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Abstract

Respiratory infections, like the current COVID-19 pandemic, target
epithelial cells in the respiratory tract. Alveolar macrophages (AMs)
are tissue-resident macrophages located within the lung. They play
a key role in the early phases of an immune response to respiratory
viruses. AMs are likely the first immune cells to encounter SARS-
CoV-2 during an infection, and their reaction to the virus will have
a profound impact on the outcome of the infection. Interferons
(IFNs) are antiviral cytokines and among the first cytokines
produced upon viral infection. In this study, AMs from non-
infectious donors are challenged with SARS-CoV-2. We demonstrate
that challenged AMs are incapable of sensing SARS-CoV-2 and of
producing an IFN response in contrast to other respiratory viruses,
like influenza A virus and Sendai virus, which trigger a robust IFN
response. The absence of IFN production in AMs upon challenge
with SARS-CoV-2 could explain the initial asymptotic phase
observed during COVID-19 and argues against AMs being the
sources of pro-inflammatory cytokines later during infection.
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Introduction

The apical side of the airway epithelia is populated by a specialised
subset of macrophages known as alveolar macrophages (AMs). AMs
are a specific type of tissue-resident macrophages that originate from
the yolk sac during early embryogenesis (Guilliams et al, 2013). These

cells have the capacity to self-replenish (Hashimoto et al, 2013).
However, bone marrow-derived monocytes have also been shown to
be recruited to the lung to repopulate this organ following specific
conditions such as radiation (Brunstetter et al, 1971) and infection
(Divangahi et al, 2015). AMs work closely together with the epithelial
cell layer to maintain a healthy lung by clearing apoptotic cells and
cellular debris, as well as maintaining surfactant homeostasis (Hussell
& Bell, 2014). In addition, they are likely to be a major determinant of
early responses to respiratory virus infections due to their abundant
numbers and their physical location in the lung. Thus, AMs are proba-
bly the first type of immune cells that respiratory viruses encounter
(Pribul et al, 2008). In line with this, others have reported that AMs
are one of the main producers of type I interferons (IFNs) during
infection with respiratory viruses, like influenza virus (Kumagai et al,
2007; Wang et al, 2012; Hussell & Bell, 2014; Divangahi et al., 2015)
and respiratory syncytial virus (RSV) (Goritzka et al, 2015). A key
feature of innate immune cells like macrophages and dendritic cells is
the expression of pattern recognition receptors (PRRs), both on their
cell surface and within endosomes and phagosomes. PRRs enable the
recognition of pathogens by AMs in their immediate environment
even when they are not productively infected (Lee & Barton, 2014;
Tatematsu et al, 2018).

IFNs are classical antiviral cytokines which constitute a critical
first line of defence against viral infections by activating the tran-
scription of numerous antiviral factors (Schoggins et al, 2011). IFNs
are divided into three groups (type I, I and III IFNs) based on their
receptor usage (Pestka et al, 2004). However, only type I and type
III IFNs are true antiviral IFNs, whereas type II [FNs mainly induce
immunomodulatory activities (Young & Bream, 2007). The induc-
tion of type I and type III IFNs is mediated by PRRs in response to
the invading virus (Onoguchi et al, 2007). Both production of IFN
and a cellular response to IFN are critical steps for the restriction of
viral dissemination.

In December 2019, a new series of respiratory symptoms of a
novel aetiology emerged in Wuhan, Hubei province, China (Wang
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et al, 2020; Zhou et al, 2020). The disease was named coronavirus
disease 2019 (COVID-19) and is caused by a novel coronavirus
designated as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (Zhou et al., 2020; Zhu et al, 2020). SARS-CoV-2
belongs to the genus Betacoronavirus and is an enveloped virus with
a positive-sense, single-stranded RNA genome of approx. 30 kilo-
bases. Previously, other members of the Betacoronavirus genus have
caused high mortality outbreaks: SARS-CoV-1 in 2002 and Middle
East respiratory syndrome (MERS)-CoV in 2012. SARS-CoV-2 is
closely related to SARS-CoV-1 and more distantly to MERS-CoV and
displays 79 and 50% nucleotide identity with SARS-CoV-1 and
MERS-CoV, respectively (Lu et al, 2020). The COVID-19 outbreak
spread rapidly, and quickly became a global pandemic. This new
pandemic has challenged healthcare systems worldwide, causing
severe economic and social distress. Many aspects of COVID-19 are
still unknown, and further research is needed in order to understand
the disease mechanism.

