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Deleterious variants in the autophagy-
related gene RB1CC1/FIP200 impair
immunity to SARS-CoV-2

Lili Hu 1,2, Renee M. van der Sluis 1,2,152, Kennith Brian Castelino 1,152,
Bao-Cun Zhang 1,2, Andreas Ronit3, Thomas Zillinger 1,2, Marvin Werner 1,2,
Sofie Eg Jørgensen1,2, Anne Louise Hansen1, Alice Pedersen 1, Ryo Narita 1,2,
Line S. Reinert 1,2, Bettina Bundgaard1,2, COVID Human Genetic Effort*,
Christian K. Holm 1, Aurelie Cobat 4,5,6, Jean-Laurent Casanova4,5,6,7,8,
Fulvio Reggiori1,152, Muriel Mari 1,152, Søren R. Paludan 1,2 &
Trine H. Mogensen 1,2,9

The clinical outcome of SARS-CoV-2 infection spans from asymptomatic viral
elimination to lethal COVID-19 pneumonia, which is due to type I interferon
(IFN) deficiency in at least 15–20% of cases. We report two unrelated male
patients with critical COVID-19 who are heterozygous for rare deleterious
variants in RB1CC1, encoding the autophagy-related FIP200 protein. Airway
epithelial cells genetically deprived of FIP200 or cell lines expressing the
RB1CC1/FIP200 patient variants exhibit elevated SARS-CoV-2 replication and
impaired autophagic flux. The antiviral function of FIP200 is independent of
canonical autophagy and type I IFN, but involves the selective autophagy
receptor NDP52. We identify a non-canonical function of FIP200 in a novel
lysosomal degradation pathway, in which SARS-CoV-2 virions are targeted to
single-membrane compartments for degradation of viral RNA in LC3B-positive
acidified vesicles. This pathway is impaired in FIP200-deficient cells and in cells
expressing FIP200 patient haplotypes. Collectively, we describe a cell-
autonomous anti-SARS-CoV-2 restriction pathway, dependent on FIP200 and
NDP52, and independent of canonical autophagy and type I IFN, which can
underlie critical COVID-19 pneumonia.

Infection by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV)-2 can manifest as severe infection with pneumonia, cytokine
storm, and systemic disease, causing coronavirus disease 2019
(COVID-19)1–4. SARS-CoV-2 is a positive-sense single-stranded (ss)RNA

enveloped virus belonging to the beta-coronavirus family. SARS-CoV-2
infects cells through binding of the viral S protein to the cellular ACE2
surface receptor5,6. Some studies have suggested varying degrees of
infection of non-ACE2-expressing cell types, such as macrophages,
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through an ACE2-independent endocytic mechanism representing a
largely abortive infection7. Cells of the innate immune system sense
SARS-CoV-2 infection and trigger the production of type I interferon
(IFN), which mediates antiviral activity through autocrine and para-
crine IFN receptor (IFNAR)1/2 signaling and induction of IFN-
stimulated genes (ISGs)8. Accumulating evidence suggests that
respiratory epithelial cells and plasmacytoid dendritic cells mainly
sense viral double-stranded (ds)RNA and ssRNA through Toll-like
receptor (TLR)3 and TLR7, respectively9–11, whereas cytosolic sensing
of SARS-CoV-2 dsRNA intermediates involves retinoic acid-inducible
gene (RIG)-I-like receptors8,12,13. Importantly, SARS-CoV-2 has evolved a
range ofmechanisms to evade antiviral responses by targeting specific
components of these pathways14 thereby reducing classical type I IFN
production by infected host cells. This raises the possibility that other,
alternative antiviral pathways may be important for control of the
infection.

The clinical spectrum of human infection with SARS-CoV-2 spans
from asymptomatic to severe and lethal COVID-19, but the underlying
causes of critical disease pathologies and the extensive interindividual
variability in disease severity are still not fully understood. The prin-
cipal epidemiological risk factor is age, with a risk of death doubling
every 5 years from childhood onwards4,15. In rare cases, otherwise
healthy individuals without the well-established risk factors might
experience a severe, fulminant disease course. In some of these
patients, critical disease has been ascribed to the presence of inborn
errors of TLR3- or TLR7-dependent type I IFN immunity, including
defects in TLR3, TLR7, IRF3, IRF7, TRAF3, TBK1, UNC93, IFNAR1/2,
TYK2, and STAT2, together accounting for a substantial amount of
cases of critical COVID-19 pneumonia16,17. Moreover, an even larger
proportion of critical COVID-19 cases and deaths has been connected
to phenocopies of these inborn errors of immunity (IEI), i.e., the pre-
sence of neutralizing auto-antibodies against IFNα, -β, or -ω, thereby
effectively interfering with the generated antiviral response17–19. These
studies demonstrate the essential antiviral role of type I IFN against
SARS-CoV-2 and illustrate that specific defects in innate antiviral
immunity can underlie critical COVID-19 in individual patients.

In recent years, macroautophagy (hereafter referred to as autop-
hagy) has emerged as an important component in innate and adaptive
antiviral immunity, playing non-redundant functions independently of
type I IFNs20–24. Autophagy is an evolutionary conserved degradation
process in all eukaryotic cells, involved in the removal of dysfunctional
or unwanted proteins, damaged or excess organelles, and clearance of
intracellular pathogens in order to maintain cellular homeostasis25. In
most cells, autophagy operates at basal levels but can be upregulated
by cellular stress, such as nutrient starvation, inflammation, infection,
and oxidative stress25. These pathogenic or metabolic cues can induce
autophagy pathways or other lysosomal degradative pathways. Cano-
nical autophagy is characterized by sequestration of the cargomaterial
to be eliminated by double-membrane vesicles termed
autophagosomes25,26. The targeting of cargo for autophagy can be
mediated by selective autophagy receptors (SARs), which are central
for exclusive degradation of specific substrates, including mitochon-
dria, endoplasmic reticulum membranes, and pathogens27. A central
step in autophagosome biogenesis is the formation of the precursor
cisterna known as the phagophore, which involves autophagy-related
gene (ATG)9A-positive vesicles, the autophagy-specific class III phos-
phatidylinositol 3-kinase (PtdIns3K) complex, and the ULK kinase
complex, which encompasses ULK1/ ULK2, ATG13, FIP200, and
ATG10126. This is followed by phagophore elongation and closure,
which also entails the recruitment of LC3 family proteins to the pha-
gophore via conjugation to phosphatidylethanolamine (PE), a process
referred to as LC3B-I to LC3B-II conversion26. Finally, autophagosomes
fuse directly with lysosomes, or first with endosomes to form amphi-
somes, and subsequently with lysosomes to eventually form auto-
lysosomes containing the cargo designated for degradation. Non-

canonical forms of autophagy refer to a diverse collection of
autophagy-related processes that utilize portions of the autophagy
machinery, including LC3 lipidation, for lysosomal degradation of
cytosolic content28, but are distinguished from canonical autophagy by
the independence from key autophagy-related proteins or lack of
double-membrane structures. Additionally, there is accumulating evi-
dence of non-canonical functions of ATG proteins, where they play a
crucial role in pathways other than autophagy, such as in LC3-
associated phagocytosis29–33. While canonical autophagy seems to
have evolved as a homeostatic response to cellular stress and nutrient
deprivation, non-canonical autophagic pathways convergedon amajor
aim in containment and suppression of inflammation.

