. is supported by VIDI grant 016.066.318 from the Netherlands 
Organization for Scientific Research (NWO). We thank Eric Claas for providing HBoV 
primer and probe sequences, Marta Canuti for useful discussions and Ben Berkhout for 
critical reading of the manuscript.



139

HBoV can be cultured in differentiated HAE cells

8

1. Berns K, Parrish CR (2007) Parvoviridae. 
In: Knipe DM, Howley PM, editors. 
Fields Virology. Philadelphia: Lippincott 
Williams & Wilkins. pp. 2437-2477.

2. Fauquet CM, Fargette D (2005) 
International Committee on Taxonomy of 
Viruses and the 3,142 unassigned species. 
Virol J 2: 64.

3. Berns KI (1990) Parvovirus replication. 
Microbiol Rev 54: 316-329.

4. Cotmore SF, Tattersall P (1995) 
DNA replication in the autonomous 
parvoviruses. Semin Virol 6: 271-281.

5. Allander T, Tammi MT et al. (2005) 
Cloning of a human parvovirus by 
molecular screening of respiratory tract 
samples. Proc Natl Acad Sci U S A 102: 
12891-12896.

6. Kapoor A, Slikas E et al. (2009) A newly 
identified bocavirus species in human 
stool. J Infect Dis 199: 196-200.

7. Allander T, Jartti T et al. (2007) Human 
bocavirus and acute wheezing in children. 
Clin Infect Dis 44: 904-910.

8. Vicente D, Cilla G et al. (2007) Human 
bocavirus, a respiratory and enteric virus. 
Emerg Infect Dis 13: 636-637.

9. Manning A, Russell V et al. (2006) 
Epidemiological profile and clinical 
associations of human bocavirus and other 
human parvoviruses. J Infect Dis 194: 
1283-1290.

10. Kesebir D, Vazquez M et al. (2006) Human 
bocavirus infection in young children in the 
United States: molecular epidemiological 
profile and clinical characteristics of a 
newly emerging respiratory virus. J Infect 
Dis 194: 1276-1282.

11. Thompson CI, Barclay WS et al. (2006) 
Infection of human airway epithelium by 
human and avian strains of influenza a 
virus. J Virol 80: 8060-8068.

12. Zhang L, Bukreyev A et al. (2005) Infection 
of ciliated cells by human parainfluenza 
virus type 3 in an in vitro model of human 
airway epithelium. J Virol 79: 1113-1124.

13. Zhang L, Peeples ME et al. (2002) 
Respiratory syncytial virus infection of 
human airway epithelial cells is polarized, 
specific to ciliated cells, and without 
obvious cytopathology. J Virol 76: 5654-
5666.

14. Pickles RJ, McCarty D et al. (1998) 
Limited entry of adenovirus vectors into 
well-differentiated airway epithelium is 
responsible for inefficient gene transfer. J 
Virol 72: 6014-6023.

Reference List



140

Chapter 8

8

15. Sims AC, Baric RS et al. (2005) Severe 
acute respiratory syndrome coronavirus 
infection of human ciliated airway 
epithelia: role of ciliated cells in viral 
spread in the conducting airways of the 
lungs. J Virol 79: 15511-15524.

16. Kupfer B, Vehreschild J et al. (2006) Severe 
pneumonia and human bocavirus in adult. 
Emerg Infect Dis 12: 1614-1616.

17. Schildgen O, Glatzel T et al. (2005) Human 
metapneumovirus RNA in encephalitis 
patient. Emerg Infect Dis 11: 467-470.

18. Fulcher ML, Gabriel S, Burns KA, 
Yankaskas JR, Randell SH (2005) Well-
differentiated Human Airway Epithelial 
Cell Cultures. In: Picot J, editors. Human 
Cell Culture Protocols. Humana Press Inc. 
pp. 183-206.

19. Boom R, Sol CJA et al. (1990) A rapid and 
simple method for purification of nucleic 
acids. J Clin Microbiol 28: 495-503.

20. Sayers EW, Barrett T et al. (2009) Database 
resources of the National Center for 
Biotechnology Information. Nucleic Acids 
Res 37: D5-15.

21. Huang HY, Chien CH et al. (2006) RegRNA: 
an integrated web server for identifying 
regulatory RNA motifs and elements. 
Nucleic Acids Res 34: W429-W434.

22. Blom N, Hansen J et al. (1996) Cleavage 
site analysis in picornaviral polyproteins: 
discovering cellular targets by neural 
networks. Protein Sci 5: 2203-2216.

23. Kiemer L, Lund O et al. (2004) Coronavirus 
3CLpro proteinase cleavage sites: possible 
relevance to SARS virus pathology. BMC 
Bioinformatics 5: 72.

24. Duckert P, Brunak S et al. (2004) Prediction 
of proprotein convertase cleavage sites. 
Protein Eng Des Sel 17: 107-112.

25. Gasteiger E, Hoogland C, Gattiker A, 
Duvaud S, Wilkins M.R, et al. (2005) 
Protein Identification and Analysis Tools 
on the ExPASy Server. In: John M.Walker, 
editors. The Proteomics Protocols 
Handbook. Humana Press. pp. 571-607.

26. Reese MG (2001) Application of a 
time-delay neural network to promoter 
annotation in the Drosophila melanogaster 
genome. Comput Chem 26: 51-56.

27. Kahn JS, Kesebir D et al. (2008) 
Seroepidemiology of human bocavirus 
defined using recombinant virus-like 
particles. J Infect Dis 198: 41-50.

28. Tyrrell DA, Bynoe ML et al. (1968) 
Cultivation of “difficult” viruses from 
patients with common colds. Br Med J 1: 
606-610.

29. Tyrrell DAJ, Bynoe ML (1965) Cultivation 
of novel type of common-cold virus in 
organ cultures. Br Med J 1: 1467-1470.

30. Zhang LL, Tang LY et al. (2008) Human 
bocavirus in children suffering from acute 
lower respiratory tract infection in Beijing 
Children’s Hospital. Chin Med J (Engl) 
121: 1607-1610.



141

HBoV can be cultured in differentiated HAE cells

8

31. Ma X, Endo R et al. (2006) Detection of 
human bocavirus in Japanese children 
with lower respiratory tract infections. J 
Clin Microbiol 44: 1132-1134.

32. Foulongne V, Olejnik Y et al. (2006) 
Human bocavirus in French children. 
Emerg Infect Dis 12: 1251-1253.

33. Qiu J, Cheng F et al. (2007) The transcription 
profile of the bocavirus bovine parvovirus 
is unlike those of previously characterized 
parvoviruses. J Virol 81: 12080-12085.

34. Sun Y, Chen AY et al. (2009) Molecular 
characterization of infectious clones of 
the minute virus of canines reveals unique 
features of Bocaviruses. J Virol .

35. Zadori Z, Szelei J et al. (2005) SAT: a late 
NS protein of porcine parvovirus. J Virol 
79: 13129-13138.



142

Chapter 8

8



143

Chapter 9
Human coronavirus 229E 

employs a different cell tropism 
than human coronaviruses 

NL63, OC43 and HKU1

Ronald Dijkman1, Maarten F. Jebbink1, Sylvie M. Koekkoek2, 
Martin Deijs1, Richard Molenkamp2 and Lia van der Hoek1

Submitted for publication

1Laboratory of Experimental Virology, Department of Medical Microbiology, Center for Infection 

and Immunity Amsterdam (CINIMA), Academic Medical Center, University of Amsterdam, The 

Netherlands

2Laboratory of Clinical Virology, Department of Medical Microbiology, Center for Infection and 

Immunity Amsterdam (CINIMA), Academic Medical Center, University of Amsterdam, The 

Netherlands



144

Chapter 9

9

Abstract
Studies on fundamental aspects of human coronavirus (HCoV) infections regarding cell 
tropism and other crucial virus-host interactions are seriously hampered by the lack of a 
universal culture system. We investigated whether all four circulating HCoV can replicate 
on pseudo-stratified human airway epithelium cell cultures. We isolated several clinical 
representative strains of HCoV-HKU1, HCoV-229E, HCoV-OC43 and HCoV-NL63 
directly from nasopharyngeal material and characterized their cell tropism. Ten new 
clinical representative HCoV-229E (n = 1), HCoV-NL63 (n = 1), HCoV-HKU1 (n = 4) 
and HCoV-OC43 (n = 4) isolates were obtained. This revealed HCoV-NL63 as the most 
fastidious HCoV. Characterization of the cell tropism of the clinical isolates showed that 
HCoV-229E predominantly co-localizes with non-ciliated cells whereas HCoV-OC43, 
HCoV-HKU1 and HCoV-NL63 all infect ciliated cells. A similar cell tropism pattern 
was also found for the lab-adapted reference strains. Collectively, this demonstrates the 
HCoV-229E employs a different cell tropism than HCoV-NL63, HCoV-OC43 and HCoV-
HKU1 in the human airway epithelium.
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Introduction
Coronaviruses (CoVs) are pathogens that can infect a broad range of vertebrate species 
including livestock, companion animals and humans. Coronavirus infections are mainly 
associated with respiratory and enteric diseases [1–3]. The first reports on human CoVs 
(HCoV) appeared in the mid-1960s. The human viruses were isolated from persons 
with common cold, and two species were detected: HCoV-229E and HCoV-OC43 [4,5]. 
The viruses are associated with mild respiratory tract disease (common cold) that may 
cause more severe symptoms in elderly or immune-compromised individuals [6–11]. 
In 2002/2003 the appearance of the severe acute respiratory syndrome (SARS), caused 
by a formerly unknown coronavirus (SARS-CoV), exemplified the zoonotic potential of 
coronaviruses and their ability to seriously affect human health [3,12–15]. Since the SARS 
epidemic, the number of newly identified coronaviruses and host species continuously 
increased. The intensified global virus discovery efforts revealed also that more HCoVs 
must exist, demonstrated by the identification of HCoV-NL63 in 2004 and HCoV-HKU1 
in 2005 [16,17]. Both viruses are not emerging viruses like SARS-CoV but were previously 
unidentified. Infections by these viruses are as common and wide spread as HCoV-229E 
and HCoV-OC43 infections [18].
 Despite the accumulating knowledge on HCoV prevalence and burden of disease, 
studies on fundamental aspects of HCoV infections regarding cell tropism and other 
crucial virus-host interactions are seriously hampered by the lack of a universal culture 
system that allows propagation of all HCoVs. The difficulty of propagating HCoVs on 
conventional cell lines has been described in the mid-60s, and led to ex vivo culturing of 
human embryo respiratory tract explants [5,19–21]. Nowadays, we use the pseudo-stratified 
human airway epithelium (HAE) cell culture system as an alternative and convenient 
tool to propagate and characterize novel identified human respiratory viruses [22], 
including the previous unculturable HCoV-HKU1 [23]. The culture system also supports 
propagation of the laboratory reference stains of HCoV-229E, HCoV-NL63 and SARS-
CoV [24–27]. For HCoV-NL63, SARS-CoV and HCoV-HKU1 it is know that they exhibit 
the same cell tropism in HAE, however for HCoV-229E and HCoV-OC43 this has not 
been reported [23–27]. In addition, the available HCoV-229E and HCoV-OC43 reference 
strains have become lab-adapted with deletions or mutations in the viral genome [28,29]. 
 We investigated whether HAE cultures can be used as a universal cell culture system, 
to isolate new clinical representative HCoV strains. In total, we obtained 10 new clinical 
representative HCoV strains out of 18 HCoV positive nasopharyngeal specimens. In total, 
HCoV-229E (n = 1), HCoV-NL63 (n = 1), HCoV-HKU1 (n = 4) and HCoV-OC43 (n = 
4). Furthermore, the cellular tropism of a single representative HCoV-229E, HCoV-NL63, 
HCoV-HKU1 and HCoV-OC43 strain was determined. Finally, we compared the cell 
tropism with that of the HCoV-NL63, HCoV-229E and HCoV-OC43 reference strains.
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Material and Methods

Virus stocks
HCoV-NL63 (isolate Amsterdam 1) virus stock was obtained by inoculating a monolayer 
of LLC-MK2 cells as described previously [30]. Supernatant was harvested after 7 days and 
stored in aliquots at -80oC, after removal of cellular debris by centrifugation. HCoV-229E 
(Inf-1) MRC-5 cell culture supernatant was kindly provided by Volker Thiel, St. Gallen, 
Switzerland [31]. HCoV-OC43 (VR-759) was obtained commercially from the ATCC. 