As described above, AMs are likely to be the first immune cells
encountering SARS-CoV-2 in the beginning of the infection. Using
a model where lung biopsies were infected in vitro, a recent study
detected SARS-CoV-2 RNA in AMs (Chu et al, 2020). Furthermore,
AMs are known to be some of the best producers of IFNs during
infection with other pulmonary viruses as described above. Thus,
AMs are thought to be major producers of pro-inflammatory
cytokines and, in particular, IFNs during SARS-CoV-2 infection.
However, recent reports show that SARS-CoV-2 only induces a
weak expression of IFNs in infected human lung tissue (Blanco-
Melo et al, 2020; Chu et al, 2020). In line with those studies, a
recent set of publications identified a series of SARS-CoV-2
encoded genes restricting IFN production (Lei et al, 2020).
Together, these studies suggest that SARS-CoV-2 evades IFN
production in lung epithelial cells. However, we suspected that
AMs, being immune cells, would have the potential to recognise
SARS-CoV-2 without allowing viral replication, and thus prevent
the virus from synthetising its IFN agonist. To test our hypothesis,
AMs obtained from bronchoalveolar lavages (BAL) from donors
diagnosed for non-infectious lung disorders were challenged with
SARS-CoV-2. We demonstrate that this specific cellular subset of
macrophages does not sense SARS-CoV-2 and, therefore, also does
not produce IFN in response to SARS-CoV-2. This observation
contrasts with the strong IFN production observed in response to
other respiratory viruses, such as influenza A virus (IAV) or
Sendai virus (SeV).

Results and Discussion
AMs are efficient producers of IFNs upon viral challenge

AMs from nine different donors were purified from BAL fluid by
allowing them to attach to the culture dish for 2 h. At this point, we
selected a sample for RNA purification (labelled c for control in
Fig 1). The purpose of this sample was to determine the endogenous
expression of IFNs and IFN-stimulated genes (ISGs) as well as to test
how the culturing method affected IFN and ISG expression. The
donor-to-donor variation was acceptable within one log unit, but
with a trend towards lower ISG expressing after culturing (compar-
ing ¢ with untreated mock).
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Pre-exposure of immune cells to low concentrations of IFNs
increases their capacity to produce IFN-as upon subsequent viral
infection, a phenomenon known as priming (Stark et al, 1998). In
order to verify this phenomenon in AMs and to maximise their IFN-
ability, we treated the remaining cells with either type I (IFN-a) or
type III (IFN-A) IFNs overnight before infection with SeV or IAV for
6 h (Fig 1). IAV is a natural human pathogen of the airways that
encodes the NS1 protein reported as a potent inhibitor of IFN
production; hence, IAV induces moderate IFN production (Kochs
et al, 2009). In sharp contrast, the SeV Cantell strain used in this
study, which causes respiratory infections in rodents, contains a
large number of defective viral particles known to potently stimulate
IFN responses (Cantell et al, 1981; Baum et al, 2010).

Both IFNBI and IFNLI were significantly induced upon SeV and
IAV challenge of AMs, but the expression of those IFNs was not
influenced by priming (Fig 1A). Furthermore, SeV resulted in a
significant induction of IFNA2 without IFN priming. In comparison,
IAV challenge resulted in a trend towards increased IFNAZ2 expres-
sion but this was not significant probably due to donor-to-donor
variation. Priming with type I IFN showed a trend towards increased
IFNA2 expression for both viruses, but in neither case was this signifi-
cant. In contrast, priming with type III IFN led to a significant enhance-
ment of IFNA2 expression with both viruses, suggesting that priming
of AMs is necessary for proper induction of IFNA2 but not IFNBI or
IFNLI (Fig 1A). While AMs are clearly very responsive to IFN-A, there
is no international unit definition for IFN-A; thus, we compare some-
what arbitrary concentrations of the two types of IFNs.

ISG expression in AMs was also measured (Fig 1B). AMs
responded well to pre-treatment with both type I and type III IFNs.
The pre-treatment effect was diminished when comparing the
infected AMs to the uninfected. This is most likely due to viral-
induced IFN production, since the viral infection increased ISG
expression on its own. However, in uninfected cells, ISG expression
was stronger upon treatment with type III IFN compared to type I
IFN, agreeing with our observations in Fig 1A. Furthermore, we
observed a slight tendency towards increased ISG expression in the
type III pre-treated, virus-challenged cells.

In order to examine whether viral loads were comparable for
both viruses and if pre-treatment with IFNs influenced viral load,
we measured the amount of viral RNA present within AMs (Fig 1C).
For SeV, the gene encoding the nucleoprotein was assessed and no
significant difference between no treatment and pre-treatment with
either of the two IFNs was observed. A similar trend was detected
for IAV, when the amount of IAV segment 5 encoding the nucleo-
protein was quantified. However, we measured more viral RNA for
IAV compared to SeV. This could in part be due to the defective
viral particles of SeV described above.

