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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 

ACE2 expression of two different donors in relative comparison with their respective Mock infected HAE cultures. The results 

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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