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T
he COVID-19 pandemic, caused by SARS-CoV-2, has 
resulted in a worldwide health crisis1 and few effective drugs 
are available to treat patients with COVID-19. Although 

remdesivir initially seemed promising for severe cases2, the World 
Health Organization’s Solidarity trial showed that it has no definite 
impact on mortality3. Dexamethasone can reduce mortality by a 
third among critically ill patients with COVID-19, by suppressing 
the hyperactive immune response4. However, as treatment benefits 
severe cases only to a limited extent, efficient and safe therapeutics 
are urgently required while awaiting the worldwide implementation 
of vaccines.

Coronaviruses cause respiratory and intestinal infections in a 
broad range of mammals and birds. Seven human coronaviruses 
(HCoVs) are known, which probably all emerged as zoonoses from 
bats, mice or domestic animals5. The four so-called ‘common cold 
HCoVs’—229E, NL63, OC43 and HKU1—cause mild upper respi-
ratory tract illnesses6. In contrast, SARS-CoV, Middle East respira-
tory syndrome coronavirus (MERS-CoV) and the recently emerged 
SARS-CoV-2 are highly pathogenic and cause severe, potentially 
lethal respiratory infections. As numerous coronaviruses reside 
in animal reservoirs and interspecies transmission frequently 
occurs5,7,8, there is a constant risk of new pathogenic coronaviruses 
spreading into the human population, as exemplified by the recent 
SARS-CoV-2 pandemic. Nevertheless, our options to prevent or 
treat coronavirus infections remain limited. Hence, the develop-
ment of broad-spectrum anti-coronavirus drugs could help not only 

to address the current high medical need, but also to quickly con-
tain zoonotic events in the future. Common host factors essential 
for replication of multiple coronaviruses represent attractive targets 
for broad-spectrum antiviral drugs.

To develop such drugs, it is crucial to understand which host 
factors coronaviruses require to infect a cell, because each step of 
the coronavirus replication cycle (receptor binding, endocytosis, 
fusion, viral protein translation, genome replication, virion assem-
bly and release) may serve as a target for intervention. Although the 
entry step of coronaviruses has been relatively well characterized, 
the host–virus interplay in later steps of the viral life cycle remains 
largely elusive. For SARS-CoV-2, previous studies have shown that 
the protein angiotensin-converting enzyme 2 (ACE2) can serve as 
a receptor in Vero E6 cells9 or in human cells overexpressing ACE2 
(refs. 10–12). In addition, it was shown that the SARS-CoV-2 spike 
(S) can be primed for fusion by cellular proteases such as furin, 
transmembrane serine protease 2 (TMPRSS2) or cathepsin B or L, 
depending on the target cell type10,13.

In the present study, we performed a series of genome-wide 
CRISPR (clustered regularly interspaced short palindromic 
repeats)-based genetic screens to identify host factors required 
for SARS-CoV-2 and HCoV-229E infection. We identified phos-
phoinositide 3-kinase (PI3K) type 3 as a common host factor for 
SARS-CoV-2, HCoV-229E and HCoV-OC43, and show that small 
molecules targeting this protein might serve as broadly applicable 
anti-coronavirus inhibitors. Furthermore, we discovered that the 
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lysosomal protein TMEM106B serves as an essential specific host 
factor for SARS-CoV-2 infection in multiple liver- and lung-derived 
human cell lines.

Results
Genome-wide knockout screens for HCoV-229E and SARS- 
CoV-2. Genome-wide knockout screens have been widely used to 
identify host factors for various viruses14,15 and were recently per-
formed with coronaviruses, including SARS-CoV-2 (refs. 9,12,16–19). 
Most of these screens were performed in human cells that were engi-
neered to overexpress ACE2 (refs. 12,16,18,19). In the present study, we 
performed a CRISPR-based genome-wide knockout screen in the 
human Huh7 cell line, without introducing an exogenous receptor, 
because our SARS-CoV-2 strain induced a clear cytopathic effect 
(CPE) in these cells. We performed screens with both SARS-CoV-2 
and the less pathogenic HCoV-229E. This allowed for the identifi-
cation of both (1) broad-spectrum coronavirus host factors and (2) 
specific host factors for SARS-CoV-2 and HCoV-229E. Huh7 cells 
transduced with the Brunello genome-wide library20 were selected 
for survival during infection with either coronavirus. Single guide 
(sg)RNAs present in the resistant cell population were identified by 
deep sequencing (Fig. 1a). We performed high-stringency screens 
for HCoV-229E (Fig. 1b) and SARS-CoV-2 (Fig. 1c) by exposing 
cells to the virus until nearly all the cells had died. For SARS-CoV-2, 

we also performed a lower-stringency screen (Fig. 1d) to identify 
genes having a more subtle effect on virus infection.

As expected, the HCoV-229E screen identified ANPEP (Fig. 1b), 
encoding the established HCoV-229E receptor aminopeptidase N 
(AP-N)21. Our SARS-CoV-2 screens did not identify ACE2, in con-
trast to screens performed in Vero E6 cells9 or ACE2-overexpressing 
human cells12,16,18. This is probably due to the low ACE2 expression 
in Huh7 cells compared with Vero E6 or ACE2-overexpressing cells22 
(Extended Data Fig. 1). The high-stringency SARS-CoV-2 screen 
(Fig. 1c) identified one significantly enriched gene, TMEM106B, 
encoding the poorly characterized protein TMEM106B, which 
is involved in lysosome function and implicated in neurodegen-
erative disorders23. A larger number of genes were enriched in 
the low-stringency screen (Fig. 1d). However, a low-stringency 
screen may have an increased background due to the presence of 
a subpopulation of cells that are not infected and may be selected 
for resistance to antiviral stress signals rather than resistance to 
virus. Two genes were present among the top-ranked genes in 
both the HCoV-229E and the SARS-CoV-2 low-stringency screen 
(Fig. 1b,d): PIK3C3 (endocytic trafficking and autophagy) and 
TMEM41B (autophagy). Among the top 40 most enriched genes 
in the low-stringency SARS-CoV-2 screen, there were two genes 
required for cell surface receptor expression (EXT1 and ITGB6), 
three lipid homeostasis genes (OSBPL9, PTDSS1 and TMEM30A) 
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Fig. 1 | Genome-wide knockout screens in human cells identify host factors for SARS-CoV-2 and HCoV-229E infection. a, Overview of experimental steps 

performed during a genome-wide screen for coronavirus host factors. b–d, Genome-wide knockout screens performed in Huh7 cells, with strong selection 

(high stringency) using HCoV-229E (b) and SARS-CoV-2 (c) or with mild SARS-CoV-2 selection (low stringency) (d). Each circle represents a gene, with 

size corresponding to significance (−log(P value)) of enrichment. The enrichment (y axis) represents the average change in abundance of the four sgRNAs 

for each gene, when comparing sgRNA abundances between the virus-selected population and the sgRNA library before selection (b and c) or between 

the virus-selected population and an uninfected control population (d). Genes are distributed on the x axis in alphabetical order. The sgRNA-level P values 

were calculated using a one-sided Student’s t-test and aggregated using Fisher’s method to obtain gene-level P values44. Data result from two independent 

screen replicates.
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and three additional genes involved in membrane/vesicle traffick-
ing (CCZ1B, PTPN23 and RSG1). As viruses frequently employ 
factors involved in membrane biology, we focused on the 11 genes 
described above for further validation.

Genetic screen validation. To validate the findings from our 
genetic screens, we expressed sgRNAs targeting the identified genes 
and the known receptor genes ANPEP and ACE2 in Huh7 cells, 
and tested whether their ablation affected the sensitivity of cells to 
CPE induced by HCoV-229E or SARS-CoV-2. On-target activity 
of sgRNAs was checked by sequencing (Extended Data Fig. 2). As 
expected, sgRNAs targeting ANPEP protected cells from HCoV-
229E-induced cell death (Fig. 2a). Cells were only partially pro-
tected from SARS-CoV-2-induced CPE by sgRNAs targeting ACE2, 
which is in line with the absence of ACE2 in our screens. The only 
highly enriched gene in our high-stringency SARS-CoV-2 screen 
was TMEM106B. The sgRNAs targeting TMEM106B protected 
Huh7 cells from CPE caused by SARS-CoV-2, even when exposed 
to high virus concentrations, but had no effect on cells infected with 
HCoV-229E (Fig. 2a).

We further tested sgRNAs targeting the ten selected genes from 
the low-stringency screen, as well as TMEM106B, using a quantita-
tive readout (Fig. 2b). Besides TMEM106B, the knockout of which 
conferred the strongest resistance to SARS-CoV-2, significant resis-
tance was observed for two individually tested sgRNAs targeting 
PIK3C3, TMEM41B, EXT1, OSBPL9 or TMEM30A. For CCZ1B 
and RSG1, resistance was observed only when using a pool of four 
sgRNAs. In both wild-type Huh7 cells (Extended Data Fig. 3a) and 
cells expressing ACE2 sgRNAs (Extended Data Fig. 3b), knockout of 
EXT1, but not ITGB6, protected cells against SARS-CoV-2-induced 
CPE. EXT1 encodes exostosin-1 which is involved in the synthe-
sis of heparan sulfate; this places this finding in line with a recent 
report showing that SARS-CoV-2 infection can be mediated by hep-
aran sulfate22. OSBPL9 encodes oxysterol-binding protein-related 
protein 9 (ORP-9), which mediates transport of sterols between the 
endoplasmic reticulum and the trans-Golgi network24. TMEM30A 
encodes transmembrane protein 30A, a subunit of the ATP8A2 
flippase complex that regulates the distribution of phospholipids 
across membrane leaflets25. Together, these results demonstrate 
that SARS-CoV-2 infection requires TMEM106B as well as genes 
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Fig. 2 | Validation of genetic screens. a, Huh7 cells expressing control sgRNAs (targeting safe harbor AAVS1), gene-specific pools of four sgRNAs 

or individual sgRNAs infected with SARS-CoV-2 dilutions (sixfold) or HCoV-229E dilutions (tenfold), incubated 3 d at 35 °C and stained with crystal 

violet. One of two repetitions is shown. b, Huh7 cells expressing control sgRNAs (targeting safe harbor AAVS1), gene-specific pools of four sgRNAs, or 

the two best performing individual sgRNAs from the screens, infected with SARS-CoV-2 (MOI = 0.2). Cell viability was determined by MTS assay 2 d 

post-infection (control (AAVS1), n = 24; OSBPL9 pool, CCZ1B sgRNA 4, n = 4; PTDSS1 pool, PTPN23 pool, RSG1 pool, n = 3; for all other conditions n = 6, from 

two independent experiments). Error bars denote mean ± s.e.m. Data were analyzed using Brown–Forsythe and Welch ANOVA (two sided) and Dunnett’s 

T3 multiple comparison test, comparing each experimental condition with the control. Significant increases in viability compared with control (AAVS1)  

P values are indicated on the graph.
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involved in heparan sulfate synthesis (EXT1), autophagy (PIK3C3 
and TMEM41B) and lipid transport (OSBPL9 and TMEM30A).