Our data are consistent with previous studies (Kumagai et al,
2007; Wang et al, 2012; Hussell & Bell, 2014; Divangahi et al, 2015),
demonstrating that AMs are efficient producers of type I IFNs
(Fig 1A). Furthermore, we demonstrated that AMs are both highly
responsive to and good producers of type III IFNs. We also show that
priming of AMs is necessary for the induction of IFNAZ2 but not IFNB1
or IFNLI. The high responsiveness of AMs to type III IFNs as well as
their ability to produce type III IFNs is in accordance with the hypoth-
esis that type III IFNs are critical for the mucosal immune response to
viral infections and the concurrent assumption that AMs play a criti-
cal role in the response to respiratory viruses (Wack et al, 2015).

© 2020 The Authors
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Figure 1. Alveolar macrophages are highly responsive to IFN-L and good producers of IFNs.

Alveolar macrophages from different donors were purified from BAL fluid by allowing them to attach to the culture dish for 2 h. Subsequently, they were pre-treated
overnight with either type | or type I1l IFNs (1 ng/ml IFN-A1 and 10 U/ml IFN-02, respectively) before infection with Sendai virus (SeV) and influenza A virus (IAV, strain
PR8) for 6 h as indicated. The column labelled ¢ shows control samples collected directly after purification.

A-C

(A) Total RNA was harvested and subjected to gPCR for quantification of the IFN response measured by IFNA2, IFNB1 and IFNL1. (B) ISG response measured by ISG15

and RSAD2. (C) Quantification of the presence of SeV or IAV. (A—C) Each colour corresponds to a donor; 9 different donors were analysed. The dashed line represents
the detection limit. An ordinary one-way ANOVA test was used for the statistical analysis: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Source data are available online for this figure.

AMs do not produce IFNs upon SARS-CoV-2 challenge

As we have just shown, AMs are efficient producers of IFNs in
response to IAV and SeV (Fig 1). Therefore, we wanted to investi-
gate the production of IFNs upon challenge with SARS-CoV-2.
Following pre-treatment with type III IFN, AMs from six different
donors were challenged with SARS-CoV-2 (Fig 2). Since AMs
showed an increased responsiveness to IAV and SeV following type
I IFN priming, we opted for the use of type IIl IFN in two different
doses in our SARS-CoV-2 experimental setup. Poly(I:C) was used as
a surrogate for viral infection and positive control in our experi-
ments with SARS-CoV-2, since local regulations in Denmark

© © 2020 The Authors

prevented us from working with other viruses concurrent with
working with SARS-CoV-2 virus. Poly(I:C) was delivered directly to
the culture medium; hence, AMs had to respond to it either through
cellular surface receptors or by endocytosis. Only Poly(I:C) treat-
ment was capable of inducing the measured IFNs, whereas no
significant IFN induction was observed upon SARS-CoV-2 challenge
(Fig 2A). Pre-treated with type III IFN also failed to induce a signifi-
cant increase in IFN production upon SARS-CoV-2 challenge.
Furthermore, SARS-CoV-2 challenge did not promote ISG expression
compared to uninfected and untreated cells (Fig 2B). As expected,
both Poly(I:C) treatment and IFN pre-treatment induced ISG expres-
sion, but no significant changes were observed when challenging

EMBO reports  21:e5125212020 3 of 10
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Figure 2. Alveolar macrophages do not produce an IFN response upon SARS-CoV-2 challenge.

A-D Alveolar macrophages from different donors were purified from BAL fluid and pre-treated with either Poly(l:C) or IFN-A1 (+; 1 ng/ml, or ++; 10 ng/ml) before
infection with SARS-CoV-2. (A) Total RNA was harvested and subjected to qPCR for quantification of the IFN response measured by IFNA2, IFNB1 and IFNLI (Donors
marked in orange and blue were not quantifiable in all test conditions). (B) ISG response measured by /SG15, RSAD2 and IFIT1. (C) Quantification of the presence of
SARS-CoV-2. (D) An overview of the timeline of the experiment. (A—C) Each colour corresponds to a donor; 6 different donors were analysed. The dashed line
represents the detection limit. An ordinary one-way ANOVA test was used for statistical analysis: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001;

****p < 0.0001.

Source data are available online for this figure.

the pre-treated cells with SARS-CoV-2. The amount of viral RNA,
measured by the nucleoprotein gene N, was furthermore unaffected
by pre-treatment with either dose of IFN (Fig 2C). Thus, much to
our surprise, challenge of AMs with SARS-CoV-2 did not result in
any measurable IFN induction.