Autophagy pathways cross-talk with and regulate innate immunity
in both positive and negative ways through interaction with PRR sig-
naling molecules, such as cGAS, STING, RIG-I, MAVS, IKKβ, IRF3, and
many others34. In particular, TBK1 plays a central role at the intersection
of type I IFN responses and autophagy, since it acts in autophagy
initiation, cargo capture, and preparation of autophagosomes for
maturation, as well as in type I IFN induction34. Autophagy also exerts
essential functions in adaptive immunity, where it plays a key role in
antigen presentation, including delivery of endogenous antigens for
MHC II presentation, elimination of autoreactive T cells in the thymus,
and antigen cross-presentation during infection34. In the context of viral
infections, autophagy may facilitate either proviral or antiviral activities.
In regards to the proviral activity, autophagy-related activities can be
hijacked to provide membranes for replication or to degrade immune
regulators. The antiviral actions of autophagy, in contrast, can drive the
turnover of viral components, promote antigen presentation, or
enhance cell survival35. It has been demonstrated that several cor-
onaviruses induce autophagic processes, although someof these viruses
also interfere with the progression of the pathway prior to autophagic
degradation26,36. Importantly, some aspects of the antiviral functions of
ATGproteinsmaynot be attributable to canonical autophagy, but rather
represent unconventional functions of these proteins37–40.

The evidenceof antiviral activities of autophagy andATGproteins
emerging from studies in cell systems and mouse models has now
started to be supported by human data, through the identification of
IEI affecting ATG proteins in patients with infectious diseases. This
further provides proof-of-principle of an important immune function
of autophagy processes andATGproteins in human immunology41.We
previously reported on the identification of defective autophagy in
patients with recurrent herpes simplex virus type 2 lymphocytic
(Mollaret) meningitis carrying variants in ATG4A and LC3B2 genes42,
and in another study, we described an ATG7 variant with impaired
antiviral function in a poliomyelitis patient43. Recently, impaired cGAS-
induced autophagy was implicated in the pathogenesis of herpes
simplex encephalitis in a patient with a dominant negative TBK1
mutation44. To explore and discover novel antiviral functions of
autophagy and ATG proteins in human immunology and disease
pathogenesis, we tested the hypothesis that IEI in genes involved in
autophagy-related pathways may impair antiviral immunity to SARS-
CoV-2 and underlie critical COVID-19.

Results
Identification of raremissense variants in RB1CC1/FIP200 in two
unrelated patients with critical COVID-19
Within a cohort of 56 patients with critical COVID-19, we performed
whole-exome sequencing (WES) to search for rare genetic variants
under a hypothesis of autosomal dominant or recessive inheritance, or
X-linked recessive inheritance. Variants were filtered based on dele-
teriousness and rarity. Only rare non-synonymous and essential spli-
cing variants in genes with a gene damage index (GDI) below 13.83,
minor allele frequency (MAF) < 0.001 in the Genome Aggregation
Database (gnomAD), and a combined annotation-dependent depletion
(CADD) score higher than the mutation significance cut-off (MSC) and
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>20were kept. (SeeMethods for details and SupplementaryTable 1 for
gene variants). In this process, the exome was also examined for
deleterious variants in any of the genes known to be related to IEI
according to themost recent guidelines45, as well as for variants in any
of the genes previously described to be disease-causing or associated
to critical COVID-1946, none of which were identified. This genetic
analysis led to the identification of two different monoallelic missense
variants in the focal adhesion kinase family interacting protein of 200
kD (FIP200)/RB1-inducible coiled-coil protein 1 (RB1CC1) gene in two
patients. According to the Human Protein Atlas, FIP200 protein is
expressed in all cell types and tissues, but particularly highly abundant
in the respiratory tract and the female reproductive tract [https://www.
proteinatlas.org/ENSG00000023287-RB1CC1/tissue]. P1 is a pre-
viously healthy 56-year-old white male without any comorbidities and
with critical COVID-19 pneumonia with bilateral infiltrations on chest
X-ray and acute respiratory distress syndrome, who was admitted to
the intensive care unit (ICU). P2 is a 31-year-oldwhitemalewithout any
comorbidities admitted to hospital with critical COVID-19 pneumonia,
marked pulmonary infiltrations requiring 12 L oxygen supplementa-
tion, and treated with remdesivir and dexamethasone in the ICU
(Fig. 1a, b). Both patients were unvaccinated and tested positive for the
SARS-CoV-2Wuhan B1 strain (See Supplementary for inclusion criteria
and detailed clinical history and laboratory values). The identified
variants in FIP200 c.164C>T; p.Ala55Val in patient (P)1 and c.1420C>T;
p.Arg474Cys in P2, are predicted by Sorting Intolerant From Tolerant
(SIFT) software to be damaging (Fig. 1c). The CADD scores are 22 and
32 for A55V (P1) and R474C (P2), respectively, well above the MSC of
3.313 and therefore among the 2% most deleterious variants (Fig. 1c).
Two out of 56 represents an enrichment, when compared with the
general population. Sanger sequencing confirmed the variants. The
identified variants in patients are localized in the N-terminal part of the
FIP200protein (Fig. 1d). Alignment of the amino acid sequence around
the identified variants across species reveals a high degree of evolu-
tionary conservation suggesting functional importance of themutated
residues (Fig. 1e). The parents of P1 have died and we do not have
access to material from the parents of P2. The two children of P1 did
not experience any severe disease manifestations with SARS-CoV-2
infection (genetic analysis of whom was declined), and P2 does not
have children, thereby limiting the possibility to determine inheritance
and penetrance of the identified FIP200 variants.

Population genetics of RB1CC1/FIP200
The two variants in RB1CC1/FIP200 identified in the patients are rare,
with frequencies in gnomAD v4.1.0 of 1.9 × 10−4 and 1.6 × 10−5 for
p.Ala55Val (P1) and p.Arg474Cys (P2), respectively (Fig. 1c, f). Only two
homozygotes have been reported for A55V in gnomAD v4.1.0 in two
individuals of African/African American ancestry, among whom the
frequency is the highest (3.5 × 10−3). No homozygotes have been
reported for the variant of P2 (R474C), and the maximum allele fre-
quency observed is 8.8 × 10−5 in individuals of South Asian ancestry.
The RB1CC1/FIP200 gene is highly conserved and under strong nega-
tive selection, as demonstrated by its low loss-of-function observed/
expected upper bound fraction (LOEUF) score of 0.29, indicating
strong depletion of predicted loss-of-function variants in the general
population, and a markedly negative CoNeS score of −1.7, reflecting
strong selective pressure (Fig. 1g). Altogether, these metrics are con-
sistentwith autosomal dominant inheritance47,48. Formissense variants
in RB1CC1/FIP200 with CADD> 20 and MAF <0.001, comparing two
patients in the cohort of 56 patients against 8885 individuals among a
total of 807,162 individuals listed in gnomAD yields an odds ratio of
3.328 (95 %CI [0.8112–13.65], p = 0.1267 Fisher’s exact test), suggesting
accumulation of RB1CC1/FIP200 missense variants in the patient
cohort although not significant, possibly because some of the RB1CC1/
FIP200missense variants present in gnomAD are not deleterious. The
cumulative frequency (cMAF) in gnomAD v4.1.0 of all reported pLoF

(including stop codon variants) for RB1CC1/FIP200 is 2.5 × 10−4 with no
homozygous reported. The cMAF of rare (<10−3) missense or inframe
indels with CADD> 20 in gnomAD v4.1.0 is 5.8 × 10−3 with 24 homo-
zygous reported. Focusing on the N-terminal domain of FIP200, we
found a 6.6-fold enrichment of rare (<10−3) missense or pLoF variants
with CADD> 20 in patients (cMAF = 2/112 = 0.018) versus gnomAD v4
(cMAF =0.0024). Given the cMAF in gnomAD, we estimated that the
probability of observing at least two carriers of such variants in the
N-terminal domain among 56 patients was 0.03.