Clinical material
Twelve nasopharyngeal specimens were collected in January 2010 at the Laboratory 
of Clinical Virology, department of Medical Microbiology, Academic Medical Center 
Amsterdam from patients that were hospitalized due to upper or lower respiratory tract 
illness. Samples were analyzed with in-house diagnostic qRT-PCR panel for human 
bocavirus (HBoV), human coronaviruses, human metapneumovirus, influenza virus 
A and B, respiratory syncytial virus, human picornaviruses, human adenovirus and 
human parainfluenzaviruses 1 – 4. All nasopharyngeal washes were positive for HCoVs, 
whereas the diagnostic panel was negative for all other viruses. One HCoV-NL63 positive 
specimen was obtained as previously described [32]. Five additional HCoV-NL63 positive 
nasopharyngeal specimens, negative for all other viruses, were obtained from the GRACE 
cohort study tested with a diagnostic panel as described elsewhere [33]. Human bocavirus 
(Bonn-1) was obtained as previously described [22].

Human airway epithelial cell culture
Normal primary human bronchial epithelial cells (HBEpC) were isolated from surgical 
removed bronchi tissue obtained locally in accordance with Academic Medical Center 
regulations. Bronchi segments were incubated in J-MEM (Sigma) with dissolved protease 
XIV/DNAse mixture (Sigma) in for 48 hours at +4oC, supplemented with following 
additives (Sigma); L-glutamine, Penicillin G sulfate (100 Units/ml), Streptomycin sulfate 
(100 µg/ml), Amphotericin B (1.25 µg/ml), Gentamicin (50 µg/ml) and Nystatine (100 
Units/ml). After cell dissociation the HBEpC were maintained for one or two serial 
passages as a monolayer in Bronchial epithelial cell serum-free growth medium (BEGM) 
[34], LHC basal medium (Invitrogen) supplemented with the required additives (Sigma). 
BEGM was refreshed with a 2 or 3 day interval. Sub-passage of HBEpC on to form pseudo-
stratified Human Airway Epithelial cell cultures was done as described previously [22]. 
Hereby the washing of the apical surface was adjusted to a 7 days interval. All cultures 
were maintained at 37oC in a 5% CO2-incubator.
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Human coronavirus infection
An aliquot of 50 µl clinical patient material or cell culture supernatant was diluted in 
200 µl HBSS and centrifuged for 4 minutes at room temperature with 1.500 x rcf. Two 
hundred µl of diluted clinical sample was directly inoculated upon the apical surface of 
pseudo-stratified human airway epithelium and incubated for 2 hours at 34oC in a 5% 
CO2-incubator. After 2 hours the inoculums were collected and stored in an equal volume 
of home-made virus transport medium (VTM). The apical side was rinsed three times 
with 500 µl of HBSS, before inoculated cultures were maintained at 34oC in a 5% CO2-
incubator. Samples were collected 2, 24, 48, 72 96, 120, 144 and 168 hour post-inoculation 
(hpi) from the apical side and at time points 48 and 96 hpi from basolateral side, unless 
described otherwise. Apical harvesting was performed by adding 200 µl of HBSS to the 
apical surface, incubated for 10 minutes at 34oC in a 5% CO2-incubator, followed by the 
removal and storage of the apical harvest in equal volume of VTM. Aliquots of 100 µl 
apical HBSS:VTM mixture of each time point was transferred into 900 µl L6 Lysis buffer 
for viral RNA quantification. Cultures were daily observed by eye with a phase contrast 
microscope. After 96 hpi the HAE cultures were fixated with 3.7% PFA in PBS for 30 
minutes at room temperature (RT), followed by rinsing the apical and basolateral sides 
with 1 ml of PBS. Fixated cultures were kept at 4°C in confocal staining buffer (2 % IgG-
free BSA (Sigma) in PBS with 0.1% saponin and 50 mM ammonium chloride) until 
further processing.

Human coronavirus viral yield
Viral RNA was isolated from the collected samples of the apical and basolateral harvests 
by the Boom method for total nucleic acids isolation [35], elution was performed in 
100 µl H2O. Reverse transcription was performed with Moloney murine leukemia 
virus reverse transcriptase (Invitrogen) (200 Units) and 12,5 ng of random primers 
(Invitrogen) in 10 mM Tris, pH 8.3, 50 mM KCl, 0.1% Triton X-100, 6 mM of MgCl2, 
and 25 µM of each deoxynucleoside triphosphate at 37°C for 60 min in a total volume 
of 20 µl. Quantification of HCoV viral yield was performed with real-time PCR, using 
the Platinum quantitative PCR SuperMix–uracil-DNA glycosylase (Invitrogen). Ten 
microliters of cDNA was amplified in 50 µl 1 × Platinum quantitative PCR SuperMix–
uracil-DNA glycosylase (Invitrogen) with 5.0 mM MgCl2, 10 µM of specific probe labeled 
with FAM (6-carboxyfluorescein) and TAMRA (6-carboxytetramethylrhodamine), 
and 45 µM of each primer. The following primers targeting the N gene were 
used for HCoV-NL63: sense, 5’-GCGTGTTCCTACCAGAGAGGA-3’; 
antisense, 5’-GCTGTGGAAAACCTTTGGCA-3’; and probe, 5’-FAM-
ATGTTATTCAGTGCTTTGGTCCTCGTGAT-TAMRA-3’. Primers targeting HCoV-
HKU1, HCoV-229E and HCoV-OC43 are described elsewhere [23,36]. All measurements 
were done with the ABI PRISM® 7000 Sequence Detection System (Applied Biosystems). 
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Following the UDG treatment for 2 min at 50 °C and denaturing for 10 min at 
95 °C, 45 cycles of amplification were performed for 15 s at 95 °C and 60 s at 60 °C.

Confocal microscopy analysis
Fixated HAE cultures were double immunostained for simultaneous detection of HCoVs 
proteins and ciliated cells. Human  intravenous immunoglobulin (1:200, Nanogam®, 
Sanquin B.V. 50 mg/ml) and mouse monoclonal anti-β-tubulin IV (1:400, Sigma) were 
applied as primary antibodies for 2 hours at RT in confocal staining buffer. Donkey derived, 
Dylight 488 labeled, anti-mouse IgG (H+L) and donkey derived, Dylight 594 labeled, 
anti-human IgG (H+L) (1:200) (Jackson immunoresearch) were applied as secondary 
antibodies for 1 hour at RT in confocal staining buffer, followed by nuclear DNA staining 
with Hoechst 33528 (5 µg/ml, Sigma). Dissected membranes with immunostained HAE 
cultures were mounted on a glass slide with Vectashield® mounting medium (Vector 
laboratories) under a coverslip sealed with nail polish. Fluorescent images were acquired 
on a Leica TCS SP2 AOBS spectral confocal microscope with a 63x HCX PL APO 1.32 
oil objective. Image analysis was performed with the Leica Application Suite, Advanced 
Fluorescence Lite (2.3.4 build 5379) software package (Leica).
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Results

HCoV clinical isolates on HAE
The currently available isolate of HCoV-229E and HCoV-OC43 are known to have 
become lab-adapted with deletions or mutations in the structural protein genes. That may 
lead to reduced fitness, or even an alternative cell tropism. Therefore it was investigated 
whether new clinical representative strains of HCoV-229E and HCoV-OC43 could be 
isolated directly from 18 HCoV positive nasopharyngeal specimens. An aliquot of 50 µl 
from each sample was diluted 1:5 in HBSS of which 200 µl was used to inoculate at the 
apical side of the pseudo-stratified human airway epithelium and incubated for 2 hours 
at 34oC, followed by rinsing the apical surface of the cultures three times with HBSS to 
remove any residual unbound viral particles. The cultures were maintained at 34oC and 
200 µl harvests were collected from the apical side at 2, 24, 48, 72, 96, 120, 144 and 168 
hours post-inoculation (hpi). The viral RNA concentration of the 18 HCoV inoculated 
cultures ranged between 157 to 153 x 105 copies per milliliter (Table I). For three samples 
the viral yield within the diluted inoculums was below 1000 copies per milliliter (Table 
I). Quantification of the viral yield in subsequent time points of the 18 HCoV inoculated 
cultures showed that a steep increase of viral yield was detectable in 10 of the 18 HAE 
cell cultures starting at 48 hpi (Figure 1A-C). This increased till reaching a plateau level 
between 72 and 120 hpi. Beyond this point the viral yield of all HCoV positive cultures 
decreased overtime, for one culture the viral yield even became undetectable (Figure 
1C). The 10 positive inocula and sequential time points were typed using HCoV specific 
real time PCRs. In total, 4x HCoV-HKU1, 1x HCoV-229E and 4x HCoV-OC43 and 1x 
HCoV-NL63 clinical isolates were replicating. The low isolation rate of, one out of six, new 
HCoV-NL63 isolates directly from clinical specimens shows that HCoV-NL63 is more 
fastidious to isolate compared to the other three HCoV strains (Table I). 
 We investigated whether the decrease in HCoV viral yield after reaching plateau was 
due to cytopathic effect induced during HCoV infection. The morphological changes at 
the end of each incubation period was judged by phase-contrast microscopy. No visual 
changes in cell layer confluence, morphology or cilia movement were observed in any of 
the HCoV inoculated cultures compared with the control culture.
 It was determined whether the decrease of viral RNA yield beyond plateau level was 
donor depended, by sub-passage of three of the newly isolated HCoVs on HAE cultures 
established from a different donor. The HCoV-229E (0349), HCoV-OC43 (0500) and 
HCoV-HKU1 (0315) isolates displayed a shorter lag-period, but reached plateau in the 
same time frame as before. Beyond the plateau level again a reduction in viral yield 
was observed (data not shown). This suggest that the decrease in viral yield is affected 
by a HCoV specific, yet, unknown mechanism, especially because this decline was not 
observed using another human respiratory virus, human bocavirus 1, as control under 
similar experimental conditions (Figure 1E).
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Table 1 Isolation of clinical representative HCoV strain

Genotype Isolate Viral load 
(RNA copies / ml)

Replication

HCoV-229E 0552 6.67E+03 -

0349 6.58E+03 Yes

HCoV-NL63 R2354 1.53E+07 Yes

P0588 5.89E+05 -

J1816 5.01E+04 -

K1341 9.14E+03 -

K0109 5.49E+03 -

Ams-057 1.09E+06 -

HCoV-HKU1 0516 4.71E+06 Yes

0561 7.11E+05 -

0476 1.33E+05 Yes

0315 1.46E+04 Yes

0548 6.88E+02 -

0350 2.77E+03 Yes

HCoV-OC43 0500 1.57E+02 Yes

0671 3.43E+03 Yes

0634 1.66E+02 Yes

0562 3.28E+03 Yes
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Figure 1. Viral yield of clinical HCoV isolates on HAE.

The monitored viral yield is given as cycle threshold (Ct) value (y-axis) at each indicated hours post-inoculation (x-axis) for 

the clinical HCoV-229E (A), HCoV-OC43 (B), HCoV-HKU1 (C), HCoV-NL63 (D) and HBoV-1 isolates (E). The horizontal 

dashed line represents the detection threshold of the HCoV and HBoV real time PCR.
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HCoV cell tropism
The replication by clinical representative isolates from each of the four circulating HCoVs 
established that the HAE cell culture system is a universal HCoV cell culture system, 
allowing parallel comparison of the cell tropism from each clinical representative isolate, 
as well as the viral secretion pattern of newly produced virions. 
 We first determined the viral secretion pattern for the representative clinical HCoV-
NL63 (R2354), HCoV-229E (0349), HCoV-OC43 (0500) and HCoV-HKU1 (0315) 
isolates. The same experimental conditions were used as described above, except that the 
apical surface was harvested till 96 hpi, the basolateral compartment at 48 and 96 hpi. 
Similar replication kinetics at the apical side for the four selected clinical HCoV isolates 
were monitored as described earlier, with HCoV-NL63 being fastidious to propagate, in 
comparison with HCoV-229E, HCoV-OC43 (Figure 2A-C) and HCoV-HKU1. For HCoV-
NL63, HCoV-HKU1 and HCoV-OC43 no viral RNA in the basolateral compartment 
was detected. Surprisingly, for HCoV-229E viral RNA was detected at 48 and 96 hpi in 
the basolateral compartment that increased over time from 2 to 5010 RNA copies per 
milliliter, even after medium renewal 48 hpi. The amount of material and low viral yield 
was not enough to establish whether this represents infectious progeny virions or secreted 
viral RNA.
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Figure 2. Viral yield of cell culture reference strains versus clinical representative isolates.