SARS-CoV-2 does not display any interaction with the IFN
system in AMs

We altered the experimental setup from pre-treatment with type III
IFN before SARS-CoV-2 challenge (Fig2D) to SARS-CoV-2
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challenge prior to type III IFN or Poly(I:C) treatment (Fig 3A). In
this setup, the challenge with SARS-CoV-2 was allowed to proceed
for 8 h before we treated with either IFN-A or Poly(I:C). Thus, the
cells were exposed to SARS-CoV-2 for 20 h. Regardless of the
exposure time of the AMs to SARS-CoV-2 (8 h in Fig 2 and 20 h
in Fig 3), no IFN production was observed (Fig 3B). Furthermore,
SARS-CoV-2 challenge by itself did not alter ISG expression
(Fig 3C). In contrast, Poly(I:C) treatment was capable of inducing
IFN production both in unchallenged cells and in cells challenged
with SARS-CoV-2 prior to treatment (Fig 3B). Furthermore, there
was no significant difference in Poly(I:C)-induced IFN production

© 2020 The Authors
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Figure 3. SARS-CoV-2 challenge does not affect the IFN response in alveolar macrophages.
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Alveolar macrophages from different donors were purified from BAL fluid and infected with SARS-CoV-2 before treatment with either Poly(I:C) or IFN-AL (1 ng/ml).

A-E

(A) Timeline of the experiment. (B) Total RNA was harvested and subjected to gPCR for quantification of the IFN response measured by IFNA2, IFNB1 and IFNL1. (C)

ISG response measured by ISG15, RSAD2 and IFIT1 (Donors marked in green and red were not quantifiable in all test conditions). (D) Quantification of the presence
of SARS-CoV-2. (E) Western blots were performed using samples from two donors. (B-D) Each colour corresponds to a donor; 5 different donors were analysed. The

dashed line represents the detection limit. An ordinary one-way ANOVA test was used for statistical analysis: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001;

**%p < 0.0001.

Source data are available online for this figure.
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(true for all three IFNs tested) between unchallenged and SARS-
CoV-2 challenged cells. Both Poly(I:C) and IFN-treated cells did, as
expected, induce expression of ISGs. Furthermore, the amount of
viral RNA did not change upon treatment with either Poly(I:C) or
IFN (Fig 3D). We also tested both SARS-CoV-2-challenged and
SARS-CoV-2-unchallenged cells from two donors for the expression
of IFIT1, and RSAD2 by Western blot (Fig 3E). Both donors
showed induction of the two ISGs (IFIT1 and RSAD2) at the
protein level upon Poly(I:C) and IFN treatment, but SARS-CoV-2
challenge did not induce their expression by itself, thus confirming
the gPCR results.

The lack of a functional interactions between SARS-CoV-2 and the
IFN system suggests that AMs are not productively infected. There-
fore, we used a mass spectrometry-based approach to test for
SARS-CoV-2-related proteins. We collected samples 2 and 24 h
postchallenge and could detect the nucleocapsid protein in all
samples challenged with SARS-CoV-2; importantly, those samples
were separated from the untreated control by at least two orders of
magnitude (Fig 4A). However, the amount of nucleocapsid protein
detected declined over time (Fig 4B). We were furthermore not able
to detect viral proteins, which are synthesised upon viral infection
such as the replicase R1AB. Both observations support the conclusion
that the SARS-CoV-2 challenge did not lead to the release of free
SARS-CoV-2 RNA to the cytoplasm. We also tested the expression of
the ACE2 receptor on AMs and were not able to reliably detect expres-
sion of ACE2 mRNA in AMs, whereas we did reproducibly detect
ACE2 mRNA in primary human airway epithelial cells (Fig 5A).

The absence of IFN induction in AMs suggests that SARS-CoV-2
genomic RNA is undetectable for innate immune sensors

Although we observed no IFN production upon SARS-CoV-2 chal-
lenge, we detected viral RNA in AMs (Fig 3D). The amount of viral

A . B3
108 _— . 2 104
s 3
@ %) 4
é) 1071 n® N § 0.8
.% u® ?:/35 0.6+
- o
S 1084 +§
;—.6 105+ oy Ag E{_. 0.24 — r
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Figure 4. SARS-CoV-2 nucleocapsid phosphoprotein decreases over time.

Alveolar macrophages from different donors were purified from BAL and

treated with SARS-CoV-2 for either 2 or 24 h.