Reduced expression and function of FIP200 in the patient cells
Analysis of FIP200 expression in patients PBMCs showed unaltered
FIP200 levels in P1, whereas FIP200 levelsweremarkedly reduced in P2
(Fig. 1h). To examine whether autophagy responses were disturbed in
the patients, monocyte-derivedmacrophages (MdMs) were generated
from PBMCs. MdMs have been demonstrated to mount an inflamma-
tory response to SARS-CoV-2 infection, although the virus does not
establish productive infection in these cells49–52. We observed reduced
LC3B-I to LC3B-II conversion at steady state in patientMdMscompared
to control, both in untreated cells and in the presence of rapamycin,
EBSS (a starvation medium to stimulate autophagy), or SARS-CoV-2
(Fig. 1i, j), suggesting impaired basal and inducible autophagy in cells
from patients carrying the identified FIP200 variants.

Viral requirements for induction of autophagy by SARS-CoV-2 in
a range of infection models
To evaluate autophagy in hACE2-expressing human pulmonary A549
(A549-hACE2) cells, we first induced canonical autophagy using EBSS
starvation or rapamycin treatment to inhibit the mTOR pathway.
Autophagy induction was assessed by monitoring the autophagy
markers LC3B-I, LC3B-II, and p62. (Supplementary Fig. 1a–c). To
investigate the effect of SARS-CoV-2 on autophagy, pulmonary
epithelial-like A549-hACE2 cells were infected with SARS-CoV-2 (B.1).
We observed dose-dependent enhancement of LC3B-I to LC3B-II con-
version, but no significant decrease in p62 levels (Supplementary
Fig. 1d–f). Notably, the LC3B-II:LC3B-I ratio and p62 levels were
increased upon treatment with the lysosomal inhibitor bafilomycin A1
(BafA1), thus demonstrating activation of autophagic flux53 (Supple-
mentary Fig. 1d–f). Moreover, immunofluorescence (IF) staining for
LC3B and LAMP1 revealed accumulation of LC3B-positive puncta and
lysosome compartments in the infected cells at 24 h post-infection (pi)
(Supplementary Fig. 1g–j). The finding of SARS-CoV-2-induced autop-
hagy in A549-hACE2 cells was confirmed in VERO E6 cells as well as in
physiologically relevant primary human and murine model systems,
namely the air–liquid interface (ALI) respiratory epithelial cell model
and transgenic K18-hACE C57BL/6J mice, respectively (Supplementary
Fig. 1k–r). These data demonstrate that autophagy is induced upon
SARS-CoV-2 infection in cells and tissues relevant for COVID-19
pathogenesis. When comparing autophagy induction by different
SARS-CoV-2 variants, we found differential potency in inducing
autophagy, with the SARS-CoV-2 Delta variant (subtype B.1.617.2)
exhibiting the strongest autophagy-inducing activity (Supplementary
Fig. 2a–d). To uncover early events in SARS-CoV-2 replication that
trigger autophagy, we first correlated the temporal development of
replication and autophagy activation and noted that the accumulation
of SARS-CoV-2 RNA and nucleocapsid (NC) protein at 2 h and 6 hpi,
respectively, correlated with elevation of LC3B-II:LC3B-I ratios at 6 hpi
(Supplementary Fig. 2e–h). The notion that viral replication triggers
autophagy was further supported by observing that this process was
blocked by the viral polymerase inhibitor Remdesivir, and to a lesser
extent by the viral protease inhibitors Lopinarvir/Ritonavir in a dose-
dependent manner (Supplementary Fig. 2i, j). Finally, UV inactivation
of SARS-CoV-2 prior to addition to cell cultures completely abolished
induction of autophagy (Supplementary Fig. 2k–m). Collectively,
SARS-CoV-2 activates autophagy in multiple physiologically relevant
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cellular and model systems in a manner dependent on active viral
replication.

Increased susceptibility to SARS-CoV-2 infection in FIP200-
deficient cells
In order to evaluate the role of FIP200 on antiviral immunity, poly-
clonal and monoclonal A549-hACE2 cells lacking FIP200 were

generated. Strikingly, FIP200 deficiency in polyclonal cultures was
associated with strongly enhanced SARS-CoV-2 replication, mea-
sured by viral RNA levels by RT-qPCR (Fig. 2a), NC protein levels by
immunoblotting (Fig. 2b), and viral titers by using the TCID50 assay
(Fig. 2c; Supplementary Fig. 3a, b). This was accompanied by accu-
mulation of p62 in FIP200-deficient cells, a phenotype consistently
observed in the absence of FIP200 (Supplementary Fig. 3c). This was
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also observed in clonal FIP200-deficient cultures (Fig. 2d, Supple-
mentary Fig. 3d–g). To investigate whether this antiviral effect
occurs early during infection, we measured SARS-CoV-2 RNA levels
at 2, 6, and 16 h post-infection. Enhanced viral replication was
already apparent in FIP200-deficient cells compared to controls at 6
and 16 h, but not at 2 hpi (Supplementary Fig. 3g–j). To further
examine the antiviral effect of FIP200, we overexpressed FIP200 to
investigate if the protein was sufficient to reduce SARS-CoV-2
replication. Indeed, overexpression of FIP200 in A549-hACE2 cells
resulted in significant reduction of SARS-CoV-2 RNA levels, close to
levels achieved with the ISG-inducing transcription factor IRF1
(Fig. 2e)54. Importantly, reconstitution of FIP200 expression in
FIP200 KO cells resulted in significantly reduced SARS-CoV-2 repli-
cation (Fig. 2f). Examination of cells by IF revealed pronounced
accumulation of viral Spike protein in clones lacking FIP200 (Fig. 2g,
h and Supplementary Fig. 3k, l). Finally, to test the physiological
relevance of FIP200 deficiency in control of SARS-CoV-2 in the
human airways, we infected ALI cultures engineered to be deficient
in FIP200 and found significantly enhanced SARS-CoV-2 replication
(Fig. 2i–k). Altogether, these results demonstrate that FIP200 is
essential for control of SARS-CoV-2 infection in airway epithelial
cells and support the hypothesis that individuals carrying func-
tionally deleterious variants are susceptible to develop severe
COVID-19.

PulmonaryA549-hACE2 cells expressingpatient FIP200variants
exhibit increased SARS-CoV-2 replication
To functionally investigate the FIP200 variants identified in the
patients, we generated base-edited CRISPR homology-directed repair
(HDR) monoclonal cell lines from the hypotriploid A549-hACE2 cells.
The cell lines carried the patient missense mutations as knock-in (KI),
i.e., A55V for P1 (FIP200 KI P1) and R474C for P2 (FIP200 KI P2) (Sup-
plementary Fig. 4a, b). After infection with SARS-CoV-2, we observed
significantly increased SARS-CoV-2 replication at RNA level and virus
yield assay in cells expressing the patient variants and FIP200-deficient
cells in comparison to the WT controls (Fig. 3a, b). For comparison we
also generated A549-hACE2 cell lines expressing the two most fre-
quent (MAF > 10−3) FIP200 variants in the general population as
reported in gnomAD: FIP200 D211N (Frequency> 10−3; CADD score >
20) and FIP200 T234M (most frequent variant; CADD score 9) (Sup-
plementary Fig. 4c). These haplotypes both showed SARS-CoV-2
replication levels comparable to control cells, without exhibiting any
significant loss of antiviral effect, suggesting that deleterious FIP200
variants are very rare in the general population (Supplementary
Fig. 5a). Next, we employed RNA scope technology to specifically
detect SARS-CoV-2 genomic (+sense) and transcribed (−sense) RNA by
IF in cell lines depleted for FIP200 or expressing the P2 FIP200 variant
(hereafter used to model the patient variant). The results showed that
FIP200 KO cells exhibited a marked increase in both genomic and
transcribed viral RNA. Likewise, cells harboring the FIP200 KI P2 var-
iant displayed significantly higher levels of genomic viral RNA and an
increase in transcribed viral RNA (Fig. 3c–e and Supplemen-
tary Fig. 5b).