PI3K type 3 is a druggable common anti-coronavirus target. 
PIK3C3 encodes PI3K type 3, the catalytic subunit of the PI3K com-
plex that mediates the formation of phosphatidylinositol 3-phosphate 
and plays a role in many processes, including endocytic trafficking 
and the initiation and maturation of autophagosomes26. As inhibi-
tors directly targeting this protein are available, we tested the activ-
ity of the structurally distinct inhibitors VPS34-IN1, VPS34-IN2, 
SAR405 and autophinib against different coronaviruses (Fig. 3a–d). 
As expected, all PI3K type 3 inhibitors inhibited the formation of 
LC3-positive autophagosome puncta and induced large vacuoles in 
treated cells (Extended Data Fig. 4a)27. PI3K type 3 inhibitors showed 
antiviral activity against SARS-CoV-2 (Fig. 3a,c) and were also active 
against HCoV-229E and HCoV-OC43 (Fig. 3b,d). As PI3K type 3 
is involved in autophagosome formation, we investigated whether 
macroautophagy is required for SARS-CoV-2 and HCoV-229E 
infection. Disruption of ATG5 and ATG7, required for phagophore 
expansion28, did not affect the induction of CPE by SARS-CoV-2 or 
HCoV-229E (Fig. 3e), whereas cells were unable to form LC3-positive 
autophagosomes (Extended Data Fig. 4b), confirming disruption of 
the macroautophagy pathway. These results show that SARS-CoV-2 
and other coronaviruses employ PI3K type 3 for infection but do not 
depend on a functional macroautophagy pathway.

A recent study reported that deletions near the proteolytic cleav-
age site at the S1/S2 boundary in the SARS-CoV-2 spike protein  
can affect the mode of cell entry12. As such a deletion is present in 
our SARS-CoV-2 strain (SARS-CoV-2/Belgium/GHB-03021/2020), 
we tested activity of PI3K type 3 inhibitors against entry of pseu-
doparticles harboring wild-type SARS-CoV-2 spike or SARS-CoV-2 
spike containing deletions in the S1 domain and a deletion near the 
S1/S2 cleavage site (Extended Data Fig. 4d). PI3K type 3 inhibitors 
blocked infection with both pseudoviruses (Fig. 3f), showing that this 
dependency is not affected by the aforementioned spike deletions. A 
time-of-drug-addition experiment showed that inhibition of HCoV-
229E by SAR405 occurs later in the viral life cycle than the attachment 
stage, as benchmarked by the attachment inhibitor Urtica dioica agglu-
tinin (UDA), but earlier than onset of intracellular replication as iden-
tified using the viral RNA synthesis inhibitor remdesivir (Extended 
Data Fig. 4c). The above data suggest a role for PI3K type 3 in an early 
step of the viral life cycle, but downstream of receptor binding.

TMEM41B is a crucial host factor for HCoV-229E infection. 
TMEM41B, which is involved in the early stage of autophagosome 
formation29, was identified as a host factor in both our HCoV-229E 

and our SARS-CoV-2 screens (Fig. 1b,d). Although TMEM41B 
knockout almost completely protected Huh7 cells against CPE 
induced by HCoV-229E (Fig. 4a,b), the effect on SARS-CoV-
2-induced CPE was subtle (Figs. 2b and 4a). The protective effect 
of TMEM41B knockout was reverted by complementation with 
TMEM41B complementary DNA, confirming specificity (Fig. 4a). 
In line with this effect on cell viability, release of infectious HCoV-
229E virions was reduced in TMEM41B knockout cells, whereas no 
significant effect on release of SARS-CoV-2 virions was observed 
(Fig. 4c). TMEM41B knockout or overexpression did not affect 
infection with pseudoparticles harboring the HCoV-229E spike 
protein (Fig. 4d), suggesting a role of TMEM41B in a post-entry 
step. A recent study also suggested a post-entry role of TMEM41B 
in flavivirus replication complex formation30. Together, these data 
identify the autophagy protein TMEM41B as an indispensable host 
factor for HCoV-229E.

TMEM106B is required for SARS-CoV-2 infection. Our 
high-stringency SARS-CoV-2 screen identified an important role 
for TMEM106B. We further investigated the effect of TMEM106B 
knockout on SARS-CoV-2 infection in multiple human cell 
lines. TMEM106B knockout in Huh7 and Hep3B cells pre-
vented SARS-CoV-2-induced CPE (Fig. 5a and Extended Data 
Fig. 5a) and reduced virus replication, as measured by staining of 
double-stranded (ds) RNA replication intermediates (Fig. 5b and 
Extended Data Fig. 5b). Complementation with sgRNA-resistant 
TMEM106B cDNA restored CPE and infectivity (Fig. 5a,b and 
Extended Data Fig. 5a–c), confirming specificity of TMEM106B 
knockout. Knockout and complementation of TMEM106B were 
verified by immunostaining (Extended Data Fig. 5d,e). It is inter-
esting that overexpression of TMEM106B in Huh7 cells accel-
erated the onset of CPE and enhanced SARS-CoV-2 infection 
(Fig. 5a,b). Such enhancement of infection was also observed for 
another SARS-CoV-2 strain BavPat-1 (ref. 31), which lacks dele-
tions in the spike protein (Extended Data Fig. 4d), as well as for the 
related SARS-CoV, the causative agent of SARS outbreaks in 2003 
(Extended Data Fig. 6a).

In addition to liver-derived cell lines Huh7 and Hep3B, we 
expressed TMEM106B sgRNAs in lung-derived cell lines NCI-H2110, 
A549, NCI-H1975 and primary human bronchial epithelial cells 
(HBECs). TMEM106B knockout cells were consistently resistant to 
SARS-CoV-2-induced CPE (Fig. 5c and Extended Data Fig. 6b). To 
further corroborate the importance of TMEM106B for SARS-CoV-2 
infection, we generated monoclonal NCI-H1975 cells from a poly-
clonal TMEM106B knockout population. Complete knockout of 
TMEM106B protected cells from SARS-CoV-2-induced CPE (Fig. 5d)  

Fig. 3 | PI3K type 3 is a druggable target against SARS-CoV-2 and other coronaviruses. a, eGFP-expressing Vero E6 cells pretreated for 24 h with 

indicated compounds and infected with SARS-CoV-2. Cell viability without virus was determined by MTS assay 4 d after compound treatment. Cell 

viability with virus was calculated by measuring the number of eGFP-positive cells compared with uninfected, untreated controls (n = 2 wells from one 

of two independent experiments with similar results). b, Huh7 cells pretreated for 30 min with indicated compounds and infected with HCoV-229E. Cell 

viability with/without virus was determined by MTS assay 3 d post-infection and/or compound treatment (viability data with virus: n = 3 independent 

experiments for VPS34-IN1; n = 4 for VPS34-IN2, SAR405 and autophinhib; viability data without virus: n = 3 independent experiments for VPS34-IN1; 

n = 4 for autophinhib; n = 5 for VPS34-IN2 and SAR405). c,d, Huh7 cells infected with SARS-CoV-2 (c) or HRT-18G cells infected with HCoV-OC43 (d). 

Relative number of infected cells compared with untreated control after treatment with PI3K type 3 inhibitors for 6 h, as determined by high-content image 

analysis after dsRNA staining (n = 6 wells examined over two independent experiments). Cell viability without virus was determined by MTS assay 6 h 

post-infection (n = 4 wells examined over two independent experiments). e, Huh7 cells expressing pools of four sgRNAs targeting ATG5, ATG7 or safe 

harbor AAVS1 infected with dilutions of SARS-CoV-2 or HCoV-229E. Cell viability was determined by MTS assay after 3 d (n = 6 wells examined over two 

independent experiments). Area under the curve (AUC) values were calculated and analyzed using Brown–Forsythe and Welch ANOVA and Dunnett’s 

T3 multiple comparison test, comparing each experimental condition with the control. No significant differences were found. f, Vero E6 cells preincubated 

for 30 min with a concentration series of the indicated compounds and subsequently infected with pseudoparticles harboring the SARS-CoV-2 spike 

(either wild-type or deletion; see also Extended Data Fig. 4d) (n = 4 wells examined over two independent experiments). In parallel, cell viability without 

pseudovirus was determined by MTS assay 1 d after compound treatment. Data are expressed as percentage GFP-positive cells or percentage viability over 

the mean of untreated controls. wt, wild-type. Fit curves were calculated by least squares regression (a, b, e and f). Error bars denote mean ± s.e.m. CC50 

and IC50 ± s.e.m. are half-maximal cytotoxic (CC50) and inhibitory (IC50) concentrations.
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and prevented infection (Fig. 5e), which were both restored by com-
plementation with TMEM106B cDNA. Furthermore, no increase in  
replication-competent virus progeny (Fig. 5f) or viral RNA (Fig. 5g  
and Extended Data Fig. 6e) was observed in the supernatant of infec-
ted TMEM106B knockout cells, whereas HCoV-229E production 

was not affected in these cells (Fig. 5f). These data further underscore 
the essential nature of TMEM106B for SARS-CoV-2 infection.