A The amount of SARS-CoV-2 nucleocapsid phosphoprotein was quantified
using LC-MS/MS.

B After subtraction of the background (unchallenged AMs), the ratio between
the amount of SARS-CoV-2 nucleocapsid phosphoprotein at 24 and 2 h was
calculated. (A-B) Each colour corresponds to a donor; 3 different donors
were analysed. An ordinary one-way ANOVA test was used for statistical
analysis: ns, not significant; *P < 0.05.

Source data are available online for this figure.
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RNA was comparable to the levels of viral RNA in both SeV and
IAV infections (Figs 1C and 2C) both of which led to a robust IFN
induction. While the levels of SARS-CoV-2 RNA we measured within
AMs are approximately 10,000-fold lower than what we would
measure in infected human airway epithelial cells (Fig 5B), we were
unable to detect viral RNA in the non-challenged cells. The level of
RNA that we detect from SARS-CoV-2 is lower than the one of IAV
but above the one of SeV, which both give a robust IFN response,
suggesting that the levels of SARS-CoV-2 RNA present within AMs
are in principle sufficient to initiate an IFN response. All primers
were designed to measure the nucleoprotein encoding RNA of the
respective viruses (SARS-CoV-2; N, IAV; segment 5, SeV; NP). As
part of the primer validation, the primer efficiency was tested by
serial dilutions of the target genes in order to make sure that the
amplification efficiency was similar for the three viruses and within
the optimal range for gPCR performance (Fig 5C). We estimated an
amplification factor of 1.92, 1.91 and 1.85 for the SARS-CoV-2, IAV
and SeV primer sets, respectively. Thus, there is no obvious techni-
cal bias by comparing the viral RNA despite using different primer
sets. Using those parameters, we measured an average level of 0.37,
0.005 and 0.03 relative to GADPH mRNA for IAV, SeV and SARS-
CoV-2, respectively. Therefore, our data indicate that SARS-CoV-2
RNA is difficult to detect for the innate immune sensors present
within AMs.

As we do not observe any production of SARS-CoV-2-related
proteins after challenge with the virus (Fig 4), it is unlikely that the
virus actively suppresses IFN induction. Therefore, our data suggest
that SARS-CoV-2 avoids triggering the IFN induction pathway by
somehow masking its viral RNA and thereby evading recognition
by the PRRs. The family of Coronoviridae is known to contain a cap
structure on the viral genome resembling the 5-cap of eukaryotic
mRNAs (Chen & Guo, 2016). This structure prevents the viral RNA
from activating the host innate immune response through the RIG-
I/MAVS pathway, which recognises single-stranded RNAs without a
cap structure (Pichlmair et al, 2006). This pathway is known to
recognise both the SeV and the IAV (Baum et al, 2010; Sakabe et al,
2011; Yu et al, 2011). However, whether this capability of produc-
ing a 5'-cap-like structure is also preserved for SARS-CoV-2 will
require further investigation. Finally, both TLR3 and TLR7 can also
recognise virus-derived RNA and both pathways are assumed to be
operational in AMs, but they also appear incapable of recognising
SARS-CoV-2.

Our findings have important implications for understanding the
mechanism behind SARS-CoV-2 infection. Here, we show that AMs
do not recognise the SARS-CoV-2, and upon viral challenge fail to
produce an IFN-mediated response. This implies that the immune
system is not activated appropriately in the initial phase of infec-
tion and allows the virus to replicate until further damage is
inflicted upon the lung tissue. The early phase of COVID-19 infec-
tion is characterised by a low level of symptoms that allows estab-
lishment of viraemia in infected individuals and causes immense
problems with virus spreading in the community. The failure of
AMs to recognise SARS-CoV-2 may be linked to this low-symptom
phase of the disease.

Our research also shows that AMs are capable of both producing
and responding to IFNs during a SARS-CoV-2 infection, which
implies that the use of exogenous IFN or other immunostimulatory
drugs to boost antiviral immunity might be an effective strategy for

© 2020 The Authors



Louise Dalskov et al

10007
0.001

100+ hd
104
0.0001 4 0e?

17

0.14

N relative to GAPDH

0.00001 X 0.01]

ACEZ relative to GAPDH >

0.001 T T

Figure 5. Determination of viral infection effectivity.

EMBO reports

c 50+ Y =-3564"X +21.83
09979y = 3757 + 27,02 -8~ SARS-CoV-2
40- R L 0.998 i JAV
o A pa—
S P A ¥ SeV
‘(ﬁ 30+ . & i
= ° & v
' - A N
5 20+ .
Y =-3541°X + 1113 T e
10+ 0.9996 e
0 1 1 1
6 -4 2 0
Log(dilution)

A Total RNA was harvested from AMs and primary human airway epithelial cells (HAE) and subjected to qPCR for quantification of the ACE2 receptor. Each colour

corresponds to a donor. The dashed line represents the detection limit.