Cells expressing patient FIP200 variants exhibit enhanced
ultrastructural signs of infection
To explore the effects of FIP200 deficiency on SARS-CoV-2 replication
events at the ultrastructural level, WT, FIP200 KO, and FIP200 KI P2
A549-hACE2 cells were examinedby transmission electronmicroscopy
(TEM) (Fig. 3f–i). The ultrastructural analysis of the non-infected cells
did not reveal evident morphological differences between these cell
lines (Supplementary Fig. 5c). Upon infection with SARS-CoV-2, the
three examined cell lines showed the intracellular structures that
characterize the replication cycle of coronaviruses, including the
double-membrane vesicles (DMVs), which are considered as themajor
replication sites, the ER-associated spherules, which represent the
main site of virion assembly, and the large virion-containing vacuoles
(LVCVs), which are Golgi-derived compartments that have expanded
to accommodate the enhanced secretion of virions55 (Fig. 3f). Impor-
tantly the number of cells showing signs of infection was significantly
higher in the FIP200KOcells in comparison to theWT,with the FIP200
KI P2 cells having an intermediate phenotype (Fig. 3f, g), with the
average diameters of structures associated with SARS-CoV-2 replica-
tion—such as spherules and DMVs—were comparable among these
cells (Supplementary Fig. 5d, e). Quantification of LVCVs per cell sec-
tion showed amore pronounced formation of virions in the absenceof
FIP200 (Fig. 3f, h), with a similar average diameter of virions within
LVCVs (Supplementary Fig. 5f, g). Consistent with this, we also detec-
ted higher levels of electron-dense vacuole-containing virions
appearing as dark vacuoles (DVs) per cell section in both FIP200 KO
and FIP200 KI P2 cells compared toWT cells (Fig. 3f, i). However, there
was no significant difference in the average number of virions per DVs,
although the average diameter of virions in DVs under the WT condi-
tion appeared smaller (Supplementary Fig. 5h, i). In the presence of
BafA1, the ultrastructures from the infected cells again revealed
marked differences between FIP200 defective cell lines compared to
WT, including significantly enhanced signs of infection (Supplemen-
tary Fig. 5j, k), increased number of LVCVs (Supplementary Fig. 5j, l),
and dark vacuole virion clusters (Supplementary Fig. 5j, m).

Preserved LC3B-I to LC3B-II conversion in response to SARS-
CoV-2 in FIP200-deficient cells
The results presented above suggest defects in FIP200 to be asso-
ciated with increased susceptibility of airway epithelial cells for
SARS-CoV-2 infection. We next examined constitutive and induced
autophagy in A549-hACE2 WT and FIP200-deficient cells. As
expected, FIP200-deficient cells showed decreased basal autophagy
and failed to induce autophagic flux upon treatment with rapamycin
or EBSS (Supplementary Fig. 6a–f). The reduced autophagy flux was
also evidenced by the accumulation of p62 (Supplementary
Fig. 6a–f). Interestingly, when examining virus-induced autophagy,
the infection-induced increase in LC3B-II:LC3B-I observed in both
parental A549-hACE2 and AAVS1 KO cells was not altered in FIP200-
deficient cells (Fig. 4a, b). This was corroborated by IF analysis of
p62, which revealed increased numbers and areas of p62 puncta in
both WT and FIP200 KO cells following SARS-CoV-2 infection
(Supplementary Fig. 6g–i). To understand the preserved LC3B-I to

Fig. 1 | Identification of potentially disease-causing rare variants in the
autophagy-related gene FIP200 in patients with critical COVID-19. a Clinical
information about patients P1 andP2.bChest X-ray of P1 at day 2 of hospitalization.
c Summary of genetic information and predictions for the FIP200 variants identi-
fied in P1 (c.164C>T; p.Ala55Val) and P2 (c.1420C>T; p.Arg474Cys). d Schematic
overview of FIP200 structure, which includes an N-terminal domain, a coiled-coil
domain, and a C-terminal claw domain. The identified variants are marked.
eAlignment of the amino acid sequence around the identifiedmutations in P1 (left)
and P2 (right) across species. f Minor allele frequency (MAF) and combined
annotation-dependent depletion (CADD) scores of the variants reported in gno-
mADfor P1 and P2. Thedotted line corresponds to themutation significancecut-off

(MSC). g Analysis of the CoNeS Impact on density of FIP200. AD autosomal
dominant, AR autosomal recessive. h FIP200 protein levels of FIP200 evaluated by
immunoblotting of whole cell lysates from P1, P2, and 3 healthy controls (C1–C3)
monocyte-derived macrophages (MdMs). The experiments were repeated three
times independently with similar results. i MdMs from P1, P2, and 3 controls
(C1–C3) were subjected to Earle′s Balanced Salts (EBSS) starvation for 2 h, treated
with 500nM rapamycin for 24 h, or infected with SARS-CoV-2 (B.1) at different
MOIs for 24h, then analyzedby immunoblotting. jThe LC3B-II to LC3B-I ratio in the
experiment presented in (i) was quantified by densitometry. (n = 3). Data are pre-
sented as mean± SD from three independent experiments. Source data are pro-
vided as a Source data file.
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LC3B-II conversion in FIP200-deficient cells in response to SARS-
CoV-2, in contrast to the defective induction of autophagy by
Rapamycin and EBSS, we investigated other possibilities for LC3B
conversion in other cellular processes, which are collectively refer-
red to as ATG8ylation56. One such mechanism is lipophagy, whereby
virus-induced accumulation of lipid droplets can promote LC3B-I to
LC3B-II conversion in a FIP200-independent manner57. Indeed, we

found that in response to SARS-CoV-2 infection, the number of
cytoplasmic lipid droplets, LC3B-positive punctae, and colocaliza-
tion of the two increased in both A549-hACE2 WT and A549-hACE2
FIP200-deficient cells (Supplementary Fig. 7a–d), thereby providing
a plausible but not exclusive explanation for the partly retained total
LC3B-I to LC3B-II conversion in FIP200 KO cells in response to SARS-
CoV-2 infection.
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Impaired autophagy flux in cells with FIP200 deficiency
Given that LC3B-I to LC3B-II conversion alone does not reflect ameasure
of functional autophagy56,58, we next verified the autophagic flux by
treating cells with BafA1 inhibiting lysosomal acidification. As expected,
treatment of SARS-CoV-2-infected control A549-hACE2 and AAVS1 cells
with BafA1 led to further accumulation of LC3B-II and an elevated LC3B-
II:LC3B-I ratio compared to the situation without BafA1, indicating intact
autophagic flux (Fig. 4a, b). In contrast, addition of BafA1 to SARS-CoV-2-
infected FIP200-deficient A549-hACE2 cells did not increase the LC3B-
II:LC3B-I ratio compared to cells not treated with BafA1, reflecting a
significantly reduced autophagy flux in these cells (Fig. 4a, b). Similar
results were observed in the polyclonal FIP200 KO cells following SARS-
CoV-2 infection (Supplementary Fig. 7e–g). These results were con-
firmedby IF staining,whereweobservedaugmentation in thenumberof
LC3B-positive puncta upon BafA1 in SARS-CoV-2-infected AAVS1 control
butnot FIP200KOcells (Fig. 4c, d). Likewise,weobserved reduced virus-
induced autophagy flux compared to controls in KI cell two clones
expressing the FIP200 variants from P1 (FIP200 KI P1) or P2 (FIP200 KI
P2) mimicking patient cells (Fig. 4e, f, Supplementary Fig. 7h), collec-
tively demonstrating impaired autophagy flux in FIP200 deficiency.