The monitored viral yield (copies / ml; y-axis) at each indicated hours post-inoculation (x-axis) for the cell culture adapted 

reference strains and the clinical representative isolate of HCoV-NL63 (A), HCoV-229E (B) and HCoV-OC43 (C).
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 To determine the cell tropism of each HCoV the HAE cultures were fixated 96 hpi to 
perform double staining with human intravenous immunoglobulins (IVIG) and a ciliated 
cell specific marker to determine the cell tropism of each HCoV. IVIG can be used for 
staining of infected cells, since western blot analysis on HCoV infected whole cell lysates 
or using recombinant expressed N protein-based ELISA showed that IVIG could detect 
the N protein from each HCoV strain (data not shown). The cell tropism of each HCoV 
strain was determined by counting the co-localization percentage of HCoV positive cells 
with ciliated and non-ciliated cell types. This was done by selecting six representative 
fields across each HAE culture, followed by counting the total number of ciliated cells 
and HCoV positive cells in each field. The overall infection percentage was determined 
by dividing the mean number of HCoV positive cells by that the of the mean total of 
ciliated cells per six fields. The overall infection percentage was 3% for HCoV-229E, 7% 
for HCoV-OC43 and 4% for HCoV-HKU1. For the clinical HCoV-NL63 isolate (R2354) 
it was not possible to determine the overall infection percentage due to the poor staining 
quality. In this case the reference strain of HCoV-NL63 was used as alternative, since 
it is >99% identical to clinical isolates [32]. The overall infection percentage for HCoV-
NL63 (Ams-01) was found to be 7%. The positive stained cells in HCoV-OC43, HCoV-
HKU1 and HCoV-NL63 infected cultures co-localized with ciliated cells, in contrast, and 
surprisingly, HCoV-229E co-localized predominantly with non-ciliated cells (Figure 3). 
As illustrated by the high percentage of HCoV-229E positive cells  co-localizing with non-
ciliated cells (64%), whereas only 19.3% with ciliated cells (Figure 4). The percentage of 
HCoV positive cells co-localizing with ciliated cells was 100% for HCoV-HKU1, 95.8% 
for HCoV-OC43 and 92,8% for HCoV-NL63 (Figure 4). 
 The HCoV-OC43 and HCoV-229E reference strains have a long culture history, that 
resulted in accumulation of nucleotide mutations or deletions along the genome that 
are not present in contemporary strains [28,29]. Furthermore, for the HCoV-OC43 and 
HCoV-229E reference strains it is unknown whether they exhibit the same cell tropism 
as found for the clinical isolates. To this end, it was examined whether the lab-adapted 
reference strains of HCoV-OC43 and HCoV-229E exhibit the same characteristics as 
their clinical analogous. After inoculation, the reference strains were detected 24 hpi and 
increased over time with 1 or 2 logs, reaching plateau levels between 72 and 96 hpi (Figure 
2 A - C). Thus, HCoV-OC43 and HCoV-229E have comparable kinetics as their clinical 
counterparts. No HCoV-OC43 viral RNA was detected in the basolateral compartment. 
Interestingly, HCoV-229E viral RNA was again detected at 48 and 96 hpi in the basolateral 
compartment, 958 and 471 RNA copies per milliliter respectively. The cell tropism of the 
cell culture adapted reference strains was similar as the clinical isolates (Figure 4). HCoV-
229E again predominantly co-localized with non-ciliated cells (77%), whereas the HCoV-
OC43 reference strain infected ciliated cells (100%). The overall infection percentage of 
HCoV-229E (8%) was higher than previously found for the clinical isolate, in case of 
HCoV-OC43 a comparable percentage was found (7%). 
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Figure 3. Cell tropism of clinical representative HCoV isolates.

Human airway epithelial cell cultures were fixated 96 hpi followed by double immunostaining with monoclonal anti-tubulin 
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Discussion
This is the first study that demonstrates that HAE cell cultures are a universal HCoV 
culture system. A total of ten HCoV strains were acquired directly from clinical specimens. 
The cell tropism of clinical representative HCoV-HKU1, HCoV-229E, HCoV-OC43 and 
HCoV-NL63 strains revealed that HCoV-229E has a preference of infecting non-ciliated 
cells, whereas HCoV-NL63, HCoV-HKU1 and HCoV-OC43 all prefer ciliated cells. 
 We previously published on the convenience of the HAE culture system to isolate and 
characterize the novel identified human respiratory viruses human bocavirus and HCoV-
HKU1 directly from clinical specimens [22,23]. Here several new clinical isolates from 
HCoV-229E, HCoV-OC43, HCoV-NL63 and HCoV-HKU1 were acquired, showing that 
HAE cultures can replace the ex vivo human embryo respiratory tract explants cultures 
that were initially used for isolating the current (lab-adapted) reference strains of HCoV-
229E and HCoV-OC43 [4,5]. The difficulty to acquiring new HCoV-NL63 isolates from 
clinical specimens suggest that the virus is more fastidious as the other HCoV strains. 
This may reflect the relative late discovery of HCoV-NL63, in 2004 [30]. Failure to isolate 
HCoV-NL63 from clinical specimens with a high viral RNA concentration reveals that 
other factors might be involved in successful HCoV-NL63 culturing. Perhaps HCoV-
NL63 infectivity is vulnerable to freeze-thaw cycles, type of storage solution or storage 
conditions. However, the lower replication kinetics of HCoV-NL63 in comparison to 
other HCoV strains suggest the presence of additional bottlenecks. We hypothesize that 
epithelial cells from bronchi tissue lack expression of certain yet unidentified cellular 
co-receptor or proteases needed by HCoV-NL63 that might be distributed in other 
lung regions. For instance it is still unknown whether HCoV-NL63 replicates evenly or 
more efficient in Type II pneumocytes or epithelial cells from the upper tracheal region, 
since we and others only used bronchial epithelial cells as source [25,27]. Interestingly, 
HCoV-NL63 is the only HCoV associated with the childhood disease croup [37,38]. This 
characteristic syndrome causes a local inflammation of the trachea region proximal to the 
vocal cords, resulting in a loud barking cough [39]. Therefore it should be investigated 
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whether HCoV-NL63 replicates more efficient in HAE cultures established from epithelial 
cells obtained from other regions of the respiratory tract.
 No signs of CPE were observed during infection of HAE cultures by any of the four 
circulating HCoV which is in accordance to what has been reported for other respiratory 
viruses [22,40,41]. In addition, no significant difference was observed in the number of 
ciliated cells between control and infected HAE cultures. However, it was not investigated 
whether the cilia beating frequency was reduced during infection. This has been shown 
for HCoV-229E in experimental inoculated human volunteers [42]. Thus, whether the 
cilia beating frequency is altered due to viral infection alone or, in combination, with the 
presence of adaptive immune cells in HAE cultures is still warranted. As the reduced cilia 
beating frequency has been involved in the congestion and accumulation of mucus of the 
upper airways, a hallmark of the common cold [42]. 
 To date, no report has documented the specific cell tropism for HCoV-OC43. Even 
though the virus has been identified in the mid-1960s, and shown to replicate on ciliated 
human airway organ explants, [4,5], this is the first study that demonstrate that the virus 
predominantly infects ciliated cells and its polarity of progeny virus production is as 
HCoV-NL63 and HCoV-HKU1 [23,27]. 
 The cell tropism of HCoV-229E is in stark contrast with that of the other three HCoV 
strains, as is its bipolar secretion pattern of viral RNA. Wang et al have shown that HCoV-
229E can infected HAE cultures after apical or basolateral inoculation, albeit apical 
inoculation was more efficient [24]. In the current study this was not determined, but no 
HCoV positive cell was observed at the basolateral surface (data not shown). Nonetheless, 
this does not excluded the possibility that infectious virus is secreted from the basolateral 
side. The mechanism by which basolateral trafficking occurs remains to be established, 
since a disruption of the trans-epithelial integrity does not occur [24]. 
 The capability of using HAE cultures as a universal HCoV cell culture system will 
allow detailed comparison of all four circulating HCoV strains to identify and study 
fundamental virus-host interactions that eventually will pave the way to the development 
of efficacious therapeutic options to reduce HCoV disease burden.

Acknowledgements
RD and LvdH are supported by the sixth framework grant LSHM-CT-2006-037276 from 
the European Union and by VIDI grant 016.066.318 from the Netherlands Organization 
for Scientific Research (NWO). 



157

HCoV cell tropism

9

1. Lai MMC, Perlman S, Anderson JL (2007) 
Coronaviridae. In: Knipe D, Howley 
P, editors. Fields Virology. Lippincott 
Williams & Wilkins (LWW). pp. 1305-
1335.

2. Weiss SR, Navas-Martin S (2005) 
Coronavirus pathogenesis and the 
emerging pathogen severe acute respiratory 
syndrome coronavirus. Microbiol Mol Biol 
Rev 69: 635-664.

3. Perlman S, Netland J (2009) Coronaviruses 
post-SARS: update on replication and 
pathogenesis. Nat Rev Microbiol 7: 439-
450.

4. Hamre D, Procknow JJ (1966) A new virus 
isolated from the human respiratory tract. 
Proc Soc Exp Biol Med 121: 190-193.

5. McIntosh K, Dees JH et al. (1967) Recovery 
in tracheal organ cultures of novel viruses 
from patients with respiratory disease. 
Proc Natl Acad Sci U S A 57: 933-940.

6. Bradburne AF, Bynoe ML et al. (1967) 
Effects of a “new” human respiratory virus 
in volunteers. Br Med J 3: 767-769.

7. Kraaijeveld CA, Reed SE et al. (1980) 
Enzyme-linked immunosorbent assay 
for detection of antibody in volunteers 
experimentally infected with human 
coronavirus strain 229 E. J Clin Microbiol 
12: 493-497.

8. Macnaughton MR, Hasony HJ et al. 
(1981) Antibody to virus components in 
volunteers experimentally infected with 
human coronavirus 229E group viruses. 
Infect Immun 31: 845-849.

9. Reed SE (1984) The behaviour of recent 
isolates of human respiratory coronavirus 
in vitro and in volunteers: evidence of 
heterogeneity among 229E-related strains. 
J Med Virol 13: 179-192.

10. van der Hoek L, Pyrc K et al. (2006) Human 
coronavirus NL63, a new respiratory virus. 
FEMS Microbiol Rev 30: 760-773.

11. Falsey AR, McCann RM et al. (1997) The 
“common cold” in frail older persons: 
impact of rhinovirus and coronavirus in a 
senior daycare center. J Am Geriatr Soc 45: 
706-711.

12. Fouchier RA, Kuiken T et al. (2003) 
Aetiology: Koch’s postulates fulfilled for 
SARS virus. Nature 423: 240.

13. Marra MA, Jones SJ et al. (2003) The 
Genome sequence of the SARS-associated 
coronavirus. Science 300: 1399-1404.

14. Perlman S, Dandekar AA (2005) 
Immunopathogenesis of coronavirus 
infections: implications for SARS. Nat Rev 
Immunol 5: 917-927.

Reference List



158

Chapter 9

9

15. Rota PA, Oberste MS et al. (2003) 
Characterization of a novel coronavirus 
associated with severe acute respiratory 
syndrome. Science 300: 1394-1399.

16. van der Hoek L., Pyrc K et al. (2004) 
Identification of a new human coronavirus. 
Nat Med 10: 368-373.

17. Woo PC, Lau SK et al. (2005) 
Characterization and complete genome 
sequence of a novel coronavirus, 
coronavirus HKU1, from patients with 
pneumonia. J Virol 79: 884-895.

18. van der Hoek L. (2007) Human 
coronaviruses: what do they cause? Antivir 
Ther 12: 651-658.

19. Tyrrell DAJ, Bynoe ML (1965) Cultivation 
of novel type of common-cold virus in 
organ cultures. Br Med J 1: 1467-1470.

20. Hamre D, Procknow JJ (1966) A new virus 
isolated from the human respiratory tract. 
Proc Soc Exp Biol Med 121: 190-193.

21. Tyrrell DA, Bynoe ML et al. (1968) 
Cultivation of “difficult” viruses from 
patients with common colds. Br Med J 1: 
606-610.

22. Dijkman R, Koekkoek SM et al. (2009) 
Human bocavirus can be cultured in 
differentiated human airway epithelial 
cells. J Virol 83: 7739-7748.

