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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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