To investigate whether TMEM106B is required for SARS-CoV-2 
spike-mediated entry, Huh7 cells either expressing TMEM106B 
sgRNAs or overexpressing TMEM106B were infected with  
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pseudoparticles containing SARS-CoV-2 spike. Although infec-
tion of control Huh7 was inefficient and no significant effect of 
TMEM106B knockout was detected, TMEM106B overexpression 
stimulated SARS-CoV-2 pseudovirus infection (Fig. 5h). This effect 
was observed for both wild-type spike proteins and spike contain-
ing the aforementioned deletions (Extended Data Fig. 4d), but also  
for SARS-CoV spike protein. In contrast, it was not observed for 
spike from TMEM106B-independent HCoV-229E. Altogether, 
these results demonstrate that TMEM106B is a bona fide proviral 
host factor required for productive SARS-CoV-2 infection of human 
cells and suggest a role of TMEM106B in the entry stage of the  
replication cycle.

TMEM106B expression correlates with SARS-CoV-2 infection.  
To further investigate the relevance of TMEM106B for SARS-CoV-2 
infection, we analyzed TMEM106B expression in a single-cell 
RNA-sequencing (scRNA-seq) dataset of bronchoalveolar lavages 
from 44 patients with pneumonia32; 31 patients (84,874 cells) were 
confirmed COVID-19 positive by reverse transcription quantitative 
PCR (RT–qPCR) and 13 (31,923 cells) were negative and served 

as the control. In this dataset, we further identified cells infected 
by SARS-CoV-2 using the Viral Track method, which detects 
SARS-CoV-2-derived sequencing reads in scRNA-seq data33. In 
these 116,797 cells, TMEM106B expression was detected in 4,094 
(18%) epithelial cells (versus 8% and 13% of lymphoid and myeloid 
cells, respectively; Fig. 6a). It is interesting that epithelial cells 
from patients with COVID-19 showed a significantly increased 
TMEM106B expression compared with epithelial cells from con-
trols (Fig. 6b). This increase was especially evident in SARS-CoV-
2-infected cells, when assessing both sequencing reads of the S 
viral protein (indicative of viral replication) and all viral sequences  
(Fig. 6b). Subclustering epithelial cells revealed that this increase 
was significant for ciliated, hillock and secretory epithelial cells 
(Fig. 6c). These data demonstrate that SARS-CoV-2-susceptible 
airway cells of patients with COVID-19 express increased levels  
of TMEM106B.

Discussion
Although several coronavirus receptors and proteolytic activators 
of the S protein have been extensively studied, little remains known 
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Fig. 4 | TMEM41B is a host factor for HCoV-229E. a, Huh7 cells expressing control sgRNAs (AAVS1), a TMEM41B sgRNA pool (TMEM41BKO) and/or 

TMEM41B cDNA infected with SARS-CoV-2 or HCoV-229E. Cell viability was determined by MTS assay after 3 d at 35 °C (n = 6 wells examined over two 

independent experiments; n = 3 TMEM41BKO, MOI = 0.003). b, Huh7 cells expressing a TMEM41B sgRNA pool or separate sgRNAs infected with HCoV-229E.  

Cell viability was determined by MTS assay after 3 d at 35 °C (n = 3 wells from one independent experiment; fit curves were calculated by least squares 

regression). a,b, AUC values were calculated and analyzed using Brown–Forsythe and Welch ANOVA and Dunnett’s multiple comparison test, comparing 

each experimental condition with the control. P values are indicated for significant differences (two sided) relative to the control (colored as in graph).  

c, Huh7 cells expressing a TMEM41B sgRNA pool (TMEM41BKO) infected with SARS-CoV-2 or HCoV-229E. The amount of infectious virus in the supernatant 

was determined at different times post-infection by end-point dilution data (n = 3 wells from one independent experiment) and was log(transformed) and 

analyzed by two-way ANOVA with Geiser–Greenhouse correction and Dunnett’s multiple comparison test, comparing each experimental condition with 

the control. Values significantly different from AAVS1 control are marked as follows: **0.001 <P <0.01; *0.01 < P <0.05. d, Huh7 cells expressing a TMEM41B 

sgRNA pool (TMEM41BKO) or TMEM41B cDNA infected with pseudoparticles harboring the HCoV-229E spike (n = 6 wells examined over two independent 

experiments). Data are expressed as percentage GFP-positive cells, normalized to wild-type cells. Error bars denote mean ± s.e.m. Data were analyzed 

using Brown–Forsythe and Welch ANOVA and Dunnett’s multiple comparison test, comparing each experimental condition with the control. No significant 

differences were found.
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about coronavirus host factor requirements. In the present study, 
we performed genome-wide genetic screens with the human coro-
naviruses HCoV-229E and SARS-CoV-2. These screens identified 
virus-specific as well as common host factors, such as PI3K type 
3, which we validated as a druggable host factor shared among 
SARS-CoV-2, HCoV-229E and HCoV-OC43. We show that the 
autophagy regulator TMEM41B is required for HCoV-229E infec-
tion, and to a lesser extent for SARS-CoV-2 infection. Finally, 
we identified TMEM106B as a crucial cellular host factor for 
SARS-CoV-2 infection and showed that TMEM106B expression 
correlates with SARS-CoV-2 infection in airway epithelial cells.

Our high-stringency screen identified TMEM106B as the stron-
gest dependency factor for SARS-CoV-2 infection, whereas the 
low-stringency screen detected multiple weaker dependencies. 
From these genes, we selected a subset involved in receptor biol-
ogy, autophagy, membrane/vesicle trafficking and lipid homeostasis 
for validation. Although we could validate most of these genes, a 
few were not validated. The presence of such false positives might 
be explained by the lower stringency, resulting in the presence of 
uninfected cells that persisted in the population. These cells may 
have been selected for resistance to bystander effects such as antivi-
ral stress signals, rather than virus infection, which does not occur 
in the uninfected reference population.

Simultaneous with our screens, six other groups have performed 
similar genome-wide CRISPR screens to identify host factors for 
SARS-CoV-2 (refs. 9,12,16–19) or common cold coronavirus repli-
cation16,17. The top-ranked genes from our HCoV-229E screen 
(ANPEP, PIK3C3 and TMEM41B) were also identified in the other 
screens16,17. SARS-CoV-2 screens were performed in three different 
cell types: the African green monkey Vero E6 cell line9, the alveo-
lar basal epithelial carcinoma A549 cell line overexpressing ACE2  
(A549ACE2)12,18,19 or the hepatoma cell line Huh7 (the present study), 
or derived clones Huh7.5 (ref. 17) and Huh7.5.1 overexpress-
ing ACE2 and TMPRSS2 (Huh7.5.1ACE2/TMPRSS2)16. We compared 
the overlap between the 50 top-ranked genes identified in each 
screen, revealing 33 genes that were identified in at least 2 screens 
(Supplementary Tables 1 and 2). Of these, 8 were discovered in our 
screen, 11 in the Huh7.5 and Huh7.5.1ACE2/TMPRSS2 screens (Wang 
et al.16 and Schneider et al.17), 18 (Daniloski et al.18 and Zhu et al.12) 
or 1 (Heaton et al.19) in the A549ACE2 screens, and 5 in the Vero 
E6 screen (Wei et al.9). Only ACE2 was identified in four screens, 
whereas CTSL, EXT1, ARPC4 and TMEM106B were found in three 

screens, the latter three also being found in our screen. The remain-
ing 28 genes were identified in only 2 different screens. This limited 
overlap between screens may be due to variations in technical setup 
(CRISPR library, multiplicity of infection (MOI), virus strain or cell 
line). In particular, screens performed in similar cell types demon-
strated strong overlap (Extended Data Fig. 7).

Three genes found in our SARS-CoV-2 screens (TMEM106B, 
EXT1 and TMEM41B) were also found in other screens in Huh7.5(.1) 
cells16,17, independently confirming our results. Although our top hit 
TMEM106B was not identified in the A549 screens, we confirmed 
the effect of TMEM106B knockout on SARS-CoV-2 in this cell type 
(Fig. 5c). A possible explanation for the absence of TMEM106B in 
these screens could be that TMEM106B might not be required when 
cells are saturated with high ACE2 levels. Although we observed an 
effect of TMEM106B knockout in A549ACE2+ cells, ACE2 levels may 
have been lower in our cells (Extended Data Fig. 6d) than A549ACE2+ 
cells used in the screens12,18. TMEM106B was not identified by the 
screen in Vero E6 cells9, possibly because these are not of human 
origin. Three top-ranked genes from our screens (PIK3C3, ARPC4 
and CCZ1B) overlap with top-ranked genes in at least one of the two 
screens in A549ACE2+ cells12,18, and two genes (OSBPL8 and PHIP) 
overlap with the Vero E6 screen by Wei et al.9. PIK3C3 and CCZ1B 
were also identified in screens with HCoV-229E and HCoV-OC43 
(ref. 16). Besides the genes described above, we identified and vali-
dated OSBPL9 and TMEM30A as two additional SARS-CoV-2 
host factors that were not identified by any other screen (Fig. 2b). 
Altogether, this shows that understanding SARS-CoV-2 host factor 
dependencies requires combined data from multiple genetic screens 
with varying experimental approaches.

All human cell lines tested in our study were susceptible to 
SARS-CoV-2 infection, despite very low ACE2 expression levels, 
suggesting possible ACE2-independent entry routes. We found that 
the heparan sulfate synthesis gene EXT1 is required for infection 
(Extended Data Fig. 3), in line with a recent study showing that 
heparan sulfate facilitates SARS-CoV-2 binding to cells22. Another 
recent study showed that receptor proteins KREMEN1 and ASGR1 
can facilitate infection of SARS-CoV-2 spike pseudoparticles34. 
Therefore, it is plausible that SARS-CoV-2, similarly to other 
viruses, has a broader repertoire of cellular receptors than initially 
postulated.