23. Pyrc K, Sims AC et al. (2010) Culturing the 
unculturable: human coronavirus HKU1 
infects, replicates, and produces progeny 
virions in human ciliated airway epithelial 
cell cultures. J Virol 84: 11255-11263.

24. Wang G, Deering C et al. (2000) Human 
coronavirus 229E infects polarized airway 
epithelia from the apical surface. J Virol 74: 
9234-9239.

25. Banach S, Orenstein JM et al. (2009) Human 
airway epithelial cell culture to identify 
new respiratory viruses: coronavirus NL63 
as a model. J Virol Methods 156: 19-26.

26. Sims AC, Yount B et al. (2006) SARS CoV 
replication and pathogenesis in human 
airway epithelial cultures. Adv Exp Med 
Biol 581: 535-538.

27. Donaldson EF, Yount B et al. (2008) 
Systematic assembly of a full-length 
infectious clone of human coronavirus 
NL63. J Virol 82: 11948-11957.

28. Vijgen L, Keyaerts E et al. (2005) 
Circulation of genetically distinct 
contemporary human coronavirus OC43 
strains. Virology 337: 85-92.

29. Dijkman R, Jebbink MF et al. (2006) 
Human coronavirus 229E encodes a single 
ORF4 protein between the spike and the 
envelope genes. Virol J 3: 106.

30. van der Hoek L, Pyrc K et al. (2004) 
Identification of a new human coronavirus. 
Nat Med 10: 368-373.



159

HCoV cell tropism

9

31. Thiel V, Herold J et al. (2001) Infectious 
RNA transcribed in vitro from a cDNA 
copy of the human coronavirus genome 
cloned in vaccinia virus. J Gen Virol 82: 
1273-1281.

32. Pyrc K, Dijkman R et al. (2006) Mosaic 
structure of human coronavirus NL63, one 
thousand years of evolution. J Mol Biol 
364: 964-973.

33. de VM, Deijs M et al. (2011) A sensitive 
assay for virus discovery in respiratory 
clinical samples. PLoS One 6: e16118.

34. Fulcher ML, Gabriel S, Burns KA, 
Yankaskas JR, Randell SH (2005) Well-
differentiated Human Airway Epithelial 
Cell Cultures. In: Picot J, editors. Human 
Cell Culture Protocols. Humana Press Inc. 
pp. 183-206.

35. Boom R, Sol CJA et al. (1990) A rapid and 
simple method for purification of nucleic 
acids. J Clin Microbiol 28: 495-503.

36. Vijgen L, Keyaerts E et al. (2005) 
Development of one-step, real-time, 
quantitative reverse transcriptase PCR 
assays for absolute quantitation of human 
coronaviruses OC43 and 229E. J Clin 
Microbiol 43: 5452-5456.

37. van der Hoek L, Sure K et al. (2005) Croup 
is associated with the novel coronavirus 
NL63. PLoS Med 2: e240.

38. Leung TF, Li CY et al. (2009) Epidemiology 
and clinical presentations of human 
coronavirus NL63 infections in hong kong 
children. J Clin Microbiol 47: 3486-3492.

39. Loughlin GM, Moscona A (2006) The cell 
biology of acute childhood respiratory 
disease: therapeutic implications. Pediatr 
Clin North Am 53: 929-92x.

40. Zhang L, Peeples ME et al. (2002) 
Respiratory syncytial virus infection of 
human airway epithelial cells is polarized, 
specific to ciliated cells, and without 
obvious cytopathology. J Virol 76: 5654-
5666.

41. Zhang L, Bukreyev A et al. (2005) Infection 
of ciliated cells by human parainfluenza 
virus type 3 in an in vitro model of human 
airway epithelium. J Virol 79: 1113-1124.

42. Chilvers MA, McKean M et al. (2001) The 
effects of coronavirus on human nasal 
ciliated respiratory epithelium. Eur Respir 
J 18: 965-970.



160

Chapter 9

9



161

Chapter 10
Replication dependent down 
regulation of cellular ACE2 

protein expression by Human 
Coronavirus NL63

Ronald Dijkman1, Maarten F. Jebbink1, Martin Deijs1, Aleksandra Milewska1, 
Krzysztof Pyrc2, Elena Buelow1, Anna van der Bijl1 and Lia van der Hoek1

Submitted for publication

1Laboratory of Experimental Virology, Department of Medical Microbiology, Center for Infection 

and Immunity Amsterdam (CINIMA), Academic Medical Center, University of Amsterdam, The 

Netherlands

2Microbiology Department, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian 

University, Krakow, Poland



162

Chapter 10

10

Abstract
Human coronaviruses NL63 circulates worldwide, and is associated with croup in 
children. Like SARS-CoV, HCoV-NL63 employs angiotensin converting enzyme 2 
(ACE2) as receptor for cellular entry. SARS-CoV infection causes robust down regulation 
of cellular ACE2 expression levels and it has been suggested that the SARS-CoV effect on 
ACE2 is involved in the severity of disease. We investigated whether cellular ACE2 down 
regulation occurs at optimal replication conditions of HCoV-NL63 infection. The levels of 
ACE2 expression during HCoV-NL63 infection on LLC-MK2 cell line were determined 
by monitoring the ACE2 protein and ACE2 mRNA expression levels. A decrease for 
both ACE2 protein and mRNA expression levels was observed in case HCoV-NL63 
was cultured at an optimal replication temperature of 34oC. Culturing the virus at the 
suboptimal temperature of 37oC resulted in low replication of the virus and the effect on 
ACE2 expression was lost. We conclude that the decline of ACE2 expression is dependent 
on the efficiency of HCoV-NL63 replication, and that HCoV-NL63 affects cellular ACE2 
expression during infection. 
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Introduction
Human coronaviruses (HCoVs) were previously associated with mild respiratory tract 
disease (common cold) that may cause more severe symptoms in young children, elderly or 
immune-compromised individuals [1–6]. In 2002/2003 the appearance of the severe acute 
respiratory syndrome (SARS), caused by a formerly unknown coronavirus (SARS-CoV), 
changed the perspective on the impact on human health by HCoV infections [7–11]. Soon 
afterwards, HCoV-NL63 was identified in 2004 as a new respiratory virus pathogen [12]. 
Unlike the eradicated SARS-CoV, infections by HCoV-NL63 are as common and wide 
spread as other HCoVs and have been associated with the childhood disease croup [6,13]. 
 Angiotensin converting enzyme 2 (ACE2) has been identified as a homologue to the 
well known ACE [14,15]. Both metalloproteases are involved in the renin angiotensin 
system (RAS) by regulating the blood pressure and body fluid homeostasis [14–16]. 
Alterations in the balanced RAS has been implicated to play a crucial role in cardiovascular 
and renal disease, lung injury and liver fibrosis outcome [16]. SARS-CoV uses ACE2 as 
receptor to enter its target cell [17]. The down regulation of ACE2 expression levels in 
the lungs upon SARS-CoV infection has been linked with the pathogenicity of the virus 
[18], reflected by the protective role of soluble ACE2 during experimental acid-induced 
lung injury [19]. Interestingly, HCoV-NL63 and SARS-CoV both utilize ACE2 protein 
as receptor for cellular entry with overlapping binding regions, albeit the viruses differ in 
pathogenicity [17,20–22]. Glowacka et al reported for the first time differential aspects 
of SARS-CoV and HCoV-NL63 on ACE2 protein expression [23]. Both viruses induce 
shedding of ACE2 with different efficiencies, although it is not a prerequisite to infectious 
entry [23]. Next to this, it was shown that the spike (S) protein of SARS-CoV binds with 
a higher affinity to ACE2 as compared to the S protein of HCoV-NL63 [23,24]. The down 
regulation of ACE2 protein expression on the cell surface was observed in context of 
SARS-CoV but not HCoV-NL63 infection [23]. However, whether this difference was 
influenced by the higher replication efficiency of SARS-CoV under the conditions used 
was not investigated [23].
 Here we investigated whether cellular ACE2 down regulation does occur at optimal 
replication conditions for HCoV-NL63. The levels of ACE2 expression during HCoV-NL63 
infection on the LLC-MK2 cell line were determined. These cells are the preferred cell line 
for HCoV-NL63 propagation. We monitored the ACE2 protein and mRNA expression 
levels. A strong down modulation of both ACE2 protein and mRNA expression levels 
was observed. This down modulation of ACE2 was shown to be dependent on replication 
efficiency, since this effect was not observed under suboptimal culture conditions.
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Material and Methods

Cell culture
The rhesus monkey kidney cells  (LLC-MK2) were cultured in a minimum essential 
medium (MEM) mixture, containing 2 parts of Hank’s MEM and 1 part of Earle’s MEM 
(Invitrogen), supplemented with 3% heat-inactivated fetal calf serum (PAA laboratories). 
The human airway Calu-3 cell line (ATCC) and the human hepatoma HuH-7 cell line 
(kindly provided by Astrid Vabret) were both cultured in D-MEM (Invitrogen) with 10% 
heat-inactivated fetal calf serum. All cultures were supplemented with penicillin (100 U/
ml) and streptomycin (100 μg/ml) and maintained at 37oC in a 5% CO2-incubator.

Virus stocks
HCoV-NL63 (isolate Amsterdam 1) virus stock was obtained by inoculating a monolayer 
of LLC-MK2 cells as described previously [12]. Supernatant was harvested after 7 days 
and stored in aliquots at -80oC, after removal of cellular debris by centrifugation. Control 
(Mock) stock from uninfected LLC-MK2 cell cultures was prepared in the same way. 
The infectious titer was determined by serial dilutions of virus stock on LLC-MK2 cells 
according to the Reed and Muench formula [25]. Human metapneumovirus (hMPV) 
virus stock (kindly provided by Oliver Schildgen) was obtained and titrated as described 
above. hMPV or hMPV-control cultures were maintained in serum free MEM-mixture 
supplemented with 0.025% trypsin (Invitrogen) at 34oC in a 5% CO2-incubator.

HCoV-NL63 infection
Two days prior to infection cells were seeded on 6-well plates at a density of 3 x 105 cells 
per well in 4 ml of medium and cultured at 37oC with 5% CO2. One hour prior to, and 
during, infection cultures were maintained at 34oC with 5% CO2. Cultures were inoculated 
with HCoV-NL63 with a multiplicity of infection (MOI) of 0.007, or with an equal volume 
of Mock-infected cell culture supernatant as control. Culture supernatants and cells were 
harvested at 0, 1, 2, 3, 4, 5, 6 and 7 days post-inoculation (dpi), or mentioned otherwise. 
An aliquot of 200 µl was collected for viral RNA quantification, the remaining supernatant 
was stored at -200C. For whole cellular protein analysis cells were rinsed once with D-PBS 
(Invitrogen) and harvested in ice cold 5 mM EDTA/EGTA (Sigma) in D-PBS  through cell 
scraping. Viable cells were counted with tryphan blue, a constant number of cells (1 x107 
cells / ml) was transferred into protein lysis buffer (62.5 mM TRIS-HCl, 10% glycerol, 2% 
SDS, 5% ß-mercaptoethanol and 0,025% bromophenol blue) for Western blot analysis. 
Same procedure was used for quantification of mRNA expression levels, but instead of 
scraping, cells were trypsinized and collected in cold D-MEM medium, supplemented with 
10% heat-inactivated fetal calf serum. Cell were counted and centrifuged for 4 minutes at 
1500 x g, followed by dissolving the cell pellet in 1 ml of TRIzol® reagent (Invitrogen). All 
experiments were performed at least twice and carried out in duplicate.
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RNA isolation and reverse transcription
Viral RNA was isolated from the previous collected supernatant aliquots by Boom 
extraction method [26]. Total cellular RNA was isolated from cells in TRIzol® reagent 
according to manufactures protocol (Invitrogen). Prior to reverse transcription, the 
isolated cellular RNA was DNase-treated as described [27]. Reverse transcription was 
performed with Molony murine leukemia reverse transcriptase (200 U per reaction; 
Invitrogen) and 25 ng of random primers (Invitrogen) in 10 mM Tris, pH 8.3, 50 mM 
KCl, 0,1% Triton X-100, 6 mM of MgCl2 and 50 μM of each deoxynucleoside triphosphate 
at 37oC for 60 minutes in a total volume of 40 μl.