Absence of virions in autophagosomes
To further explore the autophagy machinery at the ultrastructural
level, we used the above mentioned TEM preparations to compare
A549-hACE2 WT, FIP200 KO and FIP200 KI P2 cells, specifically
focusing on autophagosome to inspect their cargoes (Fig. 4g). In
agreementwith the core function of FIP200 in this pathway,we didnot
detect double-membrane autophagosomes in FIP200 KO cells, and
their abundance was reduced in FIP200 KI P2 cells in comparison to
the control (Fig. 4h). It is noteworthy, that the autophagosomes
observed in WT and FIP200 KI P2 cells did not contain discernible
structures associated with SARS-CoV-2 replication, such as virions,
DMVs, spherules, or LVCVs (Fig. 3f, Supplementary Fig. 7i, j). Accord-
ingly, double-membrane autophagosomesdonot appear tobedirectly
involved in the degradation of morphologically identifiable viral
components or replication structures. In the presence of BafA1, we
again observed absence of virus-related structures in the inner vesicles
containing undigested autophagosomal content in WT cells. These
data re-iterate that the antiviral activity of FIP200 likely does not
involve the direct degradation of viral components by autophagy.

The antiviral activity of FIP200 is exerted independently of
canonical autophagy and type I IFN responses
To further explore the autophagic requirements of for the identified
antiviral activity of FIP200, we examined the effect of deleting ATG5,
which is also essential in canonical (macro)autophagy22. Interestingly,
SARS-CoV-2 replication was similar in ATG5 KO and control AAVS1 KO
cells lines (Fig. 5a), despite the loss of ATG5-mediated canonical
autophagic flux and a strong reduction in the conversion of LC3B-I into
LC3B-II as expected (Fig. 5b, Supplementary Fig. 8a). Given the

observation of increased SARS-CoV-2 replication in cells lacking
FIP200, we investigatedwhether the loss of antiviral capacitymight be
related to defective IFN immunity, since IEI with impaired induction of
or responses to IFN have previously been reported in patients with
critical COVID-1916. Measurement of transcripts for IFNs, ISGs, and
other cytokines in WT and FIP200 KO A549-hACE2 cells infected with
SARS-CoV-2 demonstrated preserved, and for many genes even
enhanced, inductionof the antiviral and inflammatory genes (Fig. 5c–e,
Supplementary Fig. 8b–d). Particularly, IFNB1 and IFNL1 were sig-
nificantly elevated in FIP200 KO cells upon SARS-CoV-2 infection
compared to infected AAVS1 control cells. When extending the same
analysis to patient cells, we observed some reduction in production of
type I IFNs in PBMCs from P1, but not from P2 (Supplementary Fig. 8e,
f). In addition, IFNγ levels were significantly elevated in cells from both
patients, while TNFαwaselevatedonly in cells fromP1 (Supplementary
Fig. 8g, h). It should be noted that the observations from patient cells
might be influenced by treatment of the critically ill COVID-19 patients
with immunosuppressive glucocorticoids at the time of the sampling.
Collectively, since we did not observe major defects in cytokine and
type I IFN responses in cells lacking FIP200, nor in patient PBMCs, we
infer that the loss of antiviral activity of FIP200 is not directly inter-
connected with impaired type I IFN or cytokine production.

Elevated viral replication in cells deficient in the selective
autophagy receptor NDP52
FIP200 is a key player in selective types of autophagy due to its role in
connecting the SARs with the ATG machinery59,60. Therefore, we
examined whether select SARs, including FAM134B and NDP52, may
function together with FIP200 in to exert antiviral activity in SARS-
CoV-2-infected cells. First, we examined the effect of the ER-integral
membrane protein FAM134B, one of the SARs mediating ER-phagy61,62,
which has been ascribed a proviral role during SARS-CoV-2
infection63,64. Depletion of FAM134B resulted in reduced SARS-CoV-2
replication in the context of unaltered autophagy inductionmeasured
by LC3B-II:LC3B-I ratio (Supplementary Fig. 9a–d). This is in agreement
with previous studies and suggests a proviral role of FAM134B, which is
therefore unlikely to be directly involved in the antiviral activity of
FIP200 against SARS-CoV-2. NDP52 is a cytosolic ubiquitin-binding
SAR known to directly interact with FIP200 and tomediate both virus-
induced autophagy and modulation of various aspects of
immunity65,66. Interestingly, similar to the observation following
depletion of FIP200, disruptionof the NDP52 gene resulted in elevated
SARS-CoV-2 viral load (Fig. 5f, Supplementary Fig. 9e, f), suggesting an
antiviral role of this SAR in SARS-CoV-2 infection. We also noted that
NDP52 levels decreased upon SARS-CoV-2 infection in WT cells, indi-
cating NDP52 participation in degradative processes. (Supplementary
Fig. 9e). We further generated hACE2-A549 cells deficient in both
FIP200 and NDP52, and found that SARS-CoV-2 replication was not
further elevated in these FIP200-NDP52 double KO cells compared to
the FIP200 and NDP52 single KO cells (Fig. 5g–i and Supplementary

Fig. 2 | Increased SARS-CoV-2 replication in FIP200-deficient cells.
a–c Polyclonal AAVS1 KO and FIP200 KO (guide #1/#2) A549-hACE2 cells were
infectedwith SARS-CoV-2 at the indicatedMOIs and timepoints. aRNA extracted at
24/48 h p.i. for RT-qPCR. Data normalized to TBP (n= 3). b Cell lysates at 24 h p.i.
analyzed by immunoblotting. c Supernatants at 72 h p.i. were titrated by TCID50
(n= 3). dWT,monoclonal AAVS1 KO and FIP200 KO (clones 1–3) A549-hACE2 cells
were infected at indicated MOIs (24 h), RNA extracted for RT-qPCR. Data normal-
ized to TBP (n = 3). e CRISPRa of FIP200 or IRF1 overexpressing cells were infected
at MOI 0.01 for 48h, RNA extracted for RT-qPCR. Data normalized to TBP (n= 4).
fMonoclonal FIP200 KO (clone 1) cells were transduced with lentivirus expressing
FIP200 or GFP. Cells infected at MOI 0.1 for 24h, RNA extracted for RT-qPCR. Data
normalized to TBP (n = 3).g Polyclonal AAVS1 KOand FIP200KO (guide #1/#2) cells
were infected for 24 h and stained for SARS-CoV-2 Spike protein and LC3B. Scale
bar, 10 µm. h Quantification of SARS-CoV-2 positive punctate structures per cell in

the experiment shown in (g) was determined by ICY software. (n = 5, each data
point represents the mean value per image). Box plots show median (center line),
25th–75th percentiles (box), and min–max values (whiskers). i Illustration of the
air–liquid interface (ALI) respiratory epithelium model. Created in BioRender.
Paludan, S. (2025) https://BioRender.com/g8fje2r. jALI cellswere infected atMOI 3.
Cell lysates were analyzed by immunoblotting. k SARS-CoV-2 NC to vinculin ratio
from (j) was quantified by densitometry (n = 4). All data are representative of at
least three independent experiments. g shows representative images. Quantifica-
tion shown asmean ± SD, statistical analysis was carried out using one-way ANOVA
with two-sided Dunnett’s multiple comparison correction (a, c, d, h), Brown-
Forsythe Welch ANOVA tests with two-sided Dunnett’s T3 multiple comparison
correction (e), and two-sided Student’s t test (f, k). Source data are provided as a
Source data file.
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Fig. 9g). These results suggest that NDP52 acts in the same antiviral
pathway as FIP200.