B The presence of nucleoprotein mRNA of SARS-CoV-2 in AMs and primary HAE was also quantified after SARS-CoV-2 treatment. (A-B) Each colour corresponds to a

donor. An unpaired t-test test was used for statistical analysis: ****P < 0.0001.

C Primer efficiency was tested using serial dilutions of positive samples using gPCR. The C; values were plotted on a logarithmic scale along with the corresponding
dilutions before performing a linear regression in order to calculate the slope of the trend line through the data points. This analysis revealed an amplification factor
of 1.92, 1.91 and 1.85 for the SARS-CoV-2, IAV and SeV primer set, respectively. The different colours correspond to different primer sets.

Source data are available online for this figure.

an early treatment of SARS-CoV-2 infections. We have not,
however, directly addressed how SARS-CoV-2 evades the innate
immune response and suppresses endogenous IFN production.
Further research on this topic is hence crucial in order to fully
understand the disease mechanism behind COVID-19.

Materials and Methods
Ethics

The project was performed in accordance with local and national
Danish laws and regulations. The project has been approved by the
Health Research Ethics Committee of Region Midtjylland, Denmark
(Journal nr. 1-10-72-103-20).

Alveolar macrophages

BAL fluids were obtained from 20 donors without symptoms of acute
infection that were investigated for cancer and processed within 6 h.
For isolation of the alveolar macrophages, the BAL was centrifuged,
and cells were resuspended in 10 ml cold Hank’s balanced salt solu-
tion (HBSS, Sigma-Aldrich). The cells were washed twice in cold
HBSS before they were seeded at a density of 1 x 10° cells/ml in RPMI
1640 medium (Sigma-Aldrich) supplemented with 10% FBS and 1%
penicillin and streptomycin. The cells were incubated at 37°C for 2 h
before non-adherent cells were removed and fresh media with or
without stimulating agents was added.

Primary Human Airway Epithelial cells

Primary nasal cells were isolated and cultured in monolayer culture
using tissue culture flask coated with 0.1 mg/ml Bovine type I

© © 2020 The Authors

collagen solution (Sigma-Aldrich). Cells were seeded and submerged
in 2x P/S (200 U/ml Pen/Strep) DMEM-low glucose (Sigma-Aldrich)
mixed 1:1 with 2x Monolayer medium (Airway Epithelium Cell
Basal Medium (PromoCell), supplemented with two packs of
Airway Epithelial Cell Growth Medium Supplement (PromoCell)
without triiodothyronine +1 ml of 1.5 mg/ml BSA). When cultures
reached full confluency Air-liquid interface (ALI) was introduced
and medium was changed to ALI medium (PneumaCult ALl medium
kit (StemCell) with ALI medium supplement (StemCell) and 100 U/
ml Pen/strep) supplemented with 24 pg of hydrocortisone (Stem-
Cell) and 0.2 mg heparin (StemCell). Membranes were allowed at
least 21 days of differentiation, verified by extensive cilia beating
and mucus covering.

Infection and stimulation

AMs were infected with either 5 HAU/ml SeV (Cantell strain) or 0.1
EIDso/cell IAV (PR8 strain) for 6 h or 1 MOI SARS-CoV-2 (291.3 FR-
4286, a kind gift from Professor Georg Koch, Freiburg) for 8 h. The
primary Human Airway Epithelial cells were infected with 0.05 MOI
SARS-CoV-2 for 24 h. The SARS-CoV-2 virus was amplified using
primary Human Airway Epithelial cells then tittered on Vero cells.
SARS-CoV-2 was verified as the infectious substance by PCR. Stimu-
lation was performed either pre- or post-infection with either 10 U/
ml IFN-02 (Millipore) or 1 or 10 ng/ml IFN-A1 from (Mohlenberg
et al, 2019) overnight.

gPCR

Total RNA was extracted with the E.Z.N.A. Total RNA Kit I
(Omega BioTek) according to the manufacturer’s instructions.
The cDNA synthesis was performed using RevertAid Reverse
Transcriptase and random hexamer primer according to the
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manufacturer’s instructions (Thermo Fisher Scientific). The cDNA
was quantified by gPCR using SYBR Green I (Roche) and a
LightCycler 480 Instrument II (Roche). The following primers
were used as follows:

GAPDH: Forward 5-GCTCCTCCTGTTCGACAGTCA, Reverse 5'-ACC
TTCCCCATGGTGTCTGA.