Quantitative Real time PCR
HCoV-NL63 viral RNA yield was determined with real-time PCR as previous 
described [28]. The quantification for ACE2 and ß-actin mRNA expression 
was determined using the following primers and probe for Macaca Mulatta 
ACE2 mRNA detection sense, 5’- CATGGGAGCAAGTATTGGACCTT -3’; 
antisense, 5’- GAACTAGTGCATGCCATTCTCA -3’; and probe, 5’-FAM- 
CTTGCAGCTGTACCAGTTCCCAGGCA -TAMRA-3’. The ß-actin mRNA levels were 
measured with the commercial available ß-actin detection kit (Taqman ß-actin Detection 
reagents, Applied Biosystems). All measurements were done with the ABI PRISM 7000 
Sequence Detection System (Applied Biosystems). Following the UDG treatment for 2 
minutes at 50oC and 10 minutes denaturing step at 95oC, 45 cycles of amplification were 
performed for 15 seconds at 95oC and 60 seconds at 60oC. The percentage of ACE2 mRNA 
expression at each time point was calculated using the ΔΔCt method [29].

Western blot
The whole cell lysate was sheared with a syringe and needle, boiled for 5 minutes, 
quenched on ice and layered (10 µl per lane) on 10 or 15 % polyacrylamide gel for the 
ACE2 protein detection and β-actin detection. Serial dilutions of recombinant human 
ACE-2 ectodomain protein (R&D systems) were used for quantification. To control 
the protein size, the dual color Precision Plus Protein size marker (Bio-Rad) was used. 
Gel electrophoresis was done at 30 mA. Proteins were transferred onto Immobilon-P 
membrane (Millipore), by semi-dry blotting (Bio-Rad) for 1 hour, 15 Volt in the buffer 
containing 48 mM Tris, 39 mM glycine, 1.3 mM SDS and 20 % methanol. Non-specific 
binding sites were blocked with 5 % skimmed milk (Fluka) in PBS, supplemented with 
Tween20 (0.1%) (PBST), overnight at 4 °C. Detection of ACE2 protein was performed 
using goat derived anti-human ACE2 ectodomain antibody (0,2 µg/ml, R&D systems) 
as primary antibodies and rabbit derived, horseradish peroxidase labeled, anti-goat IgG 
(1:5000, Sigma) as secondary. All antibodies were diluted in 1% skimmed milk in PBS-
tween (0.1%). Signal was developed using the Western Lightning kit (Perkin Elmer). The 
signal was visualized by exposure of the membrane to an X-ray film (Kodak). For β-actin 
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detection, membranes were stripped with 0.2 M NaOH solution for 30 minutes and 
processed as described above with monoclonal anti β-actin antibodies (0.4 µg/ml, Sigma) 
as primary antibodies and goat derived, horseradish peroxidase labeled, anti-mouse IgG 
(0,4 µg/ml, Sigma) as secondary antibodies. 
 For dual detection, proteins were transferred onto Immobilon-Fl (Millipore), using 
the procedure described above. Non-specific binding sites were blocked with 5% Normal 
Donkey Serum (NDS, Millipore) in PBS overnight at 4oC. Subsequently, primary 
antibodies were applied for 2 hours at RT in PBST with 1% NDS. Donkey derived, IRDye 
800CW, anti-goat IgG (H+L) (0,2 µg/ml, Rockland) and Donkey derived, Dylight 649 
labeled, anti-mouse IgG (H+L) (0,3 µg/ml, Jackson immunoresearch) were applied as 
secondary antibodies for 1 hour at RT in PBST with 1% NDS. HCoV-NL63 N protein 
was detected with the mouse monoclonal anti-N protein antibody 2D4 (1 µg/ml) [30], in 
combination with Donkey derived, Dylight 649 labeled, anti-mouse IgG (H+L) (0,3 µg/
ml, Jackson immunoresearch). Membranes were scanned using the Odyssey™ Infrared 
Imaging system (Li-Cor), acquired images were analyzed with the Odyssey application 
software package version 3.0 (Li-Cor). The ACE2 protein signal were normalized against 
the corresponding β-actin signal of each lane. Quantified ACE2 concentrations from 
different blots were corrected for between-session variation [31].

ACE2 activity
ACE2 activity was measured in supernatant by monitoring the hydrolysis of the 
fluorogenic peptide substrate Mca-Y-V-A-D-P-K(Dnp)-OH (R&D systems) over 2 hours 
in black 96-well plate (Greiner Bio-one) placed in fluorescence plate reader (Synergy™ 
2, Biotek) at 320 nm excitation and 405 nm emission. Supernatant samples were diluted 
in assay buffer, composed of 50 mM MES buffer (pH 6.5), 300 mM NaCl, 10 µM ZnCl2 
and supplemented with complete EDTA-free protease inhibitor cocktail (Roche) and 
10 µM Captopril (Sigma). As interleukin-converting enzyme (ICE) also converts this 
substrate, ACE2 activity was distinguished by inhibition due the presence of 20 µM DX-
600 (AnaSpec). Recombinant human ACE-2 ectodomain protein (R&D systems) diluted 
in LLC-MK2 culture medium was used as positive control.

Confocal microscopy
LLC-MK2 cells were seeded on coverslips in 12-well plates at a density of 1.5 × 105 cells 
/ well and inoculated as described above. Five dpi supernatant was discarded and cells 
were rinsed twice with PBS prior to fixation with 3.7% PFA in PBS for 30 minutes at room 
temperature (RT), followed by three washes with PBS. Non-specific binding site were 
blocked for half a hour with confocal staining buffer (2 % IgG-free BSA (Sigma) in PBS 
with 0.1% saponin and 50 mM ammonium chloride). Serum from HCoV-NL63 N-protein 
immunized rabbits (1:400, Eurogentec) and goat polyclonal anti-human ACE2 ectodomain 
(2 µg/ml, R&D systems) were used as primary antibodies for 2 hours at RT in confocal 
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staining buffer. Donkey derived, Dylight 649 labeled, anti-rabbit IgG (H+L) and donkey 
derived, Dylight 594 labeled, anti-goat IgG (H+L) (7,5 µg/ml, Jackson immunoresearch) 
were applied as secondary antibodies for 1 hour at RT in incubation buffer, followed by 
nuclear DNA staining with Hoechst 33528 (5 µg/ml, Sigma). Immunostained cultures 
were mounted on a glass slide with Vectashield® mounting medium (Vector laboratories) 
under a coverslip sealed with nail polish. Fluorescent images were acquired on a Leica 
TCS SP2 AOBS spectral confocal microscope with a 63x HCX PL APO 1.32 oil objective. 
Image analysis was performed with the Leica Application Suite, Advanced Fluorescence 
Lite (2.3.4 build 5379) software package (Leica).

HAE cultures
Pseudo-stratified Human Airway Epithelial (HAE) cells were established from normal 
primary human bronchial epithelial cells (HBEpC) as previous described [27]. HCoV-
NL63 virus stock was diluted and centrifuged for 4 minutes at room temperature with 
1.500 x rcf. Two hundred µl of diluted sample was directly inoculated upon the apical 
surface of HAE cultures and incubated for 2 hours at 34oC in a 5% CO2-incubator. After 
incubation, the inoculum was collected and stored in an equal volume of home-made virus 
transport medium (VTM). The apical side was rinsed three times with 500 µl of HBSS and 
subsequently inoculated cultures were maintained at 34oC in a 5% CO2-incubator. Samples 
were collected 2 and 4 days post-inoculation (dpi) from the apical side by adding 200 µl 
of HBSS to the apical surface, incubated for 10 minutes at 34oC in a 5% CO2-incubator, 
followed by the removal and storage of the apical harvest in equal volume of VTM. After 
infection, HAE cells were harvested by scraping in 500 µl MES (pH=6.5) lysis buffer, 
supplemented with 2x complete EDTA-free proteases inhibitor cocktail (Roche) and 1% 
triton X-100 (Sigma). Whole cell lysate samples were sheared with a syringe and needle, 
250 µl of the sheared suspension was loaded on a 30 kDa protein cut-off spin column 
(Millipore) and processed according the manufacturers protocol. Collected concentrates 
were eluted in 100 µl of protein lysis buffer, boiled for 5 minutes, quenched on ice and 
analyzed by western blot, as described above. 

Statistical analysis
Calculations were performed using the Prism software version 5 (Graphpad). Comparison 
of the cellular ACE2 protein concentration during HCoV-NL63 infection, at 34 and 37oC, 
was done with two-way ANOVA, using the Bonferroni multiple comparison test with a 
threshold for significance of P-value < 0.05.
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Results

ACE2 down regulation
In a previous study by Glowacka et al, levels of ACE2 protein expression in context of 
HCoV-NL63 replication were monitored on the African green monkey kidney derived 
cell line Vero-E6 at 37oC [23]. The reference strain of HCoV-NL63 (Amsterdam-01) was 
isolated on LLC-MK2 cells, and best replication of this strain is observed in either this cell 
line or in Vero-B4 [32]. In order to keep HCoV-NL63 replication as efficient as possible 
we chose the most optimal culture condition for HCoV-NL63, so LLC-MK2 cells at 34oC 
[12].
 To monitor ACE2 protein expression levels we inoculated LLC-MK2 cells with HCoV-
NL63 at a multiplicity of infection (MOI) of 0.007 or used an equal volume of mock-
supernatant as control. Cells were harvested 0, 1, 2, 3, 4, 5, 6 and 7 day post-inoculation 
(dpi) and total cell lysates were used to determined the cellular ACE2 protein expression 
at each time point by western blot. The rhesus macaque ACE2 protein is 85 kDa in size 
having an overall 95% amino acid identity with the human homologue, and appears as a 
120 kDa protein band on western blot due to glycosylation. This shows that the anti-human 
ACE2 ectodomain antibody recognizes the Rhesus Macaque ACE2 protein. Analysis of 
the cellular ACE2 protein levels of HCoV-NL63 infected LLC-MK2 cells shows a clear 
signal reduction beyond 3 dpi (Figure 1A), which was not observed in the mock control. 
We quantified the HCoV-NL63 viral yield over time and observed that the ACE2 signal 
decrease coincides with the exponential increase of HCoV-NL63 production that starts 
from 3 dpi and reaches plateau levels at 5 dpi (Figure 1C). In accordance, the first signs of 
CPE development were observed at 3 dpi. 
 We used confocal microscopy to examine ACE2 expression on HCoV-NL63 infected 
cells. After 5 days the vast majority of cells stained positive for the NL63-N protein 
indicating that they are infected by HCoV-NL63 (Figure 1D). No ACE2 protein was 
detected on the surface of the infected cells, whereas ACE2 protein was clearly visible in 
the mock infected culture (Figure 1D). 
 In addition to the cellular ACE2 protein levels, the levels of ACE2 mRNA transcripts 
were measured. The ACE2 mRNA levels within total cellular RNA pools from HCoV-
NL63 and control cultures were related to β-actin mRNA levels. All samples were exposed 
to DNAse prior to cDNA synthesis, to prevent amplification of chromosomal DNA. A 
steep decrease in the percentage of ACE2 mRNA transcripts was observed at day 4 of the 
HCoV-NL63 culture, but not in the control (Figure 1E). Thus, the mRNA of ACE2 decline 
occurs one day later than the decline of ACE2 protein levels.
 The observed decrease of cellular ACE2 one day before the decline in mRNA level 
might represent shedding of ACE2 from the cell surface. Therefore we investigated the 
level of soluble ACE2 in culture supernatant. An ACE2 enzyme activity assay was used, 
in which substrate degradation by soluble ACE2 ectodomain is measured. No ACE2 
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shedding could be detected by the assay within culture supernatant from HCoV-NL63 
infected culture, nor control culture. However, also chemical stimulated ACE2 shedding 
with 10, 100 nM or 1 µM of PMA, a known inducer for ACE2 shedding, did not yield 
in detectable ACE2 enzyme activity in the culture supernatant. Using serial dilutions of 
recombinant human protein revealed that enzyme activity could have been detected till a 
concentration of 0,24 µg human ACE2 / ml. In the used experimental setting the average 
number of cells was 2 to 3 x 106 cells per LLC-MK2 culture, from which approximately 
100.000 cells are layered for western blot. This showed that LLC-MK2 cultures 0 or 5 
dpi can potentially shed in theory 0.25 or 0.75 µg ACE2 per ml of culture supernatant, 
respectively, in case 100% of cellular ACE2 is shed. However, the current ACE2 enzyme 
activity assay could not detect ACE2 shedding. Western blot of whole cell lysate revealed 
that even with PMA not all ACE2 is shed from the cell surface (data not shown). Therefore, 
the detection of HCoV-NL63 induced shedding of soluble ACE2 is below the detection 
limit of the assay. Also western blot to detect ACE2 in concentrated culture supernatant 
could not be used due to interference by the high concentration of proteins from fetal calf 
serum. Therefore it remains unknown whether the early decrease in cellular ACE2 levels 
is caused by shedding.