Genes identified in both our HCoV-229E and our SARS-CoV-2 
screens were PIK3C3 and TMEM41B. We validated TMEM41B as 

Fig. 5 | TMEM106B is a bona fide proviral host factor for SARS-CoV-2 replication. a, Huh7 cells expressing control sgRNAs (AAVS1), a pool of four sgRNAs 

targeting TMEM106B and/or TMEM106B cDNA infected with sixfold dilutions of SARS-CoV-2 and stained with crystal violet after 3 d at 35 °C. b, Huh7 cells 

expressing a pool of four sgRNAs targeting TMEM106B and/or TMEM106B cDNA infected with SARS-CoV-2 strain BetaCov/Belgium/GHB-03021/2020 

and stained for dsRNA after 6 h (n = 6 wells examined over two independent experiments). Data are expressed as percentage infected cells, normalized 

to control cells (AAVS1) and analyzed using Brown–Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparison, comparing each experimental 

condition with the control; P values are shown for significant differences (two sided). c, Lung-derived cell lines (A549 and NCI-H1975) or primary HBECs 

expressing control sgRNAs (AAVS1) or a pool of four sgRNAs targeting TMEM106B infected with sixfold dilutions of SARS-CoV-2 and stained with 

crystal violet after 8 d (A549) at 35 °C or 6 d (NCI-H1975) or 3 d (HBECs) at 37 °C. d, NCI-H1975 wild-type or monoclonal TMEM106B knockout cells 

transduced with TMEM106B cDNA, infected with sixfold dilutions of SARS-CoV-2 and stained with crystal violet after 3 d at 35 °C. e, NCI-H1975 wild-type 

or monoclonal TMEM106B knockout cells transduced with TMEM106B cDNA, infected with SARS-CoV-2 and stained for dsRNA after 6 h (n = 6 wells 

examined over two independent experiments). Data are expressed as percentage infected cells, normalized to control cells (AAVS1). ND, not detectable. 

Data were analyzed using Brown–Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparison, comparing each experimental condition with 

the control. P values are shown for significant differences (two sided). f, NCI-H1975 wild-type or monoclonal TMEM106B knockout cells infected with 

SARS-CoV-2 or HCoV-229E, and infectious virus in supernatant quantified by end-point dilution (n = 3 wells from one experiment). g, NCI-H1975 wild-type 

or monoclonal TMEM106B knockout cells infected with SARS-CoV-2 at MOI = 1. Cells were stained with crystal violet and viral RNA in supernatant 

measured by qPCR at the indicated time points (n = 3 wells from one experiment). f,g, Data were log transformed and analyzed by two-way ANOVA with 

Geiser–Greenhouse correction and Bonferroni’s or Dunnett’s multiple comparison test, comparing each experimental condition with the control. Values 

significantly different (two sided) from the control are marked (****P < 0.0001; ***0.0001 < P < 0.001; **0.001 < P < 0.01). h, Huh7 cells expressing a 

TMEM106B sgRNA pool (TMEM106BKO) or TMEM106B cDNA transduced with the indicated pseudoparticles harboring the SARS-CoV-2 (either wild-type 

or deletion), SARS-CoV or HCoV-229E spike (n = 6 wells examined over two independent experiments). WT, wild-type. Data are expressed as percentage 

GFP-positive cells, normalized to control cells (AAVS1). Error bars denote mean ± s.e.m. Data are analyzed using Brown–Forsythe and Welch ANOVA with 

Dunnett’s T3 multiple comparison, comparing each experimental condition with the control. P values are shown for significant differences (two sided).
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a host factor for both viruses, but found that HCoV-229E depends 
more strongly on this factor. Infection of TMEM41B knockout cells 
with HCoV-229E spike pseudovirus suggested a role for TMEM41B 
in a post-entry step (Fig. 4d). We further validated PIK3C3 geneti-
cally (Fig. 2b) and showed activity of PI3K type 3 inhibitors against 
SARS-CoV-2, HCoV-229E and HCoV-OC43 (Fig. 3a–d), demon-
strating the potential of PI3K type 3 to serve as a pan-coronavirus 
drug target. Our data (Fig. 4f and Extended Data Fig. 4c) sug-
gest that PI3K type 3 facilitates an early step of the viral life cycle, 
such as endocytosis, fusion, translation or replication initiation. 
Others reported that PI3K type 3 inhibitors cause dispersal of the 
SARS-CoV-2 N protein and dsRNA throughout the cytoplasm, sug-
gesting a role of this factor in replication complex formation35. We 
showed that disrupting autophagy genes ATG5 and ATG7, required 
for phagophore expansion, does not block SARS-CoV-2 and HCoV-
229E infection (Fig. 3e). Thus, PI3K type 3 might support infection 

by inducing phagophore nucleation, whereas later stages of macro-
autophagy are unnecessary.

Of the host factors identified in the present study, TMEM106B 
was the most essential for SARS-CoV-2 infection. TMEM106B is a 
274 amino acid transmembrane protein that resides in endosomes 
and lysosomes, controlling lysosome size, number, mobility and 
trafficking. TMEM106B is poorly characterized and only recently 
received attention because of its role in frontotemporal dementia, 
the second leading cause of pre-senile neurodegeneration23. We 
showed that TMEM106B overexpression specifically enhances cell 
entry by pseudoviruses carrying SARS-CoV-2 or SARS-CoV spike 
(Fig. 5h), whereas entry mediated by spike protein from HCoV-
229E, which is TMEM106B independent (Fig. 5f), was unaffected. 
TMEM106B plays a pivotal role in lysosomal acidification, by inter-
acting with the proton pump vacuolar, ATPase accessory protein 
1 (AP1)36. Therefore, a role of TMEM106B might be to promote 
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endosomal acidification, to facilitate delivery of the SARS-CoV-2 
genome into the cytoplasm. This is suggested by reports showing 
that entry of SARS-CoV-2 S-pseudotyped virus requires endosomal 
acidification10,37. It is interesting that HCoV-229E also requires 
endosomal acidification38, but does not require TMEM106B for 
infection (Figs. 2a and 5f), suggesting that different, although 
related, viruses may depend on distinct factors to exploit similar 
cellular pathways. Alternatively, TMEM106B may be an endo-
somal receptor for SARS-CoV-2, similar to the lysosomal receptor 
NPC1 used by Ebola virus39. Recently, multiple SARS-CoV-2 vari-
ants with increased transmissibility have emerged. Variant VOC-
202012/01 from the United Kingdom, which has rapidly spread 
to numerous countries, contains at least 24 different mutations40, 
which are absent in the strains used in the present study (except 
spike deletion HV69-70). Future research should establish whether 
these mutations affect the requirement of TMEM106B and other 
host factors.

The relevance of TMEM106B for SARS-CoV-2 infection is evi-
dent from our scRNA-seq analysis of airway cells, which shows higher 
TMEM106B expression levels in airway epithelium from patients 
with COVID-19 compared with noninfected patients (Fig. 6). This 
may suggest that TMEM106B expression increases the susceptibil-
ity to SARS-CoV-2, causing higher infection rates in individuals 
with high TMEM106B levels. This would be in line with our in vitro 
data showing increased infectivity on TMEM106B overexpression 
(Fig. 5b,h). It would be interesting to study whether TMEM106B 
could serve as prognostic biomarker for severity of COVID-19. 
Alternatively, SARS-CoV-2 infection could stimulate TMEM106B 
expression in infected cells/tissues. TMEM106B expression in lung 
tissue is lower than in other tissues, such as the brain or testes41. 
Patients with COVID-19 sometimes have neurological symptoms 
such as stroke, brain hemorrhage and memory loss42. Furthermore, 
a recent study demonstrated impaired sperm quality in patients 
with COVID-19 (ref. 43). Therefore, it may be worth investigating 
whether TMEM106B plays a role in SARS-CoV-2 infection of these 
tissues.

As new pathogenic coronaviruses periodically emerge, these 
viruses will continue to pose a public health threat beyond the 
ongoing COVID-19 pandemic. The set of essential coronavirus host 
factors identified in our genome-wide screens will form a basis for 
studies unraveling the cellular pathways hijacked by these viruses. 
In addition, these factors can serve as targets for medicinal chem-
istry efforts to counter the current COVID-19 pandemic or future 
outbreaks of pathogenic coronaviruses.
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Methods
Chemicals and reagents. Reference inhibitor compounds autophinib and 
VPS34-IN1 were purchased from Selleckchem and SAR405 and VPS34-IN2 were 
obtained from MedChemExpress. Plant lectin UDA isolated from the Urtica dioica 
rhizomes was kindly donated by E. Van Damme (Ghent, Belgium). Chloroquine 
was purchased from Acros Organics and remdesivir was ordered from MedKoo. 
Stock solutions were prepared in dimethyl sulfoxide (DMSO).

Cell culture. HEK293T (American Type Culture Collection (ATCC), catalog no. 
CRL-3216), Vero E6 (ATCC, catalog no. CRL-1586), Huh7 (CLS-300156; human 
hepatoblastoma), Hep3B (ATCC, catalog no. HB-8064; human hepatocellular 
carcinoma), HRT-18G (ATCC, catalog no. CRL-11663; human colorectal 
adenocarcinoma) and BHK-21J (received from P. Bredenbeek, LUMC, The 
Netherlands) were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco Life Technologies) supplemented with 8% heat-inactivated fetal bovine 
serum (FBS; HyClone, GE Healthcare Life Sciences), 0.075% sodium bicarbonate 
(Gibco Life Technologies) and 1 mM sodium pyruvate (Gibco Life Technologies). 
A549 (ATCC, catalog no. CCL-185) cells were maintained in F-12K medium 
supplemented with 10% heat-inactivated FBS. NCI-H1975 (ATCC, catalog no. 
CRL-5908) and NCI-H2110 (ATCC, catalog no. CRL-5924) cells were maintained 
in RPMI medium supplemented with 10% heat-inactivated FBS. All cell lines were 
maintained at 37 °C under 5% CO2. Primary HBECs were collected as previously 
described45. Ethical approval was given by the Ethical Committee of University 
Hospital UZ Leuven (S63978) and informed consent by the subjects/patients. 
Briefly, primary HBECs were isolated by overnight pronase digestion of the 
main-stem bronchus from a donor lung before transplantation. After digestion, 
primary HBECs were seeded in T75 flasks with Pneumacult Ex-Plus medium 
(StemCell Technologies) supplemented with 100 U ml−1 of penicillin–streptomycin 
and 2.5 µg ml−1 of amphotericin B until confluence (±6 d). The primary HBECs 
were trypsinized with 0.5% trypsin–ethylenediaminetetraacetic acid (Gibco) in 
RPMI-1640 medium (Gibco) and either seeded immediately in a six-well plate for 
gene editing or cryopreserved in 10% DMSO (Sigma-Aldrich)/FBS (Gibco) until 
needed. The monoclonal NCI-H1975 TMEM106B knockout cell line was generated 
from the polyclonal cell line that was transduced with a pool of the four sgRNAs 
targeting TMEM106B. First, the guides present in this cell line were identified by 
sequencing, and next the genomic locus targeted by these guides was sequenced. 
This monoclonal cell line contains two of these guides (sgRNA 1 and sgRNA 3).