IFNA2: Forward 5'-AAATACAGCCCTTGTGCCTGG, Reverse 5-GGT
GAGCTGGCATACGAATCA.

IFNBI: Forward 5-TGGGAGGATTCTGCATTACC, Reverse 5'-AAGC
AATTGTCCAGTCCCAG.

IFNLI: Forward 5-TTCCAAGCCCACCACAACTG, Reverse 5-GTGAC
TCTTCCAAGGCGTCC.

ISG1S: Forward 5'-TCCTGCTGGTGGTGGACAA, Reverse 5-TTGTT
ATTCCTCACCAGGATGCT.

RSAD2: Forward 5'-CTTTGTGCTGCCCCTTGAG, Reverse 5'-TCCAT
ACCAGCTTCCTTAAGCAA.

IFIT1: Forward 5-CCTCCTTGGGTTCGTCTACA, Reverse 5'-GGCT
GATATCTGGGTGCCTA.

ACE2: Forward 5-GGAGTTGTGATGGGAGTGAT, Reverse 5-GATG
GAGGCATAAGGATTTT.

SeV - NP: Forward 5-ATGCAGCAGTACGTCACAGG, Reverse 5-AG
GCACTGCTGATCTTCGAT.

IAV - seq5: Forward 5'-CTAGCACGGTCTGCACTCAT, Reverse 5'-TC
AAAGTCGTACCCACTGGC.

SARS-CoV-2 - N: Forward 5-AAATTTTGGGGACCAGGAAC, Reverse
5-TGGCACCTGTGTAGGTCAAC.

The cycling parameters were 95°C for 10 min followed by 40
cycles of 95°C for 10 s, 60°C for 5 s and 72°C for 4 s. The crossing
points of the amplification curves were determined using the second
derivative method on the LightCycler 480 Instrument II software 1.5
(Roche). Ct values higher than 50 cycles were determined as non-
detectable. The level of mRNA was normalised against internal
GAPDH mRNA content, which was used as a reference gene. Rela-
tive mRNA levels of each target gene were calculated using the
following formula: 2((Ct (targe)—Ct (reference)))

Western blot

AMs were lysed using 60 ul of lysis buffer consisting of Pierce RIPA
lysis buffer (Thermo) supplemented with 5 IU/ml benzonase
(Sigma), 10 mM NaF and 1x complete protease inhibitor cocktail
(Roche). A BCA protein assay kit (Thermo) was used to determine
protein concentration, and lysis buffer was used to equalise
samples. Before loading, samples containing 1x XT Sample Buffer
were denatured for 2 min at 98°C (Bio-Rad) and 1x XT Reducing
Agent (Bio-Rad). For separation by SDS-PAGE, 8-18 pg of reduced
samples was loaded on a 4-20% Criterion TGX precast gradient gels
(Bio-Rad). Each gel was run at 70 V for 20 min followed by approx.
45-60 min at 110 V. Protein transfer onto PVDF membranes
(Bio-Rad) was done using a Trans-Blot Turbo Transfer for 7 min.
Blocking was done in PBS (BIOWEST) with 0.05% Tween-20
(Sigma-Aldrich) (PBST) supplemented with 5% skim-milk powder
(Sigma-Aldrich) for 1.5 h at room temperature. Following blocking,
membranes were cut and incubated with one of the following speci-
fic primary antibodies diluted in PBST: anti-Spike (GeneTex,
#GTX632604), anti-IFIT1 (Cell Signalling, #14769, 1:1,000), anti-
RSAD2 (Cell Signalling, #13996, 1:1,000) and anti-Vinculin (Cell
Signalling, #18799, 1:1,000). Anti-Vinculin was used as a loading

8 of 10  EMBO reports 21: e51252 | 2020

Louise Dalskov et al

control. Following incubation with primary antibodies, membranes
were washed three times using PBST. Following the washed,
secondary antibodies, peroxidase-conjugated F(ab)2 donkey anti-
mouse IgG (Jackson, #715-036-150, 1:10,000) or peroxidase-conju-
gated F(ab)2 donkey anti-rabbit IgG (Jackson, #711-036-152,
1:10,000), were added to the membranes in PBST + 1% milk
powder. Incubation with secondary antibodies was done for 1.5 h at
room temperature. Lastly, membranes were washed thrice with
PBST before being exposed using either SuperSignal West Pico PLUS
chemiluminescent substrate (Thermo) or the SuperSignal West
Femto maximum sensitivity substrate (Thermo). Imaging was done
using an Image Quant LAS4000 mini imager (GE Healthcare).