HCoV-NL63 replication on human cells
We investigated whether cellular ACE2 decrease is also visible on various cell lines of 
human origin. The liver (Huh-7) and lung (Calu-3) derived cell lines that are known to 
express ACE2 and to be permissive for SARS-CoV were tested. Cultures were inoculated 
with a MOI of 0.007 under conditions as described above. However, for both cell lines we 
observed that viral HCoV-NL63 yield increased with only 1-log at 8 dpi, so low levels of 
replication (Figure 2A). A slight decrease in cellular ACE2 protein expression was visible 
in Huh-7 cells, but this was not reproducable (Figure 2B). Next to the two human cell 
lines we used a culture system that mimics the native human airway epithelium, pseudo-
stratified human airway epithelial (HAE) cell cultures. The morphology and functionality 
of these cultures resembles the human airways and has previous shown to support HCoV-
NL63 propagation [33,34]. Thus, HCoV-NL63 replication and ACE2 expression on HAE 
cells acquired from bronchial tissue of two different donors were monitored. Apical release 
of HCoV-NL63 was detected 48 hpi in cells from both donors which increased until 96 
hpi (Figure 2C). 
 However, like the human cell lines we observed that viral HCoV-NL63 yield did not 
reach titers higher than 1 x 107 copies/ml whereas HCoV-NL63 reaches 1 x 108 copies/ml 
in LLC-MK2 cells. Additional passage of HCoV-NL63 on one donor did not increase viral 
replication (data not shown). Moreover, no sign of CPE at 96 hpi was observed. Still, the 
HCoV-NL63 yield exceeds the input concentration. A small decrease  in the level of ACE2 
expression could be observed for donor 0212, the HAE culture with the higher HCoV-
NL63 replication (Figure 2C and 2D). However, it remains unknown whether the small 
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difference in ACE2 is biological variance or not, since this could not be repeated due to the 
limited amount of cells obtained from this donor. Nonetheless, this indicates that ACE2 
down regulation is dependent on the potential to efficiently propagate HCoV-NL63.
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(A) HCoV-NL63 viral yield monitored over 8 days in Huh-7 and Calu-3 cell culture supernatant. (B) The percentage of ACE2 

expression of HCoV-NL63 infected Huh-7 and Calu-3 cell cultures in relative comparison with their respective Mock. (C) 

HCoV-NL63 viral yield monitored in harvest of the apical surface at 0, 48 and 96 hours post-inoculation. (D) The percentage of 
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from a representative experiment are shown. 
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HCoV-NL63 replication efficiency
To test whether ACE2 down regulation is replication efficiency dependent HCoV-NL63 
was propagated on LLC-MK2 cells under optimal and suboptimal conditions, 34oC and 
37oC respectively. Cells and supernatant were harvested 0, 1, 2, 3, 4 and 5 dpi to monitor 
cellular ACE2 protein levels and HCoV-NL63 viral yield. At 34oC and 37oC a cytopathic 
effect was visible at day 4, yet the effect was notably weaker at 37oC. The total HCoV-
NL63 viral yield at 37oC increased with only 1-log over time, whereas a 2-log increase 
was detected at 34oC (Figure 3A). In accordance, the amount of NL63-N protein within 
whole cell lysate was lower under suboptimal conditions compared to optimal conditions 
(data not shown). Therefore the lower viral yield detected in the supernatant was not 
due to reduced budding that may lead to accumulation of virions within the cells. It was 
evaluated whether the difference in replication could be due to variation of the initial level 
of cellular ACE2 protein expression at these temperatures. No difference in initial ACE2 
expression at both temperatures was noted. Significant decrease of cellular ACE2 protein 
was detected 4 dpi (p = < 0.01) in HCoV-NL63 infected cultures incubated at 34oC (Figure 
3B), whereas no significant difference between cellular ACE2 protein levels was detected 
in cultures incubated at 37oC (Figure 3C). These results suggest that down modulation of 
cellular ACE2 protein depends on the replication efficiency of HCoV-NL63.
 To determine if the effect on ACE2 expression is HCoV-NL63 specific or an unspecific 
result of the CPE the virus is inducing, we used a control virus that replicates in LLC-MK2 
cells with comparable efficiency as HCoV-NL63: human metapneumovirus (hMPV). The 
same MOI of hMPV was used as described for HCoV-NL63. The level of viral yield and 
cellular ACE2 expression was monitored for 5 days at 34oC. The exponential increase of 
2-log in hMPV viral yield is comparable to that of HCoV-NL63 (Figure 3A and 3D), as well 
as the development of CPE characterized by focal rounding without syncytia formation. 
However, the effect of infection on the ACE2 levels was different from the HCoV-NL63 
effect. Until day 4, ACE2 levels are equal to the mock infection, so also during exponential 
rise in virus titers. Only at day 5 an intermediate decrease in ACE2 expression is observed 
compared to day 4, that is likely caused by the CPE development in combination with 
amino acid starvation (Figure 3E). Unlike HCoV-NL63, hMPV cultures are maintained 
in serum free medium supplemented with 0.025% trypsin. Surprisingly, the presence of 
trypsin did not affect the cellular ACE2 protein level. 
 A final control to determine whether ACE2 decrease is HCoV-NL63 replication specific 
was provided by monitoring the levels of ACE during infection. ACE is the homologue of 
ACE2 that has an opposite biological role. The levels of ACE protein were determined by 
western blot within whole cell lysates of HCoV-NL63 infected cultures. The concentration 
of ACE protein at 37oC was higher compared to the concentration at 34oC, however, both 
remained unaffected during HCoV-NL63 infection (Figure 3F).
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Figure 3. Influence of HCoV-NL63 replication on ACE2 protein expression

(A) The HCoV-NL63 viral yield monitored at 34 and 37oC. (B) The ACE2 concentration at 34oC in Mock and HCoV-NL63 

infected cultures (** = p < 0.01, **** = p < 0.0001). (C) The ACE2 concentration at 37oC in Mock and HCoV-NL63 infected 

cultures. (D) The hMPV viral yield monitored at 34oC. (E) The percentage of ACE2 expression in mock and hMPV infected 

cultures (F) The ACE concentration at 34oC and 37oC in Mock and HCoV-NL63 infected cultures. The results are shown as the 

mean of two independent experiments with SEM, except for panel D and E were the results from a representative experiment 

are shown.
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Discussion
HCoV-NL63 infection specifically affects expression of its receptor ACE2. This 
phenomenon, decreased expression of a viral receptor during infection, has also been 
described for Epstein-Barr virus (EBV), Hepatitis B, Influenza C, Measles and Human 
Immunodeficiency Virus 1 (HIV-1) [35–39]. By reducing or degrading the cellular 
protein levels of the host cell after viral entry [35–39], the host cell becomes resistant 
to subsequent infection and it allows efficient release of progeny viral particles, which 
is of obvious benefit to the virus [40–42]. The knowledge about the entry mechanism 
of HCoV-NL63 is still limited. We hypothesis that an increased number of HCoV-NL63 
entry events into new susceptible cells during the exponential phase first leads to decrease 
in ACE2 protein levels, most likely due to cellular degradation. This alteration in the 
cellular ACE2 protein level may affect production or reduce the stability of ACE2 mRNA 
and result in the decline of mRNA levels. This has also been suggested for HIV-1 [43]. 
Decreased levels of HIV-1 cellular receptor protein are followed by subsequent decrease 
in receptor mRNA levels [43]. Future studies focusing on HCoV-NL63 cell entry should 
clarify whether a similar mechanism is employed.
 No decrease in ACE2 levels during HCoV-NL63 infection were observed for the human 
cell line Huh-7, Calu-3 and HAE cultures. All three human culture systems express ACE2 
and support efficient SARS-CoV replication but poor HCoV-NL63 replication, suggesting 
that additional factors, besides temperature, play an important role in the efficiency of 
HCoV-NL63 replication [44,45]. Such other factors might be a co-receptor or the need for 
a specific protease to cleave the NL63-Spike protein. It could be that HCoV-NL63 requires 
a transmembrane protease for efficient replication that is not or hardly expressed in the 
current human culture systems. The Huh-7 and Calu-3 cell lines express different cellular 
proteases compared to primary normal human bronchial epithelial cells [46]. Expression 
of cellular proteases can be different in host cells obtained from different regions of the 
lung. It would be of interest to study HCoV-NL63 replication in tracheal epithelial cells. 
HCoV-NL63 infections are primarily found in upper regions of the airway, and HCoV-
NL63 is the only HCoV associated with the childhood disease croup [6,13,47]. Therefore, 
epithelial cells from the proximal region to the vocal cords might promote more efficient 
HCoV-NL63 replication, due to alternate expression of host transmembrane proteases or 
the presence of a co-receptor which may enhance infection. 
 There is also the possibility that downregulation of ACE2 is temperature dependent. 
We measured the effect at 34oC and 37oC, and assumed that at low efficiency of replication 
the HCoV-NL63 effect is too weak to give lowered ACE2 expression. On the other hand a 
temperature effect can also not be ruled out. In theory an interaction by one of the HCoV-
NL63 proteins with ACE2 protein/mRNA could be temperature dependent. In this case 
it could give an explanation why HCoV-NL63 is less pathogenic than SARS-CoV. HCoV-
NL63 infection would only give lowered ACE2 levels in the upper airway where the 
temperature is below 37oC. Altered ACE2 levels in the upper airway are probably not very 
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detrimental, and it is likely that it will only give common cold symptoms. The SARS-CoV 
effect on ACE2 expression is not hampered by 37oC, so it will cause also a downregulation 
of ACE2 in the lower airway with severe lower respiratory tract disease as a result. More 
research is definitely needed to shed light on this matter.
 Our data are in contrast with the data from Glowacka and colleagues [23]. In that 
study no decrease in cellular ACE2 protein was observed after 6 days in HCoV-NL63 
infected Vero-E6 cultures. An almost 2-log increase of HCoV-NL63 viral yield at day 6 was 
observed, a degree of HCoV-NL63 replication that is sufficient enough to reduce cellular 
ACE2 levels in case the infection was started with an MOI that is comparable to the MOI 
in our experiments. The down regulation of cellular ACE2 is related to the fold increase in 
viral yield of HCoV-NL63 but of course also to the MOI that is used. In our experiment 
we used MOI of 0.007 for HCoV-NL63, whereas Glowacka and colleagues used a MOI 
of 0.0001. Therefore a 2-log increase of HCoV-NL63 at 6 dpi will approximate result in 1 
to 10% of the cells being infected by HCoV-NL63, whereas a similar fold increase with a 
MOI of 0.007 will lead to the outcome that vast majority of cells will be infected by HCoV-
NL63. Only then a decrease in cellular ACE2 expression during HCoV-NL63 infection 
can be observed.
 In summary, we investigated whether cellular ACE2 down regulation is induced by 
HCoV-NL63. The levels of protein and mRNA ACE2 expression levels were monitored 
during HCoV-NL63 infection on the LLC-MK2 cell line were determined. A robust 
decline in both ACE2 protein and mRNA expression levels were observed 3 and 4 days 
post-infection, respectively. The lower levels of cellular ACE2 were shown to be HCoV-
NL63-specifc, since the levels of cellular ACE, the ACE2-homologue, remained unaffected. 
The decrease in cellular ACE2 levels is dependent on HCoV-NL63 replication efficiency.
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The first part of this thesis addresses unknown epidemiological and molecular 
characteristics of the in 2004 identified HCoV-NL63 in comparison to its closest relative 
HCoV-229E identified in 1966. The second part is focused on determining the feasibility 
of an alternative – human airway epithelium (HAE) – cell culture system for isolating 
novel respiratory viruses as well as characterizing virus-host interactions, such as the cell 
tropism of all four HCoVs. The final part is focused on the interaction of HCoV-NL63 
with its cellular receptor during infection. 

Serology as indicator
Since the identification of HCoV-NL63 in 2004, a large number of studies reported on 
HCoV-NL63 prevalence. Using molecular diagnostic tools, these reports showed that 
HCoV-NL63 is worldwide distributed and can be detected in 0.8 – 9.3% of children, 
elderly and immunocompromised patients that need to be hospitalized due to mild or 
acute respiratory infection [1–11]. HCoV-NL63 infections exhibit a seasonal periodicity 
with peaks coinciding with the winter months in the northern or southern hemisphere 
[12]. 
 One of the major drawbacks of molecular diagnostics is that it only provides information 
if specimens are taken during the acute viral infection, before clearance of the virus by the 
host, thereby limiting the epidemiologic knowledge on HCoV-NL63 occurrence in the 
community. As result the following questions remained largely unknown.