Generation of virus stocks. All infectious SARS-CoV-2-related work was 
conducted in the high-containment BSL3+ facilities of the KU Leuven Rega 
Institute (3CAPS) under licenses AMV 30112018 SBB 219 2018 0892 and 
AMV 23102017 SBB 219 2017 0589, according to institutional guidelines. 
SARS-CoV-2 strain SARS-CoV-2/Belgium/GHB-03021/2020 (GenBank accession 
no. MW368439—passage 5) was used for all experiments, unless otherwise 
indicated. This strain was recovered from a nasopharyngeal swab taken from an 
RT–qPCR-confirmed asymptomatic patient returning from Wuhan in February 
2020 (ref. 46). Infectious virus was isolated and multiplied by five serial passages on 
Huh7 cells. Cells were seeded in DMEM supplemented with 10% heat-inactivated 
FBS to reach a confluency of ~80% the next day. After replacing the medium by 
DMEM + 2% or 4% FBS, cells were infected with SARS-CoV-2 at an MOI of ~0.01. 
When most cells were dying, supernatant was removed from the cells, centrifuged 
to remove cell debris and stored at −80 °C. SARS-CoV-2 strain SARS-CoV-2/
Germany/BavPat1/2020 (ref. 31) (GenBank accession no. MW368440—passage 2) 
was obtained from C. Drosten, Charité Universitätsmedizin Berlin and passaged 
once on Vero E6 cells. The SARS-CoV Frankfurt 1 strain was obtained from 
H. F. Rabenau of the Johann Wolfgang Goethe University, Frankfurt, Germany 
and was propagated in Vero E6 cells. The HCoV-229E (ATCC, catalog no. VR-
740) and HCoV-OC43 (ATCC, catalog no. VR-1558) virus stocks were obtained 
by inoculating a confluent monolayer of Huh7 or HRT-18G cells, respectively. 
The supernatant was harvested after 3 d of incubation for HCoV-229E, or 7 d of 
incubation for HCoV-OC43, at 35 °C under 5% CO2, and stored in aliquots at 
−80 °C after one freeze–thaw cycle and removal of cellular debris by centrifugation.

Genome-wide knockout screens. For the HCoV-229E and SARS-CoV-2 
(high-stringency) screens, 1.5 × 108 Huh7 cells for each of two replicates were 
transduced at an MOI of ~0.3 with lentivirus containing the Brunello genome-wide 
library in lentiCRISPRv2 (Addgene, catalog no. 73179), which contains 77,441 
sgRNAs targeting 19,114 genes. Cells were selected with 2 µg ml−1 of puromycin for 
3 d to eliminate untransduced cells, seeded at a coverage of ~200 cells per sgRNA 
for each replicate and infected with HCoV-229E (MOI = 0.5) or SARS-CoV-2 
(MOI = 2.5). Surviving cells were harvested at 18 d post-infection (HCoV-229E) 
or 41 d post-infection (SARS-CoV-2). For the SARS-CoV-2 low-stringency screen, 
1.5 × 108 Huh7 cells for each of two replicates were transduced at an MOI of ~0.2 
with lentivirus containing the Brunello library and selected with puromycin for 
3 d. Then, cells were seeded at a coverage of 500 cells per sgRNA for each replicate 
in DMEM with 4% FBS and infected with SARS-CoV-2 at an MOI of 0.1. For each 
replicate, uninfected cells were maintained under similar conditions to the infected 
cells and harvested simultaneously. Then, 5 d post-infection, cells were cultivated 
in DMEM with 20% FBS for 3 d to allow cell recovery, and were infected again with 

an MOI of ~0.1. Cells were harvested at 14 d post-infection. Genomic DNA was 
extracted from cells using the QIAmp DNA Mini Kit (QIAGEN, catalog no. 51306) 
or, for the SARS-CoV-2 low-stringency screen, with the QIAmp DNA Blood maxi 
kit (QIAGEN, catalog no. 51194). In a first PCR step, regions of ~600 bp containing 
the sgRNA sequence were amplified using NEBNext Ultra II Q5 Master Mix (New 
England Biolabs, catalog no. M0544S) in 25 amplification cycles. A second PCR 
of 10 cycles with NEBNext Ultra II Q5 Master Mix was performed with primers 
containing Illumina adapters and TruSeq indices. Products were separated by 
agarose gel electrophoresis and purified with the PureLink Quick Gel Extraction 
Kit (Thermo Fisher Scientific, catalog no. K210012). Samples were then diluted 
to 2–4 nM, pooled, and denatured and diluted according to the instructions for 
single-end sequencing on an MiSeq (Illumina) with an MiSeq-v.2 50 cycles or an 
MiSeq-v.3-150 cycles kit (Illumina) and 10% PhiX (Illumina) spike-in. FastQ files 
were further analyzed with CRISPRCloud2 (ref. 44), using the Brunello library 
sgRNA list (Supplementary Table 3). In this analysis, the gene-level enrichment 
is obtained by averaging the sgRNA-level enrichment values. The sgRNA-level 
P values are calculated using a one-sided Student’s t-test and aggregated using 
Fisher’s method to obtain gene-level P values. Bubble plots of screen data were 
generated using Microsoft Excel 2016. Read counts and gene-level analyses of all 
screens are listed in Supplementary Tables 4–11.

Genome-wide knockout screen hit validation. For individual validation of 
genes, guides enriched during the genome-wide knockout screens were cloned 
into the pLentiCRISPRv2 plasmid (Addgene, catalog no. 52961) following the 
standard cloning protocol. For lentiviral particle production, HEK293T cells 
were plated in 40 ml of supplemented DMEM in T150 (TPP) flasks at 45% 
confluency and incubated overnight. After 24 h, the cells were transfected using 
X-TremeGENE 9 (Roche) with the pLentiCRISPR plasmids and the lentiviral 
packaging plasmids pMD2.G and psPAX2 to generate lentiviral particles coated 
with the vesicular stomatitis virus G (VSV-G) protein and incubated overnight. 
Then, 24 h post-transfection the medium was changed to DMEM supplemented 
with serum-free bovine serum albumin growth medium (DMEM + 1.1 g 100 ml−1 
of bovine serum albumin and 20 µg l−1 of gentamicin). The supernatant containing 
lentiviral particles was harvested 72 h after transfection and stored at −80 °C. Cells 
were transduced with lentiviruses expressing only one sgRNA or a pool of the 
four sgRNAs from the Brunello genome-wide knockout library and then selected 
with puromycin for 3 d (sgRNAs target sequences are in Supplementary Table 
12). Monoclonal TMEM106B knockout cells were derived from polyclonal cells 
expressing an sgRNA pool, by seeding a dilution series of cells and selecting wells 
containing a single cell colony. Knockout was confirmed by Sanger sequencing of 
sgRNA target sites and staining with a TMEM106B-specific antibody.

DNA extraction and sequencing. Genomic DNA was isolated from 1 million 
cells with the QIAamp DNA Mini Kit using RNase A. For Sanger sequencing, the 
region of interest was amplified using the CloneAmp HiFi PCR premix (Clontech) 
in 25-µl PCR reactions containing 50 ng of genomic DNA. The amplified DNA 
was then purified (Nucleospin Gel and PCR Clean-up (Macherey-Nagel)) and 
sequenced (Macrogen; primer sequences are in Supplementary Table 12) and 
analyzed using Geneious software (v.9.1.8).

Cell viability assays. Cells stably expressing specific sgRNAs were seeded 
in 96-well plates at 4,000 cells per well in medium with 8% or 10% FBS. The 
following day, serial dilutions of virus in medium without FBS were added to 
the cells, resulting in a serum concentration of 4% or 5%. Cells were incubated 
until sufficient CPE was visible. For MTS assays, medium was removed from 
the cells and replaced by MTS reagent (CellTiter 96 AQueous One Solution Cell 
Proliferation Assay from Promega) diluted in phosphate-buffered saline (PBS). The 
absorbance was measured with a Tecan Spark microplate reader. For crystal violet 
staining, cells were fixed in 4% formaldehyde for 30 min, stained with a 1% crystal 
violet solution in water and rinsed with water.

Virus production assays. Cells were infected with virus for 1 h at 35 °C in DMEM 
without FBS. After infection, the inoculate was replaced by DMEM with 4% FBS. 
Supernatant was harvested at different time points. The amount of infectious 
virus was determined by end-point dilution on Vero E6 cells (for SARS-CoV-2) 
or Huh7 cells (for HCoV-229E). The values of the 50% tissue culture infectious 
doses (TCID50) per ml were calculated using the Spearman–Kärber method. The 
amount of viral RNA in supernatant was quantified by qPCR as follows: RNA was 
extracted from the supernatant, reverse-transcribed and PCR amplified using the 
QIAprep&amp Viral RNA UM Kit (QIAGEN, catalog no. 221415) according to 
the manufacturer’s instructions. SARS-CoV-2 replication was assessed using the 
SARS-CoV-2 N1+N2 Assay Kit (QIAGEN, catalog no. 222015). Amplification and 
detection were performed in an QuantStudio 5 Real-Time PCR System (Applied 
Biosystems). Ct (cycle threshold) values were converted to relative RNA levels and 
normalized to the RNA level in samples harvested immediately after infection.