Mass spectrometry

Sample preparation—cells were lysed in 6 M urea, 20 mM Tris—HCI,
pH 7.4. Protein concentration was estimated using the 2D Quant Kit
(GE Healthcare). Fifty micrograms of each sample was reduced in
10 mM DTT for 30 min at room temperature, followed by alkylation
using 25 mM IAA incubated for another 30 min, while kept dark.
Samples were transferred to 10 kDa cut-off spin filters (Millipore)
and spun for 30 min at 14,000 g to remove urea. The filters were
washed once in 50 pl 50 mM ammonium bicarbonate before
digested at 37°C overnight with 75 pl 50 mM ammonium bicarbon-
ate added 1 pg MS grade trypsin (Sigma). The next day, peptides
were recovered by centrifugation and acidified using 10 ul 5%
formic acid. Peptide samples were micropurified prior to MS analy-
sis. Samples amounts used for the MS analysis were normalised
based on A280 using a NanoDrop 2000 (Thermo Scientific).
LC-PRM-MS—The liquid chromatography-parallel reaction moni-
toring-mass spectrometry (LC-PRM-MS) analysis was performed on
an Orbitrap Eclipse mass spectrometer (Thermo Scientific) equipped
with an in-line Easy nLC-1200 (Thermo Scientific). Samples were
injected and trapped on an in-house packed trap column
(2 cm x 100 pum I.D) using RP ReproSil-Pur C18-AQ 3 um resin (Dr.
Maisch GmbH). Peptides were separated on a 15 cm analytical
column (75 pm i.d.) pulled and packed in-house with RP ReproSil-
Pur C18-AQ 3 pm resin (Dr. Maisch GmbH) and sprayed directly
into the mass spectrometer. Peptides were eluted at a flow rate of
250 nl/min using a 110 min gradient from 5 to 44% solvent B (A
solvent: 0.1% formic acid; B solvent: 80% acetonitrile/0.1% formic
acid). The PRM analysis consisted of an MS1 scan recorded in
the Orbitrap at 120,000 resolution and using the default setting. The
targeted MS2 (tMS2) scans were recorded at 60,000 resolution in
the Orbitrap using a precursor isolation width of 1.6 m/z, HCD frag-
mentation of 30% (plus/minus of 3) collision energy, injection time
(IT) of 118 ms and an AGC target set to 800%. The inclusion list
monitored 11 of the SARS-CoV-2 proteins represented by 55
peptides compiled by own experimental data supplemented with
viral peptides reported in PeptideAtlas (Desiere et al, 2006).
Post-acquisition quantification—the MS raw files were
converted to MGF files using the RawConverter (The Scripps
Research Institute) and search against a combined SARS-CoV-2
(UP000464024; 14 sequences) and human (UP000005640; 20,600
sequences) references proteome using Mascot 2.5.1 (Matrix
Science). Trypsin was selected as the digestion enzyme allowing
one missed cleavage. The data were searched with a mass toler-
ance of the precursor and product ions of 10 ppm and 0.2 Da
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using ESI-4SECTOR as the instrument setting. The significance
threshold (p) was set at 0.05, and the ion score expect cut-off at
30. Mascot DAT files were extracted and used to build a spectral
library in Skyline v.20.1.0 (Desiere et al, 2006). The Skyline PRM
analysis was performed using Orbitrap settings. Only peptides
represented with identification from the Mascot search were used
for post-acquisition label-free quantification at the MS2 level,
which included the following peptides derived from the SARS-
CoV-2 Nucleocapsid phosphoprotein; ITFGGPSDSTGSNQNGER,
GQGVPINTNSSPDDQIGYYR, DGIIWVATEGALNTPK and NPAN-
NAAIVLQLPQGTTLPK. Each peptide was represented by 5 frag-
ment ions.

Statistical analysis

One-way analysis of variance (ANOVA) with Turkey’s multiple
comparison testing on log-transformed data or an unpaired t-test
was used to test for statistical significance. Only P values of 0.05 or
lower were considered statistically significant (P > 0.05 [ns, not
significant], P <0.05; [*], P <0.01; [**], P<0.001; [***],
P < 0.0001; [****]. For all statistical analyses, the GraphPad Prism
7 software package was used (GraphPad Software).

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via PRIDE (Perez-Riverol et al, 2019)
partner repository with the dataset identifier PXD0216885 and
https://doi.org/10.6019/PXD021685 (https://www.ebi.ac.uk/pride/
archive/projects/PXD0216885#).
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