FIP200 is essential for degradation of SARS-CoV-2 RNA in acid-
ified LC3-positive vesicles
Finally, we wanted to mechanistically characterize the FIP200-
dependent antiviral activity. When following the dynamics of viral

RNA in control and FIP200 KO cell lines over time, we observed that
the difference between the genotypes was evident at 6 but not 2 h
post-infection (Fig. 6a), suggesting that FIP200 does not affect viral
cell entry or incoming delivery of viral RNA. To examine whether
FIP200 impacts on the stability of viral macromolecules, we infected
the cells with SARS-CoV-2 for 24 h and subsequently treated with
Remdesivir to block further viral replication. This allowed us to assess
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the decay of viral RNA over time. Interestingly, we observed a pro-
gressive decrease in viral RNA in WT cells, which was significantly
reduced in FIP200-deficient cells (Fig. 6b). As described above, we did
not observe virions in double-membrane autophagosomes (Fig. 4g).
Interestingly, however, ultrastructural analysis revealed virions inside
single-membrane degradative compartments (DGCs), which entail
lysosomes, amphisomes, and autolysosomes (Fig. 6c). Quantification
of these structures showed a strong decrease in the percentage of
DGCs containing virions in FIP200 KO cells and FIP200 KI P2 in com-
parison to WT cells (Fig. 6c, d). These data demonstrate that de-novo-
produced virions and viral macromolecules, including RNA, undergo
degradation through a FIP200-dependent lysosomal or late endoso-
mal pathway.

Loss of acidified LC3B-II positive virus-containing vesicles in
FIP200-deficient cells
The results above suggest that SARS-CoV-2 infection triggers FIP200-
dependent autophagy flux (Fig. 4a) and a pathway mediating degra-
dation of virions, including RNA (Fig. 6b, c). To further test this, we
evaluated the induction of acidification of LC3B-positive vesicles and
its dependence on FIP200. SARS-CoV-2 infection did indeed induce
puncta positive for both LC3B and lysotracker (Fig. 6e–g, Supple-
mentary Fig. 10a). Interestingly, the percentage of acidic LC3B-positive
vesicles was significantly lower in infected FIP200-deficient cells
compared toWT (Fig. 6h). These data were further supported by RNA-
scope-based staining for viral RNA combined with LC3 staining,
showing that the colocalization of viral RNA and LC3B in WT cells was
further enhanced by BafA1, but not in FIP200-deficient cells (Fig. 6i, j).
To further characterize the vesicular compartment involved in FIP200-
dependent degradation of viral RNA, we carried out sucrose gradient
fractionation by ultracentrifugation of lysates from SARS-CoV-2-
infected A549-hACE2 WT and FIP200-deficient cells and analyzed for
presence of LC3B and viral RNA in each fraction (Fig. 6k). Most of the
viral RNA identified in LC3B-positive vesicles localized to one given
fraction (Fig. 6l), and this specific fraction was positive for LC3B-II in a
FIP200-dependent manner (Fig. 6m, Supplementary Fig. 10b). Taken
together, these data demonstrate that the antiviral mechanism of
FIP200 is mediated by degradation of virions and viral RNA in LC3B
positive acidified compartments generated through a virus-activated
non-canonical autophagy pathway, revealing an unconventional
function of FIP200 (Supplementary Fig. 10c).

Discussion
In thiswork,wedescribe the cellularphenotypeof FIP200deficiency in
two unrelated patients with critical COVID-19 pneumonia. Based on
characterization of deleterious FIP200 variants from the patients as
well as FIP200 KO cells, including a primary pulmonary epithelium cell
model, we establish a causal relationship between FIP200 deficiency
and susceptibility to SARS-CoV-2 infection. Moreover, we describe a
novel antiviral function of the autophagy-related protein FIP200,
which exerts cell-autonomous restriction of virus replication by a

mechanism independent of canonical autophagy and type I IFN
immunity. Based on the data presented, we propose an antiviral
mechanism by which SARS-CoV-2 is degraded in acidified single-
membrane LC3B-positive compartments by non-canonical autophagy
in a FIP200-dependent manner. Collectively, our data suggest that
defects in this autophagy-related antiviral pathway impair immunity to
SARS-CoV-2 and facilitate development of critical COVID-19 in
patients. Our findings also add to the emerging literature on non-
redundant roles for innate antiviral mechanisms operating indepen-
dently of classical type I IFN immunity67.

The main finding of the present study is the identification of
deleterious variants in the RB1CC1/FIP200 gene in patients with critical
COVID-19 and the subsequent discovery of a FIP200-dependent anti-
viral mechanism involving lysosomal degradation of virions and viral
RNA through non-canonical autophagy. These data suggest a patho-
genic role of FIP200 deficiency in susceptibility to critical COVID-19.
We present evidence based on two unrelated patients with critical
COVID-19 with rare monoallelic FIP200 missense variants, including
A55V (P1) and R474C (P2), predicted to be deleterious. Both variants
are localized in the N-terminal domain of FIP200 in a region important
for protein-protein interactions mediating initiation of autophagy and
phagophore formation68,69. We show impaired LC3B-I to LC3B-II con-
version by chemical autophagy inducers and SARS-CoV-2 exposure in
patient MdMs. Importantly, primary human pulmonary cell models
and A549-hACE2 cells deficient in FIP200 expressing the P2 variant
revealed enhanced viral replication and disturbed autophagy flux.
Expression of FIP200 was sufficient to promote antiviral activity, and
accordingly, reconstitution of FIP200-deficient cell lines with FIP200
lead to improved control of viral replication. The proportion of
patientswith variants in theN-terminal portion of FIP200was enriched
in the critical COVID-19 patient cohort compared to the general
population, and expression of frequent FIP200 haplotypes from gno-
mAD did not show increased viral replication, suggesting that dele-
terious FIP200 variants are very rare in the general population.
Functional studies of the immunological, virological, and autophagy
phenotype of cells from patients with other FIP200 variants will pro-
vide further mechanistic details and shed more light on inheritance,
penetrance, and clinical phenotype of FIP200 deficiency.

With respect to the FIP200-dependent anti-SARS-CoV-2 effector
mechanism, we propose that this is mediated by lysosomal degrada-
tion of virions and viral macromolecules, including RNA, through a
lysosomal, non-canonical autophagy pathway involving LC3B-II posi-
tive single-membrane compartments. These conclusions are based on
a series of data.We first established that KO of the essential autophagy
protein ATG5 did not cause elevated SARS-CoV-2 replication, thereby
arguing against canonical autophagy as the antiviral mechanism of
FIP200. In agreement with this, double-membrane autophagosomes
did not contain virions or virus-replication-associated cellular struc-
tures, as has been previously described for certain viruses and intra-
cellular bacteria20,70. Ultrastructural examination of SARS-CoV-2-
infected pulmonary A549-hACE2 cells by TEM revealed that cellular