Virus inhibition assays. The antiviral activity of PI3K type 3 inhibitors on 
SARS-CoV-2 in Vero E6 cells was evaluated as follows: on day −1, the test 
compounds were serially diluted in DMEM (Gibco, catalog no. 41965-039) 
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supplemented with 2% (v:v) heat-inactivated fetal calf serum and sodium 
bicarbonate (Gibco, catalog no. 25080-060). Diluted compounds were then mixed 
with enhanced green fluorescent protein (eGFP)-expressing Vero E6 cells at 25,000 
cells per well in 96-well plates (Greiner Bio-One, catalog no. 655090). The plates 
were incubated overnight in a humidified incubator at 37 °C and 5% CO2. On day 
0, SARS-CoV-2 was added at 20 TCID50 per well and, on day 4 post-infection, the 
wells were examined for eGFP expression using a high-content imaging platform, 
and the images of the wells were converted into signal values. To obtain values for 
cell viability (with virus), the background signal was subtracted based on infected, 
untreated controls, and signal values were normalized to uninfected, untreated 
controls. The toxicity of compounds in the absence of virus was evaluated by MTS 
assay. All compounds were tested in duplicate, in two independent experiments. 
To evaluate the antiviral activity of PI3K type 3 inhibitors against HCoV-229E, 
Huh7 cells were seeded into 384-well plates. The next day, serial dilutions of the 
compounds were added to the cells before infection with HCoV-229E at 30 TCID50 
per well. At 3 d post-infection, the virus-induced CPE was measured by MTS assay.

Time-of-drug-addition assay. Huh7 cells were seeded into 48-well dishes at 40,000 
cells per well. After 24 h of incubation at 37 °C, the cells were cooled on ice for 1 h, 
followed by addition of 30 CCID50 of the HCoV-229E virus and further incubation 
at 35 °C. The test compounds were added at a concentration approximately twofold 
above their half-maximal effective concentration (EC50), at different time points 
post-infection (p.i.): −30 min, 0 h, 30 min, 1 h, 2 h, 3 h, 5 h and 8 h p.i. At 11 h p.i., 
total cellular RNA extracts were prepared and viral RNA was quantified using 
the CellsDirect One-Step qRT-PCR kit (Thermo Fisher Scientific). One-step 
real-time RT-PCR was performed using the 229E-FP forward primer, 229E-RP 
reverse primer and TaqMan minor groove-binder probe 229E-TP (Thermo Fisher 
Scientific; Supplementary Table 12), derived from the HCoV-229E membrane 
protein gene sequence as described previously47. Amplification and detection were 
performed in an ABI 7500 Fast Sequence Detection System (Applied Biosystems) 
under the following conditions: an initial reverse transcription at 50 °C for 15 min, 
followed by PCR activation at 95 °C for 2 min and 45 cycles of amplification (15 s at 
95 °C and 30 s at 60 °C). Six independent experiments were carried out.

Immunofluorescence assays. Immunofluorescence staining was performed 
according to standard procedures. Briefly, all cells were seeded at a density of 
20,000 cells per well in 8-well µ-slides (Ibidi). Cells were allowed to adhere 
overnight before receiving compound treatment and/or viral infection 
with SARS-CoV-2 or HCoV-OC43. After incubation, cells were fixed (4% 
paraformaldehyde in PBS), washed and permeabilized (0.2% Triton X-100 in 
PBS). Employed primary antibodies were rabbit anti-LC3B (Sigma-Aldrich, 
catalog no. L7543) at a 1:200 dilution, mouse anti-dsRNA (J2, Scicons) at a 
1:1,000 dilution and rabbit anti-TMEM106B (Novus, catalog no. NBP2-31714) at 
a 1:50 dilution. Secondary antibodies Alexa Fluor-568 goat anti-rabbit (A11011, 
Invitrogen, Thermo Fisher Scientific) and Alexa Fluor-488 goat anti-mouse 
(A11029, Invitrogen, Thermo Fisher Scientific) were diluted 1:500. Cell nuclei were 
counterstained with DAPI and the samples were imaged by confocal microscopy 
on a Leica TCS SP5 confocal microscope (Leica Microsystems), employing an HCX 
PL APO 63× (numerical aperture 1.2) water immersion objective. The percentage 
of infected cells was quantified by high-content image analysis (ArrayScan XTI, 
Thermo Fisher Scientific) for at least 3,000 cells per condition.

Generation of cells overexpressing ACE2, TMEM106B and TMEM41B. The 
pLCKO plasmid was a gift from J. Moffat (Addgene, plasmid no. 73311). The 
invariant gRNA scaffold was removed together with the puromycin resistance 
gene and replaced by the coding sequence of ACE2 (Addgene, plasmid no. 1786), 
TMEM106B (Integrated DNA Technologies) or TMEM41B (Integrated DNA 
Technologies), followed by a P2A-coupled blasticidin resistance gene driven by a 
cytomegalovirus promoter. Protospacer adjacent motif sequences flanking binding 
sites of sgRNAs from the Brunello library and the sgRNA target sequences were 
mutagenized in the coding sequence of TMEM106B and TMEM41B by introducing 
silent mutations. The resulting vector was used to make lentiviral particles, as 
described above. Huh7 cells were transduced with the lentiviral stock in the 
presence of polybrene (8 µg ml−1). After 24 h, medium was replaced by medium 
containing blasticidin (10 µg ml−1) and cells were incubated for an additional 48 h.

Simple Western analysis. For Simple Western analysis, cells were lysed in RIPA 
lysis buffer (Sigma-Aldrich) for 1 h at 4 °C. Whole cell lysates were cleared by 
centrifugation. Proteins were separated by size (12–230 kDa) and visualized on a 
Wes system (ProteinSimple) with an anti-mouse or anti-goat immunoglobulin G–
horseradish peroxidase antibody (R&D Systems, catalog no. HAF109, diluted 1:5) 
detecting the primary antibody against glyceraldehyde 3-phosphate dehydrogenase 
(Santa Cruz Biotechnology, catalog no. sc-47724, diluted 1:500), vinculin (Cell 
Signaling, catalog no. 13901, diluted 1:500) or anti-hACE2 (R&D Systems, catalog 
no. AF933, diluted 1:400). Protein signals were visualized and quantified with the 
Compass software, v.4.0.0 (ProteinSimple).

Pseudotyping of VSV. Expression plasmids encoding SARS-CoV-S and 
SARS-CoV-2-S were obtained from B. J. Bosch and W. Li, Utrecht University, 

The Netherlands. Plasmids encoding HCoV-229E-S and MERS-S were from S. 
Pöhlmann, DPZ, Göttingen, Germany. Mutations in the S sequence were introduced 
via PCR and inserted into pCAGGS using the NEBuilder HiFi DNA Assembly kit. 
VSV pseudotypes were generated as described previously10. Briefly, HEK293T or 
BHK-21J cells were transfected with the respective expression plasmids; 1 d p.i., cells 
were infected (MOI = 2) with VSVΔG expressing a GFP reporter gene (purchased 
from Kerafast) for 2 h. The medium was changed with medium containing 
anti-VSV-G antibody (I1-hybridoma, ATCC, catalog no. CRL-2700) to neutralize 
residual VSV-G input. After 24 h, supernatant containing VSV pseudotypes was 
harvested. For transduction, the indicated cell lines were inoculated with the 
respective pseudotyped VSV. For experiments involving inhibitors, cells were 
preincubated for 30 min at 37 °C with serial dilutions of the indicated compounds. 
After 18 h of incubation, the percentage of GFP-expressing cells was quantified on 
a Cell Insight CX5/7 High Content Screening platform (Thermo Fisher Scientific) 
with Thermo Fisher Scientific HCS Studio (v.6.6.0) software.

Flow cytometry. Cell surface expression of ACE2 protein was detected by flow 
cytometry. Briefly, confluent cells were trypsinized and left to rest at 37 °C for 
90 min. Cells were resuspended in PBS with 2% FBS (assay buffer) containing 
1 μg ml−1 of anti-hACE2 antibody (R&D Systems, catalog no. AF933, 1:10 dilution) 
and incubated for 30 min. Cells were washed twice, resuspended in assay buffer 
containing 0.5 μg ml−1 of PE-conjugated donkey anti-goat (LifeSpan BioSciences, 
catalog no. LS-C752241, 1:200 dilution) and incubated for another 30 min. Cells 
were washed twice and resuspended in PBS with 1% paraformaldehyde for FACS 
analysis using a BD FACSCanto II Flow Cytometer.

Analysis of scRNA-seq data. We assessed the TMEM106B expression levels in 
an integrated single-cell dataset consisting of 116,797 cells32,48. These cells were 
stratified among control, COVID-19- and SARS-CoV-2-infected cells from 
patients with COVID-19 (COVID-19 infected). The COVID-19-infected cells 
were identified by Viral Track33. Differences among the control, COVID-19 and 
COVID-19-infected cells were statistically assessed using a Kruskal–Wallis test, 
and P < 0.05 was considered significant. For groups with significant differences, 
pairwise comparisons were performed using Wilcoxon’s rank-sum test. We 
visualized these cells using a Uniform Manifold Approximation and Projection 
(UMAP) and violin plots using the Seurat49 package v.3 (https://github.com/
satijalab/seurat/releases/tag/v3.0.0) in R version 3.6.0—‘Planting of a Tree’. 
The code used to generate Fig. 6 is available at https://github.com/u0054600/
COVID19-TMEM106B.

Statistical analysis. Statistical analyses of all data, except genetic screen and 
single-cell sequencing data, were performed using GraphPad Prism software. Data 
were analyzed for normality and log(normality) using the Kolmogorov–Smironov 
test before application of analysis of variance (ANOVA). All analyses were performed 
at a threshold α level of 0.05. The specific statistical tests used for each dataset are 
mentioned in the respective figure captions, as well as any data transformation that 
was applied. All measurements were taken from distinct samples.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Sequencing data are available from the National Center for Biotechnology 
Information Sequencing Read Archive (SRA accession nos. SRR13255539, 
SRR13255540, SRR13255541, SRR13255542, SRR13255543, SRR13255544, 
SRR13255545, SRR13255546, SRR13255547; BioProject accession no. 
PRJNA685335). The scRNA-seq data are from another study32; raw sequencing 
reads have been deposited in the EGA European Genome–Phenome Archive 
database (EGAS00001004717) and a download of the processed read count matrix 
is available at http://covid19.lambrechtslab.org.