1.  Do all humans encounter an HCoV-NL63 infection?
2.  At which age do they encounter the first HCoV-NL63 infection?
3.  Do all HCoV-NL63 infections require hospitalization?

Serological methods can define in retrospect whether a person has been infected by 
HCoVs [13–15], based on the presence or absence of elevated antibody levels directed 
towards structural immunogenic HCoV proteins [16]. Seroprevalence studies on HCoV-
229E indicated that all human encounter an infection and most likely during childhood, 
since seroprevalence was found to increased by age [13,17]. This serological work has 
shown that the Nucleocapsid (N) and Spike (S) proteins are two of the most immunogenic 
HCoV proteins [18–20]. By employing this knowledge it was revealed that HCoV-NL63 
infections are very common during childhood, even more common than HCoV-229E 
infections (chapter 2 and 4). The majority of seroconversion to both HCoVs occurs before 
children reach the age of 3.5 years (chapter 2). Shao et al described comparable results 
among American children [21], revealing that all persons encounter their first HCoV-
NL63 infection during childhood, which is comparable to the situation described for 
other respiratory viruses like human metapneumovirus (hMPV), respiratory syncytial 
virus (RSV) and human bocavirus (HBoV) [22,23]. 
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 At birth children carry maternal antibodies directed against HCoV-NL63, which is 
not different from HCoV-229E, HCoV-OC43 and HCoV-HKU1 (Chapter 2 and 4). These 
maternal antibodies might be protective since newborns are rarely hospitalized due to 
HCoV infections, in comparison with for instance infections with human respiratory 
syncytial virus (HRSV) [24]. This is also reflected by the increase in percentage of 
neutralizing antibodies among children older than 4 years [17,25–27], whereas the 
percentages of neutralizing antibodies directed to HRSV can readily be detected before 
the age of 12 months [23,28].
 Despite the commonality of HCoV-NL63, HCoV-229E, HCoV-OC43 and HCoV-
HKU1 during childhood, all four viruses differ in the frequency of infections (chapter 
4). However, there are no indications that infection by one of the HCoVs leads to more 
hospitalizations or more serious disease (chapter 4). This is perhaps surprising, since not 
all HCoVs exhibit the same cell tropism (chapter 9), and even seem to employ different 
receptors [26,29–34]. Moreover, HCoV-NL63 decreases the level of ACE2 expression 
(chapter 10), which has been linked to the severity of disease caused by SARS-CoV [35]. 
Not only the large in vitro divergence in phenotype, also the large difference in genome 
organization is notable, e.g. the presence or absence of certain group specific accessory 
genes (Chapter 6 and 7) and the heamagglutinin-esterase (HE) gene that is present in 
HCoV-OC43 and HCoV-HKU1, but not HCoV-229E and HCoV-NL63 [36–38]. These 
phenotypic and genotypic differences are probably related to the difference in infection 
frequency (HCoV-OC43 > HCoVNL63 > HCoV-HKU1 > HCoV-229E), but they 
apparently have no strong impact on the pathogenicity (chapter 4). It seems that all four 
HCoVs have found an optimal virus-host interaction. It is generally accepted that HCoV 
infections in healthy adults are generally mild, so bed rest or isolation in hospital are 
usually not needed, allowing contact with sufficient susceptible persons. At the same time 
sneezing and coughing will facilitate the physical spread of the virus to other individuals. 
This spread is most efficient during winter seasons due to the relatively high humidity of 
the air [39]. These factors allow HCoVs to efficiently remain circulating among the human 
population. In addition, the fact that humans do not keep long lasting immunity after 
an infection enables the HCoVs to infect an individual multiple times during a lifetime 
and will keep the susceptible population large enough for continuous viral propagation 
[16,27]. 