Fig. 3 | Increased SARS-CoV-2 replication in pulmonary A549A-hACE2 cells
harboring the FIP200 variants identified in P1 and P2. a, b Monoclonal hypo-
triploid hACE2-A549 cells carrying patients FIP200 variants were infected with
SARS-CoV-2 (MOI 0.01). aRT-qPCR at 24h p.i. Data normalized to TBP (mean ± SD).
b Supernatants at 72 h p.i. were titrated by TCID50. +, WT allele; *, patient variant.
(mean ± SD). c Monoclonal AAVS1 clone 1, FIP200 KO clones 1, and FIP200 KI P2
clone 1 were infected (MOI 1, 24 h) and processed for RNA Scope. Scale bar, 10 µm.
Quantification of intensity of genomic (+) RNA (d) or transcribed (−) RNA (e) in (c)
was analyzed by ZEISS ZEN lite software. (mean± SD, n = 5, each data point repre-
sents the mean value per image). fWT, monoclonal FIP200 KO clone 1 and FIP200
KI P2 clone 1 A549-hACE2 cells were infected (MOI 1, 24 h) and processed for
transmission electron microscopy (TEM). *, DMVs double-membrane vesicle; #,
spherules; LVCV large virion-containing vacuole; Arrows, virions in the spherules

and LVCVs; WV white vacuole, DV dark vacuole, ER endoplasmic reticulum, PM
plasma membrane. Scale Bar, 1μm. g Percentage of cells showing sign of infection
as an aggregate score of detection of DMVs, spherules, LVCVs, or virion-containing
DV. Quantification of LVCVs (h) and virion-containing DV (i). Quantifications per-
formed by examining for each condition 200 randomly selected cell profiles from
four independent grids (mean± SEM, n = 4). Data are representative of three
independent experiments (a–e),c, f show representative images. Statistical analysis
was performed using Brown-ForsytheWelch ANOVA tests with two-sidedDunnett’s
T3multiple comparison correction (a, b, d, e), and one-way ANOVAwith two-sided
Dunnett’s multiple comparison correction (g–i). Box plots show median (center
line), 25th–75th percentiles (box), and min–max values (whiskers) (d, e, g–i).
Source data are provided as a Source data file.
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compartments for viral replication, including DMVs, LVCV, and
spherules55, were more abundant in cells with FIP200 deficiency, fur-
ther underscoring that the absence of FIP200 favors SARS-CoV-2
replication. Importantly, this analysis also uncovered that infected
cells contained virions in single-membrane degradative vesicles, and
the fraction of these virion-containing degradative compartments was
significantly reduced in FIP200-deficient cells. Confocalmicroscopy of

cells stained for LC3B, SARS-CoV-2 RNA, and acidified compartments
confirmed that FIP200 promotes formation and delivery of viral RNA
into degradative compartments, which are LC3B positive, and also that
the infection-induced LC3B-positive vesicle-like structures are virus
positive. Finally, subcellular fractionation of eluates from LC3B-
immunoprecipitated cell lysates from WT and FIP200 KO cells
revealed enrichment of viral RNA in a fraction positive for LC3B-II,
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whichwas absent in FIP200-deficient cells. These data suggest that the
observed FIP200-dependent antiviral mechanism relies on non-
canonical autophagy, in contrast to previously reported canonical
autophagy in xenophagy20,70.

Our work demonstrates that the FIP200-dependent antiviral
pathway is not targeting incoming SARS-CoV-2 as has been proposed
previously for other viruses71,72, but rather a relatively late step in the
viral lifecycle. Targeting of later stages of virus replication has been
reported for other viruses and other cell types, but in those studies
occurring through ATG5-dependent canonical autophagy20,73. Our
conclusion is based on data showing that elevated levels of virus
replication in FIP200-deficient cells were not apparent the first 2 h
after infection. This correlates with virus-induced autophagy being
dependent on replication. Third, pulse-chase experiments, RNA scope,
and fractionation showed that SARS-CoV-2 virions and RNA were
localized to degradative vesicles/compartments in productively repli-
cating cells in a FIP200-dependent manner. Therefore, the FIP200-
mediated antiviral pathway is not a constitutive immune mechanism
conferring an elevated barrier for establishment of infection in indi-
vidual cells74, but rather a virus-induced cell-autonomous antiviral
pathway limiting replication and production of progeny virions.

In relation to the mechanism that links viral replication to the
antiviral degradative pathway, we identified the selective autophagy
receptor NDP52 to be a plausible molecule acting in the antiviral
FIP200-dependent pathway. Similar to our observations for FIP200,
the antiviral effect of NDP52 did not appear to rely on canonical
autophagy, in agreement with previous reports and observations with
other SARs75–77. Rather,NDP52hasbeen linked to induction of selective
autophagy through direct interaction with FIP200, thereby activating
the ULK kinase complex66. Mechanistically, NDP52 stimulates associa-
tion of FIP200 tomembranes and serves as an important link between
autophagy, the ATG machinery and the ubiquitination system, since
NDP52 recognizes and binds to autophagic substrates in a ubiquitin-
dependent manner78,79. Along this line, our data suggest a model
whereby NDP52 serves as a SAR recognizing and targeting SARS-CoV-2
virions for degradation in LC3B-positive degradative compartments
through interaction with FIP200, although this remains to be further
explored. Interestingly, NDP52 also plays an important role in reg-
ulating inflammation by degrading numerous immune regulators via
autophagy79,80. Our data suggest that the NDP52-FIP200 axis is dis-
rupted in FIP200-deficient cells and patient PBMCs, thus explaining
the tendency for hyperinflammation observed in response to SARS-
CoV-2 infection. Altogether, we propose that, like FIP200, its binding
partner NDP52 exerts antiviral activity against SARS-CoV-2, and our
data suggest that these two proteins may be connected in the same
antiviral pathway against SARS-CoV-2. With the data currently avail-
able, however, it remains possible that FIP200 exerts antiviral activity
fully or partly independently of NDP52. For instance, it has been shown
that FIP200 possesses lysosomal targeting functions unrelated to
autophagy for degradation of ferritin81.Morework is required to clarify
this mechanistically.

The antiviral activity of FIP200 described in the present study is
unlikely to be mediated via type I IFNs or inflammatory cytokines,
although FIP200 has been reported to promote RIG-I signaling82. In the
experimental pulmonary cell models used as well as in patient PBMCs,
we found that FIP200 deficiency did not impair induction of type I and
III IFNs and ISGs. Indeed, we consistently observed similar or even
enhanced type I IFN and cytokine responses inFIP200KOcompared to
WT cells. Several mechanisms may account for this observation. First,
enhanced viral replicationmay lead to secondary increases in type IFN
and cytokine production. Second, the reduced autophagy activitymay
release the negativemodulatory effect of ATG proteins and autophagy
upon signaling by PRRs and inflammatory cytokine and type I IFN
pathways, as previously reported in relation to RLR and cGAS/STING
pathways, as well as in inflammasome activation83–85. Taken together,
these data support the rest of our results and argue for a cell-
autonomous mode of antiviral activity by FIP200. It should be noted,
however, that autophagy also plays an important role in antiviral
immunity in the adaptive immune system34, and we cannot exclude
that FIP200 deficiency and the patient variants in FIP200 may have
implications beyond the innate cell intrinsic system investigated here.

The importance of autophagy processes in regulation of cellular
homeostasis, inflammation, metabolism, and cell death has been
highlighted by seminal work establishing definitive etiological links
between variants in genes that control autophagy and human disease,
particularly neurodegenerative conditions, inflammatory disorders,
and cancer34. From amedical perspective, the evidence provided here,
as well as by others86,87 of autophagy-related pathways and ATG pro-
teins exerting a putative key antiviral role against SARS-CoV-2, may
have important medical implications. These insights suggest that IEI in
genes encoding and regulating ATG proteins or other autophagy-
relatedprocesses shouldbe searched in patientswith critical COVID-19
or other severe presentations of SARS-CoV-2 infection. At present, no
IEI related to FIP200 function in autophagy or beyond has been
reported. However, it is important to note that homozygous FIP200
deficiency is lethal in mice, whereas heterozygous FIP200 deficiency
causes neonatal lethality, because the newborn mice require autop-
hagy to survive the starvation period until lactation is established88,89.
Given the essential role of FIP200 in mammals, it appears unlikely that
humans homozygous for complete loss-of-function variants will sur-
vive. Results of the present study suggest that monoallelic, partial
defects in ATG proteins may cause increased risk of viral infection and
some degree of immune dysregulation. This idea is in line with pre-
vious publications linking IEI affecting ATG genes to severe viral
infection, including deleterious variants in ATG4A and LC3B2 in
patients with recurrent lymphocytic Mollaret meningitis42, a variant in
ATG7 in poliomyelitis43, and a dominant negative TBK1 variant causing
defective cGAS-induced autophagy in a patient with herpes simplex
virus encephalitis44. These reports, together with the present study,
demonstrate medically relevant implications of defective canonical
and non-canonical autophagy-related processes for antiviral immunity
in humans,prompting the search for genevariants in thesepathways in