Code availability
The code used to generate Fig. 6 is available at https://github.com/u0054600/
COVID19-TMEM106B.
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Extended Data Fig. 1 | Analysis of ACE2 expression levels in different cell lines. Lysates of the indicated wildtype cell lines, or Huh7 cells transduced with 

an ACE2 overexpression construct, were analyzed using a ProteinSimple Wes™ system, with antibodies specific for ACE2 and the endogenous controls 

vinculin and GAPDH. One of two repetitions is shown.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Genotyping of CRISPR/Cas9-mediated gene knockout for validation of host factors for SARS-CoV-2 and HCoV-229E. Forty-eight 

hours after transduction of cells with lentivirus containing sgRNAs, target loci of sgRNAs were PCR-amplified, Sanger sequenced and aligned to the 

wildtype (WT) reference sequence. The sgRNA sequence is highlighted in red, the Cas9 PAM sequence is highlighted in blue and the cleavage site is 

indicated by a red arrowhead. The monoclonal NCI-H1975 TMEM106B knock out cell line was generated from the polyclonal cell line that was transduced 

with a pool of 4 sgRNAs targeting TMEM106B. sgRNAs present in this monoclonal cell line were first identified by sequencing and subsequently the 

genomic locus targeted by these guides was sequenced. This monoclonal cell line contains two guides (sgRNA 1 and sgRNA 3). Mismatches in the 

sequencing chromatogram are highlighted in blue.
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Extended Data Fig. 3 | SARS-CoV-2 infection requires the heparan sulfate biosynthesis factor EXT1. a,b, Huh7 wildtype cells (a) or Huh7 cells expressing 

a pool of sgRNAs targeting ACE2 (b) were transduced with lentivirus containing indicated sgRNA pools and subsequently infected with a dilution 

series of SARS-CoV-2 and incubated for three days at 35 °C, followed by measurement of cell viability by MTS assay. Data are mean ± s.e.m. Fit curves 

were calculated by least squares regression. AUC values were calculated and analysed by Brown-Forsythe and Welch ANOVA and Dunnet’s multiple 

comparison test, comparing each experimental condition to the control. For significant differences from the control (two-sided), p values are indicated in 

the figure (colored as in graph legend) (n = 3 wells from one experiment).
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Extended Data Fig. 4 | Coronavirus infection requires PI3K type 3 in an early step of the life cycle and does not require a functional macroauthophagy 

pathway. a, Immunofluorescence staining of LC3B in uninfected or SARS-CoV-2-infected Huh7 cells treated with 12.5 µM of specific PI3K type 3 inhibitors 

for 6 hours; PI3K type 3 inhibition completely abolishes the formation of LC3-positive puncta and induces vacuoles in treated cells (bar: 25 µm). One 

representative picture out of four pictures taken per condition is shown. b, Immunofluorescence staining of LC3B in Huh7 cells expressing a pool of four 

sgRNAs targeting ATG5, ATG7, or the AAVS1 safe targeting locus. Chloroquine, an inhibitor of autophagic flux that decreases autophagosome-lysosome 

fusion, induces an increase in LC3-positive puncta in control cells, but fails to do so in ATG5 and ATG7 knockout cells, confirming the effective knockout 

of both genes (bar: 25 µm). Representative picture out of three pictures taken per condition is shown c, Time series experiment showing early stage 

post-receptor binding effect of PI3K type 3 inhibitor SAR405 on HCoV-229E infection. Huh7 cells were infected, treated with SAR405 at different 

timepoints, followed by determination of viral RNA levels at 10 hours post infection by qPCR. UDA: Urtica dioica agglutinin. Data were baseline-corrected 

by subtracting the signal from the first t=−0.5 timepoint for every datapoint. Combined results of six independent experiments are shown. Data are 

represented as mean ± s.e.m. d, Schematic representation of the wildtype SARS-CoV-2 Spike or SARS-CoV-2 spike containing two deletions sites at the 

N-terminus of the S1 region and near the S1/S2 cleavage site.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | TMEM106B knockout decreases SARS-CoV-2 infection of different human cell lines. a, Hep3B cells expressing control sgRNAs 

(AAVS1), a pool of 4 sgRNAs targeting TMEM106B and/or TMEM106B cDNA were infected with 6-fold dilutions of SARS-CoV-2 and stained with 

crystal violet after 3 days at 35 °C. b, Hep3B cells expressing pools of 4 sgRNAs were infected with a MOI of ~40 and stained for dsRNA at 6 hours post 

infection. The percentage of infected cells was determined by high content image analysis. Data were analysed by a Welch’s t test with two-tailed p-value. 

(n = 6 wells examined over two independent experiments). c, Different cell lines expressing control sgRNAs (targeting the safe harbour gene AAVS1) 

or polyclonal (Huh7 and Hep3B) or monoclonal (NCI-H1975) TMEM106B knockout cells were transduced with TMEM106B cDNA infected with 6-fold 

dilutions of SARS-CoV-2 and cell viability was determined after 3 days at 35 °C (MTS). AUC values were calculated and analysed by Brown-Forsythe 

and Welch ANOVA and Dunnet’s multiple comparison test, comparing each experimental condition to the control. For significant differences relative 

to the control (two-sided), p values are indicated in the figure (colored as in graph legend) (n = 6 wells examined over two independent experiments). 

d,e, Different cell lines expressing control sgRNAs (targeting the safe harbour gene AAVS1) or a pool of four sgRNAs targeting TMEM106B (d) and/or 

TMEM106B cDNA (e) were stained with a TMEM106B-specific antibody, after which TMEM106B-positive punctae were quantified by high content image 

analysis. Values indicate the percentage of cells containing two or more punctae (n = 3 wells), shown is the mean ± s.e.m. (bar: 40 µm).
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Extended Data Fig. 6 | Overexpression and knockout of TMEM106B affect SARS-CoV-2 infection of different human cell lines. a, Huh7 cells expressing 

a pool of 4 sgRNAs targeting TMEM106B and/or TMEM106B cDNA were infected with SARS-CoV strain Frankfurt-1 or BetaCoV/Germany/BavPat1/2020 

and stained for dsRNA 3 days after infection (n = 6 wells examined over two independent experiments). Data are expressed as % infected cells, 

normalized to control cells (AAVS1). Data were analysed by Brown-Forsythe and Welch ANOVA and Dunnet’s multiple comparison test P values for 

significant differences from the control (two-sided) are indicated. b, NCI-H2110 cells expressing pools of 4 sgRNAs were infected with SARS-CoV-2 at a 

MOI of ~0.2 and incubated for 7 days at 37 °C, followed by measurement of the cell viability by MTS assay (n = 6 wells examined over two independent 

experiments). c, A549 cells overexpressing ACE2, as well as pools of 4 sgRNAs targeting TMEM106B were infected with SARS-CoV-2 and stained for 

dsRNA after 6 hours (n = 6 wells examined over two independent experiments). Data are expressed as % infected cells, normalized to control cells 

(AAVS1). Data were analysed by a Welch t-test with two-tailed p-value. (b,c) Data are represented as mean ± s.e.m. (a,b,c) d, Wildtype A549 cells or 

cells expressing pools of 4 sgRNAs targeting AAVS1 or TMEM106B were stained with an ACE2-specific antibody and analyzed by flow cytometry. Left: 

Histogram of A549 cells overexpressing ACE2. Right: Pseudocolored dot-plots of sorted cells, showing gates used to select cells shown in the histogram. 

e, NCI-H1975 wt or monoclonal TMEM106B knockout cells (transduced with TMEM106B cDNA) were infected with SARS-CoV-2 at MOI 0.1. Viral RNA 

in supernatant was measured by qPCR at the indicated timepoints (n = 3 wells). Data were log transformed and analysed by two-way ANOVA with 

Geiser-Greenhouse correction and Dunnet’s multiple comparison test, comparing each experimental condition to the control. Values significantly different 

than the AAVS1 control cell lines are marked (***: 0.0001<p<0.001; **: 0.001<p<0.01; *: 0.01<p<0.05).
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Extended Data Fig. 7 | Overlap between top ranked genes of different SARS-CoV-2 genome-wide CRISPR screens. For each screen, the 50 top ranked 

genes were listed and compared with the 50 top ranked genes from every other screen. Values indicate the number of overlapping genes between each set 

of two screens. Bold values represent the number of top 50 genes from the specific screen that were identified in at least one other screen. For Daniloski 

et al. a combination of the top 50 hits from the low MOI (0.01) and high MOI (0.3) screen were taken for the analysis. For the Zhu et al. screen the top 32 

validated genes were taken for the analysis. For the Schneider et al. screen the top 50 genes from the 37 °C screen were included in the analysis.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection RT-qPCR data were processed using QuantStudio(TM) Design & Analysis software (v1.4.3) and 7500 Fast System SDS Software Applied 
Biosystems (v1.4.0.25) 
High content analysis was performed using Thermo Scientific HCS Studio (v 6.6.0) software

Data analysis Deep sequencing data were analyzed using CRISPRCloud2 (https://crispr.nrihub.org)  
Analysis of sequencing files was done using Geneious Software (v9.1.8) 
Protein signals from Simple Western analysis were visualized and quantified with the Compass software, v4.0.0 (Protein Simple) 
Single cell sequencing data were analysed by Seurat49 package (version 3) in R version 3.6.0 (https://github.com/satijalab/seurat/releases/
tag/v3.0.0) (ref 49). The  code used to generate Figure 6 is available at https://github.com/u0054600/COVID19-TMEM106B. 
GraphPad Prism version 8 or higher was used for statistical analysis (except for deep sequencing and scRNAseq data; see above)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Sequencing data are available from the NCBI Sequencing Read Archive (SRA numbers SRR13255539, SRR13255540, SRR13255541, SRR13255542, SRR13255543, 
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SRR13255544, SRR13255545, SRR13255546, SRR13255547; Bioproject PRJNA685335). Single-cell RNA sequencing data are from another study (ref 32), raw 
sequencing reads have been deposited in the EGA European Genome-Phenome Archive database (EGAS00001004717) and a download of the processed read count 
matrix is available at http://covid19.lambrechtslab.org.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample sizes were chosen based on the approximate standard deviation 
generally observed for a given assay in relation to the effect size.

Data exclusions No data were excluded from data analyses.

Replication For experiments that have been replicated, the number of replicates is indicated in the figure legends. No experiments were included that 
showed contradicting results upon repetition.