Origin of species
The knowledge on the genetic variability of HCoV-229E contemporary strains has been 
limited. This can be explained by the unavailability of molecular biology techniques at the 
time of discovery (mid 1960s), the fastidious propagation nature, as well as the philosophy 
– before the SARS-CoV 2002/2003 outbreak – that CoV infections do not seriously affect 
human health. Therefore the historical head start of HCoV-229E, initially an advantage, 
subsequently became a handicap. In contrast, a lot of knowledge on HCoV-NL63 has been 
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gained during only a few years, facilitated by molecular research and an altered view on 
the impact of HCoV infections on human health. 
 The accumulating number of HCoV-NL63 sequences from several locations provided 
evidence for genetic diversity and the presence of two main genetic clusters [5–7]. In chapter 
6, the two types are described, together with evidence for recombination between the two 
types. Recombination has also been reported for one of the contemporary HCoV-HKU1 
types (type C) and for several animal CoVs [40–42]. Whether different types of HCoV-
229E strains exist and recombination occurs is unfortunately unknown, since still only one 
full length sequence of the lab adapted strain VR-740 is available thus far [43]. Full length 
sequences of clinical isolates are desperately needed, e.g. of the new HCoV-229E clinical 
isolates that has been isolated on human airway epithelial cultures (chapter 9). The limitation 
of having just a single complete genome sequence of a lab adapted strain is illustrated by the 
analysis of the ORF4 region of HCoV-229E (chapter 7). The gene order of contemporary 
HCoV-229E strains is substantially different from the proposed gene order which was based 
on sequencing of the lab adapted strain [43]. Instead of highly variable and redundant, 
the ORF4 protein gene is conserved and probably vital to in vivo HCoV-229E infection.
 Questions remain on the evolution of HCoV-229E and HCoV-NL63. The currently 
available sequence information allows a calculation of the evolution rate. With this 
evolutionary rate the time to the most common recent ancestor of HCoV-NL63 and 
HCoV-229E was calculated (Chapter 8). As much as 1000 years ago the viruses evolved 
from a common ancestor (Chapter 8). Since both alpha-group HCoVs employ a difference 
receptor [44,45] and do not share the same cell tropism (Chapter 9), divergent evolution 
is more likely. This has even become more apparent by the identification of a close relative 
of HCoV-229E in bats [46]. Pfefferle et al calculated that the split from the most recent 
common ancestor of HCoV-229E and the closely related Bat-CoV occurred between 
the years 1686 – 1800 [46]. Therefore HCoV-NL63 might have been introduced into the 
human population before HCoV-229E. There are no reports on co-circulation of different 
types of HCoV-229E and genetic drift shapes HCoV-229E evolution [47], indicating a 
relative short evolutionary history for HCoV-229E in the human population.
 The rapid expansion in the number of novel identified CoV species in various members 
of mammals and birds indicate that it is not unlikely that additional CoVs will be identified 
in the years to come [37,46,48–74]. Notably, more than 50 newly identified CoV have been 
detected in various bat species alone, including close relatives to SARS-CoV and HCoV-
229E [46,75–78]. Thus, it is conceivable that bats are the reservoir of all known HCoVs [46], 
and that coronavirus cross-species transmission and adaptation to the human population 
is not a rare event. Still, no close relative of HCoV-NL63 has been identified in bats; 
therefore the HCoV reservoir may not be restricted to bats. Rhesus macaques might be a 
source since some animals carry antibodies to HCoV-NL63, or a very close relative of this 
virus (chapter 3). This illustrates that we just started to understand the biological and host 
diversity of the coronaviridae family and only observed a glimpse of their evolutionary origin.
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Volunteers wanted
The lack of animal model systems or human volunteers is a serious bottleneck to address 
some essential research questions: 1) Is the disease progression in healthy adults during 
HCoV-NL63 and HCoV-229E infection indeed similar for both viruses, 2) Why is 
laryngotracheobronchitis (croup) in children associated with HCoV-NL63 infections 
and not with any of the other HCoVs? 3) What is the site of replication for HCoV-NL63 
and HCoV-229E? 4) Does an HCoV-NL63 infection facilitate a subsequent respiratory 
virus infection, or vice versa? Furthermore it would allow the fulfillment of the Koch’s 
postulates for HCoV-NL63. Perhaps rhesus macaque monkeys would be a suitable animal 
model system (chapter 3). Still it remains questionable whether animals will be a good 
model system for HCoVs. For SARS-CoV none of the current animal models displays 
the same severe acute respiratory syndrome pathology as observed in patients during the 
epidemic [79]. The current knowledge on HCoVs mild pathogenesis in healthy adults 
indicate that the use of animals are not the only or best option, as the past demonstrated 
that more detailed knowledge can be obtained using human volunteers [15,16,80–85].
 The conservation of the ORF4 accessory gene of HCoV-229E in clinical representative 
strains is providing evidence that the ORF4 protein is essential during in vivo infection by 
HCoV-229E (chapter 7). The 229E-ORF4 gene is dispensable during in vitro replication 
and prone for nucleotide deletions or truncation during lab-adaptation (chapter 7). The 
homologue NL63-ORF3 also alters during in vitro culturing [55], yet in our hands this was 
not observed (chapter 7). Like HCoV-229E, the ORF3 gene is highly conserved among 
clinical representative HCoV-NL63 strains. Müller et al demonstrated that the ORF3 
accessory protein of HCoV-NL63 is a virion-incorporated protein [36]. Given the sequence 
homology and similar membrane topology the ORF4 and ORF3 proteins likely exhibit a 
similar function [86]. They probably represent pathogenicity factors, like the counterpart 
ORF3 from PEDV [87]. Furthermore, the incorporation of the ORF3 protein in progeny 
virions suggests that the protein serves an important role during viral entry. Donaldson 
et al showed that deletion of the accessory gene ORF3 resulted in lower HCoV-NL63 
replication efficiency in differentiated human airway epithelial (HAE) cell cultures [88], 
possibly due to reduced packaging efficiency and viral spread [36,88]. This mechanism 
might therefore also clarify why previous attempts with the laboratory-adapted HCoV-
229E reference strain in transgenic human aminopeptidase N (CD13) mice did not yield 
a productive infection [89,90]. The availability of a reverse genetic system for both HCoVs 
will allow detailed analysis of the function of the accessory proteins in the context of in 
vitro replication [43,88].
 In chapter 9, it is shown that during HCoV-229E infection viral RNA can be detected 
at the basolateral side, without disruption of the trans-epithelial integrity [91]. None of 
the other HCoVs showed basolateral shedding. This may indicate that during an acute 
infection HCoV-229E might enter the bloodstream to infect cells of the granulocytic and 
monocytic lineage and neuronal cells [92–95]. HCoV-229E has been mentioned as one 
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of the pathogens involved in multiple sclerosis [96–99]. In theory neuronal cells could 
become infected if HCoV-229E can pass the blood brain barrier. Thus the role of HCoV-
229E in brain disease remains an interesting possibility.
 Like SARS-CoV, HCoV-NL63 employs angiotensin converting enzyme 2 (ACE2) 
as receptor for cellular entry and the virus can decrease the cellular ACE2 expression 
(chapter 10). It remains to be established whether a decrease of ACE2 expression during 
in vivo HCoV-NL63 infection is clinically relevant, or whether the effect is only observed 
in vitro. Interestingly, down regulation of ACE2 in the context of SARS-CoV infection has 
not been demonstrated in vivo, despite the availability of several animal model systems 
[79]. Only a protective effect of soluble ACE2, in acid-injured mice lungs, is providing 
indirect evidence for shortage of ACE2 in the animal model [35]. As mentioned earlier 
the majority of SARS-CoV animal model systems do not show the same pathology as in 
humans (reviewed in [79]). 
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Future perspective
Despite the general mild nature of the illness caused by HCoVs, they have a large burden 
on society especially in terms of economy: e.g. consultations at health-care institutions, 
absences from work, school or day care [100]. Therefore, effective viral treatment against 
the common cold could prohibit these reduced economical benefits. Additionally, effective 
treatment can modulate the severe respiratory disease among young children or elderly 
and immunocompromised patients. However, there are yet no effective antiviral treatment 
options available against each of the four circulating HCoVs. Therefore the development 
of efficacious therapeutic treatment options that can reduce disease burden in young 
children, elderly, and immunocompromised, and to alleviate the mild illness among the 
general population, will generate important socio-economic benefits.
 The phenotypic and genotypic difference among the four circulating HCoVs makes 
it desirable to develop broad spectrum antivirals. In addition, the administration route 
should preferably be non-invasive. Currently only pooled intravenous immunoglobulins 
from healthy adult donors (IVIG) would be a potential universal antiviral, since antibodies 
towards all four HCoV are present in these pools (chapter 4 and 9). Unfortunately, IVIG 
can only be applied through the intravenous route by a physician, and therefore would 
only be suitable for hospitalized patients. Other novel means to inhibit viral replication 
include RNA interference [101,102], and broad spectrum protease inhibitors [102,103]. 
These could be delivered to the site of replication by inhaling aerosols carrying these 
antiviral drugs. Testing of their efficacy against all four HCoVs could be performed in the 
human airway epithelial (HAE) cell culture system (chapter 9). 
 The HAE cell culture system could also be used to extend our knowledge on fundamental 
HCoV-host interactions. The identification of common HCoV-host interactions may 
pave the way for the development of novel intervention strategies. Till then the ultimate 
prevention of HCoV-induced disease seems to remain a distant aim.
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Human Coronaviruses (HCoVs) are responsible for respiratory tract infections ranging 
from common colds to severe acute respiratory syndrome. HCoV-NL63 and HCoV-229E 
are two of the four HCoVs that circulate worldwide and belong to the same group (the 
alpha coronaviruses). HCoV infections can lead to hospitalization of children, elderly 
and immunocompromised patients. Globally, approximately 5% of all upper and lower 
respiratory tract infections in hospitalized children are caused by HCoV-229E and HCoV-
NL63. The clinical manifestations of HCoV-229E in infected persons are headache, nasal 
discharge, chills, cough and sore throat, whereas the symptoms observed in HCoV-NL63 
infected patients are more severe, including fever, cough, sore throat, bronchiolitis and 
pneumonia. Moreover, HCoV-NL63 has recently been associated with the childhood 
disease croup. Reinfections with HCoV-229E and HCoV-NL63 occur throughout life. 
Knowledge on the underlying principles of HCoV pathogenesis remains elusive, and 
effective therapeutic treatment options are not available.
 In chapter 1, the current state of knowledge of the unique relationship between HCoV-
NL63 and HCoV-229E was reviewed. Highlighting the viral characteristic gaps that need 
to be investigated, to better understand the unique relationship of two HCoVs, and reveal 
their viral characteristic differences.
 In chapter 2, we investigated at which age children are confronted for the first time 
with an HCoV-NL63 infection and, thus, at which age they seroconvert for HCoV-NL63. 
We revealed that HCoV-NL63 and HCoV-229E seroconversion occurs on average before 
children reach the age of 3,5 years (chapter 2). So, all humans encounter their first HCoV-
NL63 and HCoV-229E infection during childhood. In a follow-up study we compared 
the infection frequency of HCoV-NL63 and HCoV-229E, together with HCoV-HKU1 
and HCoV-OC43, among healthy and hospitalized children (chapter 4). In became clear 
that HCoV-NL63 and HCoV-OC43 infections occur very frequently in early childhood, 
more often than HCoV-HKU1 or HCoV-229E infections (chapter 4). The most striking 
observation was that, despite this frequency difference, there were no indications that 
infection by a particular HCoV does lead to more hospitalizations.
 The pathogenicity of HCoVs can be determined in animal model systems. 
Unfortunately no suitable animal model system has been reported for most HCoVs among 
which HCoV-NL63. Because HCoV-NL63 is known to replicate in monkey kidney cells of 
rhesus macaques, it was investigated whether rhesus macaques can be naturally infected by 
HCoV-NL63 (chapter 3). We reported that rhesus macaques do acquire natural infections 
with HCoV-NL63 (chapter 3). Therefore rhesus macaques could be a potential suitable 
animal model system for analyzing the pathogenicity of HCoV-NL63. 
 HCoV-NL63 is associated with the childhood disease croup, whereas all evidence 
indicates that HCoV-229E is not. Differentiation between both viruses is relevant for 
epidemiology studies and clinical diagnostics. A double antibody sandwich enzyme-linked 
immunosorbent assay (DAS-ELISA) was developed, as a potential tool for identification 
and differentiation between HCoV-NL63 and HCoV-229E infections (chapter 5). The 
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convenience of the assay circumvents the need for special equipment that in some cases is 
not available, in particular in developing countries.
 Investigation of the HCoV-NL63 genome variability confirmed the circulation of two 
genetically distinct lineages that recombined, resulting in a mosaic genome composition 
in various HCoV-NL63 isolates (chapter 6). Analysis of the ORF4 gene region of HCoV-
229E among laboratory and clinical isolates revealed that frequent inactivating mutations 
in lab-adapted strains, yet in clinical isolates the ORF4 gene is highly conserved (chapter 
7). Furthermore, we show that the genomic gene order of HCoV-229E differs from what 
has been suggested in the past and ORF4 protein is probably essential during in vivo 
infection (chapter 7).
 Most human respiratory viruses replicate in the respiratory epithelium, but for 
some novel identified human respiratory viruses there are no in vitro cell culture system 
available. Employing the human airway epithelial cell culture system we were the 
first to show replication of a previous unculturable virus, human bocavirus, with full 
transcription profiling (chapter 8). Subsequently, it was demonstrated that HAE cultures 
can also be used as a universal HCoV cell culture system (chapter 9). The cell tropism of 
clinical representative HCoV-229E, HCoV-NL63, HCoV-HKU1 and HCoV-OC43 was 
determined, revealing that HCoV-229E employs a different cell tropism than HCoV-
NL63, HCoV-OC43 and HCoV-HKU1 in the human airway epithelium (chapter 9).
 Like SARS-CoV, HCoV-NL63 employs angiotensin converting enzyme 2 (ACE2) 
as receptor for cellular entry. SARS-CoV infection causes robust down regulation of 
cellular ACE2 expression levels and it has been suggested that this SARS-CoV effect on 
ACE2 relates to the severity of disease. We demonstrate that cellular ACE2 expression is 
also down regulation in a replication dependent manner during HCoV-NL63 infection 
(chapter 10). 
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Humaan coronavirussen veroorzaken luchtweg infecties, variërend van verkoudheid tot 
ernstige acute luchtweg infecties. Humaan coronavirus (HCoV) NL63 en 229E zijn twee 
van de vier humane coronavirussen die wereldwijd voorkomen en behoren tot dezelfde 
groep (de alpha-coronavirussen). HCoV infecties kunnen leiden tot ziekenhuisopname 
van kinderen, ouderen en immuungecompromitteerden patiënten. Wereldwijd worden 
ongeveer 5% van alle hoge en lage luchtweginfecties bij in het ziekenhuis opgenomen 
kinderen veroorzaakt door HCoV-229E en HCoV-NL63. De klinische verschijnselen 
van HCoV-229E in geïnfecteerde personen zijn hoofdpijn, loopneus, koude rillingen, 
hoesten en zere keel, terwijl de symptomen waargenomen bij HCoV-NL63 geïnfecteerde 
patiënten ernstiger lijken, koorts, hoesten, keelpijn, bronchiolitis en longontsteking. 
Bovendien is HCoV-NL63 onlangs in verband gebracht met de kinderziekte pseudokroep. 
Herbesmettingen met HCoV-229E en HCoV-NL63 komen gedurende het hele leven voor. 
Kennis over de onderliggende principes van HCoV pathogenese is marginaal, en er zijn 
geen effectieve therapeutische behandelingsmogelijkheden beschikbaar.
 De huidige kennis over de unieke verwantschap tussen HCoV-NL63 en HCoV-229E 
wordt beschreven in hoofdstuk 1, met aandacht voor de verschillen en de gelijkenissen 
van beide HCoVs. 
 In hoofdstuk 2 is beschreven op welke leeftijd kinderen voor het eerst worden 
geconfronteerd met een HCoV-NL63 infectie en op welke leeftijd zij voor het eerst 
antistoffen genereren tegen HCoV-NL63. We laten zien dat dit voor HCoV-NL63 en 
HCoV-229E in de meeste gevallen optreedt voordat kinderen 3.5 jaar oud zijn. Dit betekent 
dat ieder mens een eerste HCoV-NL63 en HCoV-229E infectie doormaakt tijdens de 
kindertijd. In een vervolgstudie vergelijken we de infectie frequentie van HCoV-NL63 en 
HCoV-229E samen met HCoV-HKU1 en HCoV-OC43, bij gezonde en in het ziekenhuis 
opgenomen kinderen (hoofdstuk 4). Het werd duidelijk dat HCoV-NL63 en HCoV-OC43 
infecties frequent op jonge leeftijd voorkomen, vaker dan HCoV-HKU1 of HCoV-229E 
infecties (hoofdstuk 4). De meest opvallende observatie was dat, ondanks deze frequentie 
verschillen, er geen aanwijzingen waren dat infectie door een bepaalde HCoV tot meer 
ziekenhuisopnames leidt.
 De pathogeniciteit van HCoVs kan worden bepaald met behulp van een dierlijke 
modelsystemen. Helaas zijn er voor de meeste HCoVs, waaronder HCoV-NL63, geen 
geschikte diermodellen gerapporteerd. HCoV-NL63 kan repliceren in niercellen van 
resusapen, daarom werd onderzocht of resusapen geïnfecteerd kunnen worden door 
HCoV-NL63 (hoofdstuk 3). We observeerden seroconversie voor HCoV-NL63 en 
mogelijk zijn deze apen een geschikt diermodel voor het bepalen van de pathogeniciteit 
van HCoV-NL63 (hoofdstuk 3). 
 HCoV-NL63 wordt geassocieerd met de kinderziekte pseudokroep, en alle gegevens 
tonen aan dat dit niet het geval is voor HCoV-229E. Onderscheid tussen beide virussen 
is van belang voor epidemiologische studies en klinische diagnostiek. Een dubbele 
antilichaam-sandwich enzym-gebonden immuunabsorberende test (DAS-ELISA) werd 
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ontwikkeld, als een potentieel hulpmiddel voor de identificatie en differentiatie tussen 
HCoV-NL63 en HCoV-229E infecties (hoofdstuk 5). Voor deze test is geen  speciale 
apparatuur nodig, dus met name bruikbaar in ontwikkelingslanden.
 Er bestaan 2 types van HCoV-NL63, maar recombinatie treedt regelmatig op waardoor 
de circulerende HCoV-NL63 isolaten een mozaïek genoom compositie vertonen 
(hoofdstuk 6). De genoom compositie laat zien dat HCoV-NL63 een intact gen heeft 
tussen het Spike en het Envelop gen (ORF3 gen, hoofdstuk 6). In het laboratorium isolaat 
van HCoV-229E is een homoloog van dit gen (ORF4) niet intact. Analyse van de ORF4 
regio van HCoV-229E onder laboratorium en klinische isolaten laat zien dat de genoom 
kaart van HCoV-229E afwijkt van wat er in het verleden is voorgesteld en dat het ORF4 
eiwit waarschijnlijk essentieel is tijdens in vivo infectie (hoofdstuk 7).
 De meeste humane respiratoire virussen repliceren in epitheelcellen, maar voor 
sommige recent geïdentificeerde menselijke respiratoire virussen zijn er geen in vitro 
celkweek systemen beschikbaar. Gebruikmakend van een celkweek systeem gebaseerd op 
humaan luchtweg epitheel, tonen wij voor het eerst replicatie van een eerder onkweekbaar 
virus aan, het humaan bocavirus, met het volledige transcriptie profiel (hoofdstuk 8). 
Bovendien kan humaan luchtweg epitheel gebruikt worden als universeel HCoV celkweek 
systeem (hoofdstuk 9). Het cel tropisme van klinische HCoV-229E, HCoV-NL63, HCoV-
HKU1 en HCoV-OC43 isolaten werd bepaald, waaruit blijkt dat HCoV-229E een ander 
type mensenlijke longcellen infecteert dan HCoV-NL63, HCoV-OC43 en HCoV-HKU1 
(hoofdstuk 9).
 Net als SARS-CoV, maakt HCoV-NL63 gebruik van angiotensin converting enzyme 
2 (ACE2) als receptor voor het binnendringen van zijn gastheercel. Een infectie met 
SARS-CoV veroorzaakt een robuuste daling van de cellulaire ACE2 expressie en er is 
gesuggereerd dat dit SARS-CoV effect op ACE2 betrokken is bij de ernst van de ziekte. We 
laten zien dat de cellulaire ACE2 expressie tijdens een HCoV-NL63 infectie ook negatief 
gereguleerd wordt (hoofdstuk 10), en daarmee blijft de vraag waarom HCoV-NL63 een 
milder ziektebeloop heeft in vergelijking met SARS-CoV onbeantwoord.
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