Randomization The experiments in this study were not randomized in terms of sample position on experimental multiwell plates. However, experimental 
conditions were allocated without any previous selection of test samples (cell cultures, viral stocks,  etc..)

Blinding Data acquisition/analysis was merely machine based and hence blinded.  

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Primary antibodies: rabbit anti-LC3B (L7543, Sigma, 1:200 dilution); mouse anti-dsRNA (J2 Lot# J2-2006, Scicons, 1:1000 dilution); 

rabbit anti-TMEM106B (Novus, NBP2-31714 Lot# A116987, 1:50 dilution); goat polyclonal anti-hACE2 (R&D Systems, AF933 Lot# 
HOK0320032, 1:400 dilution); rabbit monoclonal anti-Vinculin (Cell Signaling, 13901 Lot #6, 1:500 dilution); mouse monoclonal anti-
GAPDH (Santa Cruz Biotechnology, sc-47724 Lot# A0220, 1:500 dilution); Goat polyclonal anti-hACE2 (R&D Systems, AF933 Lot# 
HOK0320032, 1:10 dilution)  
Secondary antibodies: Alexa Fluor® 568 goat anti-rabbit (A11011 Lot# 1126593, Invitrogen, ThermoFisher Scientific, 1:500 dilution); 
Alexa Fluor® 488 goat anti-mouse (A11029 Lot# 2179204 , Invitrogen, ThermoFisher Scientific, 1:500 dilution); anti-Goat IgG-HRP 
(R&D systems, HAF109 Lot# XGD0814051, 1:5 dilution); PE conjugated donkey anti-goat (LifeSpan BioSciences, LS-C752241, 1:200 
dilution)

Validation WES antibodies: 
• Mouse monoclonal anti-GAPDH (Santa Cruz Biotechnology, sc-47724, 1:500 dilution) (Lot: A0220) 
https://www.proteinsimple.com/antibody/antibodies.html, antibody database for Simple Western WES compatibility, a user-
interactive listing of antibodies that have been screened and tested in Simple Western Charge- and Size-based assays.  
• Rabbit monoclonal anti-Vinculin (Cell Signaling, 13901, 1:500 dilution) (Lot: 6) 
https://www.proteinsimple.com/antibody/antibodies.html, antibody database for Simple Western WES compatibility, a user-
interactive listing of antibodies that have been screened and tested in Simple Western Charge- and Size-based assays.  
• Goat polyclonal anti-hACE2 (R&D Systems, AF933, 1:400 dilution) (Lot: HOK0320032) 
https://www.proteinsimple.com/antibody/antibodies.html, antibody database for Simple Western WES compatibility, a user-
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interactive listing of antibodies that have been screened and tested in Simple Western Charge- and Size-based assays. 
• Anti-Goat IgG-HRP (R&D systems, HAF109, 1:5 dilution) (Lot: XGD0814051) 
https://www.proteinsimple.com/antibody/antibodies.html, antibody database for Simple Western WES compatibility, a user-
interactive listing of antibodies that have been screened and tested in Simple Western Charge- and Size-based assays. 
 
Immunofluorescence antibodies: 
• Rabbit polyclonal anti-LC3B (Sigma, L7543, 1:200 dilution)  
Choi WH, de Poot SA, Lee JH, Kim JH, Han DH, Kim YK, Finley D, Lee MJ. Open-gate mutants of the mammalian proteasome show 
enhanced ubiquitin-conjugate degradation. Nat Commun. 2016 Mar 9;7:10963. doi: 10.1038/ncomms10963. PMID: 26957043; 
PMCID: PMC4786872. 
• Mouse monoclonal anti-dsRNA (Scicons, J2, 1:1000 dilution) (Lot: J2-2006) 
Rabouw HH, Visser LJ, Passchier TC, Langereis MA, Liu F, Giansanti P, van Vliet ALW, Dekker JG, van der Grein SG, Saucedo JG, Anand 
AA, Trellet ME, Bonvin AMJJ, Walter P, Heck AJR, de Groot RJ, van Kuppeveld FJM. Inhibition of the integrated stress response by viral 
proteins that block p-eIF2-eIF2B association. Nat Microbiol. 2020 Nov;5(11):1361-1373. doi: 10.1038/s41564-020-0759-0. Epub 2020 
Jul 20. PMID: 32690955. 
• Rabbit polyclonal anti-TMEM106B (Novus, NBP2-31714, 1:50 dilution) (Lot: A116987) 
Antibody validated in the manuscript (see Supplementary Figure 5 d, e) 
• Alexa Fluor® 568 Goat anti-Rabbit (Invitrogen, A11011, 1:500 dilution) (Lot: 1126593) 
Schipper K, Seinstra D, Paulien Drenth A, van der Burg E, Ramovs V, Sonnenberg A, van Rheenen J, Nethe M, Jonkers J. Rebalancing of 
actomyosin contractility enables mammary tumor formation upon loss of E-cadherin. Nat Commun. 2019 Aug 23;10(1):3800. doi: 
10.1038/s41467-019-11716-6. PMID: 31444332; PMCID: PMC6707221. 
• Alexa Fluor® 488 Goat anti-Mouse (Invitrogen, A11029, 1:500 dilution) (Lot: 2179204) 
Fons NR, Sundaram RK, Breuer GA, Peng S, McLean RL, Kalathil AN, Schmidt MS, Carvalho DM, Mackay A, Jones C, Carcaboso ÁM, 
Nazarian J, Berens ME, Brenner C, Bindra RS. PPM1D mutations silence NAPRT gene expression and confer NAMPT inhibitor 
sensitivity in glioma. Nat Commun. 2019 Aug 22;10(1):3790. doi: 10.1038/s41467-019-11732-6. PMID: 31439867; PMCID: 
PMC6706443. 
 
Flow cytometry antibodies: 
• Goat polyclonal anti-hACE2 (R&D Systems, AF933, 1:10 dilution) (Lot: HOK0320032) 
Crawford KHD, Eguia R, Dingens AS, Loes AN, Malone KD, Wolf CR, Chu HY, Tortorici MA, Veesler D, Murphy M, Pettie D, King NP, 
Balazs AB, Bloom JD. Protocol and Reagents for Pseudotyping Lentiviral Particles with SARS-CoV-2 Spike Protein for Neutralization 
Assays. Viruses. 2020 May 6;12(5):513. doi: 10.3390/v12050513. PMID: 32384820; PMCID: PMC7291041. 
• PE conjugated Donkey anti-Goat (LifeSpan BioSciences, LS-C752241, 1:200 dilution) 
Bae HS, Son HY, Lee JP, Chang H, Park JU. The Role of Periostin in Capsule Formation on Silicone Implants. Biomed Res Int. 2018 Apr 
26;2018:3167037. doi: 10.1155/2018/3167037. PMID: 29854742; PMCID: PMC5944282. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293T (ATCC CRL-3216) 
Vero E6 (ATCC- CRL-1586) 
Huh-7 (CLS - 300156; human hepatoblastoma) 
Hep3B (ATCC HB-8064; human hepatocellular carcinoma) 
HRT-18G (ATCC CRL-11663; human colorectal adenocarcinoma) 
A549 (ATCC-CCL-185) 
NCI-H1975 (ATCC-CRL-5908) 
NCI-H2110 (ATCC-CRL-5924) 
BHK-21J (Peter Bredenbeek, LUMC, the Netherlands; no commercial source, PMID: 937162

Authentication None of the cell lines used were authenicated, but upon receipt from the vendor cell lines were expanded and frozen in 
aliquots. Cell lines are kept in culture for no longer than 3 months. A new batch from the frozen aliquots of the original 
expanded culture is thawed every 3 months.

Mycoplasma contamination All cell lines tested were negative for mycoplasma infection as confirmed by regular testing using the Venor Gem OneStep Kit 
(Minerva Biolabs cat. no. 11-8050)

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines were used in this study

Human research participants
Policy information about studies involving human research participants

Population characteristics HBEC isolation: 63 y/o male, interstitial lung disease-extrinsic allergic alveolitis. 
scRNAseq data: detailed patient information can be found in ref 32 Supplementary information, Table S1. 

Recruitment HBEC isolation: patients on the lung transplant waiting list signed informed consent. After transplantation, explant lungs were 
collected for PBEC isolation. No bias was present as we used the first explant lung which arrived in the lab. 
scRNAseq data: 22 COVID-19 patients and 13 non-COVID-19 pneumonia patients were enrolled from the University Hospitals 
Leuven as part of the COntAGIouS observational clinical trial:https://clinicaltrials.gov/ct2/show/NCT04327570 and as 
described in another study that can be found in ref 32.
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Ethics oversight Collection of human tissue was approved by the Ethical committee of the KU/ UZ Leuven (S63978 and S63881).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChIP-seq

Data deposition

Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 

provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 

enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 

whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot 

number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 

used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Confluent A549 wild type (ATCC-CCL-185; human lung carcinoma), A549 +ACE2 control (AAVS1) and A549 +ACE2 
TMEM106BKO cells were trypsinized, resuspended in phosphate-buffered saline with 2% FBS (assay buffer) containing anti-
hACE2 antibody and incubated for 30 min. Cells were washed twice, resuspended in assay buffer containing 0.5 μg/mL PE 
conjugated donkey anti-goat and incubated for another 30 min. Cells were washed twice and resuspended in phosphate-
buffered saline with 1% PFA for FACS analysis.

Instrument BD FACSCanto II Flow Cytometer

Software FlowJo V10

Cell population abundance A549 wild type: 24174 cells recorded, 19242 cells gated (79.6%) / A549 +ACE2 control (AAVS1): 22325 cells recorded, 19378 
cells gated (86.8%) / A549 +ACE2 TMEM106BKO: 22165 cells recorded, 19483 cells gated (87.9%)

Gating strategy Based on FSC/SSC dotplots as exemplified in Supplementary Figure 6d

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.



5

n
atu

re research
  |  rep

o
rtin

g
 su

m
m

ary
A

p
ril 2

0
2

0
Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 

or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 

subjects).

Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 

slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 

segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 

transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 

original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 

physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 

second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 

ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study

Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 

mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 

subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 

etc.).
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Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 

metrics.
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