Fig. 4 | FIP200-deficient cells display impaired SARS-CoV-2-induced
autophagy flux. a WT, monoclonal AAVS1 clones 1 and FIP200 KO (clones 1–3)
A549-hACE2were infectedwith SARS-CoV-2 (MOI 0.1, 24 h)with orwithout 200 nM
bafilomycin A1 (BafA1) for 3 h before being lysed for immunoblotting.
b Quantification of LC3B-II:LC3B-I ratio in (a). (mean ± SD; Controls n = 6, FIP200
KOn = 9) c Immunofluorescence of polyclonal AAVS1 KO and FIP200 KO (guide #1)
hACE2-A549 cells infected with SARS-CoV-2 (MOI 3, 24 h) with or without 200nM
BafA1. Scale bar, 10 µm. d Quantification of LC3B-positive puncta per cell shown in
(c) was analyzed using ICY software (mean ± SD, n = 5, each data point represents
the mean value per image). e A549-hACE2 WT, monoclonal FIP200 KO clone 1,
FIP200 KI P1 clone 1, FIP200 KI P1 clone 4, and FIP200 KI P2 clones 1, FIP200 KI P2
clones 2, and CRISPR HDR knock-in WT were infected with SARS-CoV-2 (MOI 0.1,
24 h) and analyzed by immunoblotting. f Quantification of LC3B-II:LC3B-I ratios in

(e). g A549-hACE2 WT, monoclonal FIP200 KO clone 1, and monoclonal FIP200 KI
P2 (clone 1) A549-hACE2 cells were infected with SARS-CoV-2 (MOI 1, 24 h) and
processed for EM. Autophagosomes in the samples were examined. A autopha-
gosome, DGC degradative compartment, DV dark vacuole, PM plasma membrane,
N nucleus. Scale bar, 1μm.hQuantification of autophagosomesper cell sectionwas
performed for each condition, 200 randomly selected cell profiles from four
independent grids (mean ± SEM, n = 4). Data are representative of three indepen-
dent experiments (a–f), c, g show representative images. Statistical analysis was
performed using the Kruskal–Wallis test with two-sided Dunn’s multiple compar-
ison correction (b, h) and One-way ANOVA with two-sided Tukey’s multiple com-
parison correction (d). Box plots showmedian (center line), 25th–75th percentiles
(box), and min–max values (whiskers) (d, h). Source data are provided as a Source
data file.
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patients with severe viral infections and possibly inflammatory
disorders.

Collectively, this study describes a novel cell-autonomous anti-
viral function of FIP200 against SARS-CoV-2 in human pulmonary cells
through a degradative non-canonical autophagy pathway leading to
(endo)lysosomal degradation of virions in LC3B-positive acidified
vesicles. We suggest that autophagy-related gene variants in patients

might represent an IEI predisposing to severe SARS-CoV-2 infection,
and specifically that deleterious variants in FIP200 increase suscept-
ibility to critical COVID-19. Future identification and characterization
of defects in other autophagy-related genes will likely help to fur-
ther decipher the molecular pathways underlying antiviral properties
of autophagy-related processes. This approach will broaden the
understanding of innate antiviral restriction mechanisms and their

a b

f

d

LC3B-I
LC3B-II

Vinculin

17 kDa
14 kDa

124 kDa

g

h

i

c e

AA
VS

1 
KO

AT
G

5 
KO

AA
VS

1 
KO

AT
G

5 
KO

AA
VS

1 
KO

AT
G

5 
KO

0

200000

400000

600000

800000

SARS-CoV-2 
(MOI 0.1) 24h 48hMock

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

0

20

40

60

80

100

IF
N

B1
/T

BP
 m

R
N

A

24h 48hMock

0

5

10

15

20

25

IF
N

 L
1/

TB
P 

m
R

N
A

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

24h 48hMock
SARS-CoV-2 
(MOI 0.01)

SARS-CoV-2 
(MOI 0.01)

0

1

2

3

4

5

M
X1

/T
BP

 m
R

N
A

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

AA
VS

1 
KO

FI
P2

00
 K

O
 #

1

FI
P2

00
 K

O
 #

2

24h 48hMock
SARS-CoV-2 
(MOI 0.01)

0

100000

200000

300000

400000

A5
49

hA
C

E2

FI
P2

00
 K

O

N
D

P5
2 

KO

FI
P2

00
/N

D
P5

2 
KOSARS-CoV-2

(MOI 0.01, 48h)
AA

VS
1 

KO

A5
49

hA
C

E2

AA
VS

1 
KO

FI
P2

00
 K

O

N
D

P5
2 

KO

FI
P2

00
/

N
D

P5
2 

KO

Veh.

SARS-CoV-2
(MOI, 24h)

A5
49

hA
C

E2

AA
VS

1 
KO

FI
P2

00
 K

O

N
D

P5
2 

KO

BafA1

FI
P2

00
/

N
D

P5
2 

KO

-

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5 -

0.
1

0.
5

LC
3B

-II
:L

C
3B

-I

A549hACE2 AAVS1 KO FIP200 KO NDP52 KO FIP200/
NDP52 KO

A549hACE2 AAVS1 KO FIP200 KO NDP52 KO FIP200/
NDP52 KO

Veh. BafA1

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

SARS-CoV-2
(MOI, 24h)

AA
VS

1 
KO

N
D

P5
2 

KO
# 

1

N
D

P5
2 

KO
 #

2

AA
VS

1 
KO

N
D

P5
2 

KO
 #

1

N
D

P5
2 

KO
 #

2

0

30000

60000

90000

120000

150000

0.01 0.1
SARS-CoV-2 
(MOI,  24h)

Veh. BafA1

ATG5

LC3B-I
LC3B-II

Vinculin

17 kDa

124 kDa

14 kDa

55 kDa

SARS-CoV-2 
    (MOI, 24h)

A5
49

hA
C

E2

AA
VS

1 
KO

AT
G

5 
KO

A5
49

hA
C

E2

AA
VS

1 
KO

AT
G

5 
KO

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

- 0.
1

0.
5

SA
R

S-
C

oV
-2

/T
BP

 R
N

A

SA
R

S-
C

oV
-2

/T
BP

 R
N

A

SA
R

S-
C

oV
-2

/T
BP

 R
N

A

0

2

4

6

8

10

P = 0.0822

P = 0.4144

P = 0.0017

P = 0.0335

P = 0.0049

P = 0.0024

P = 0.2420
P = 0.0756

P = 0.0016

P = 0.0001

P = 0.0022
P = 0.0008

P < 0.0001
P = 0.0045

P = 0.0001

Article https://doi.org/10.1038/s41467-025-65308-8

Nature Communications |        (2025) 16:10618 12

www.nature.com/naturecommunications


physiological relevance beyond the type I IFN system. Uncovering the
antiviral mechanism of FIP200 may also facilitate the development of
novel strategies for the treatment of infections by coronaviruses and
other emerging viruses. Finally, identification and investigation of
individuals carrying such gene variants can be translated into perso-
nalized medicine to prevent severe disease from SARS-CoV-2 or rela-
ted viruses through vaccination, antiviral prophylaxis, or intensified
treatments,while at the same timeproviding insights into fundamental
protective antiviral signaling pathways in human immunology.

Methods
Patient material
The patients included in this study are part of a larger cohort study on
patients <60 years, without significant comorbidities and with severe
or critical COVID-19 (WHO category IV and V) admitted to a hospital
intensive care unit and receiving oxygen (>5 L) or ventilatory support.
Patients with co-morbidity, including age > 60 years, pulmonary or
cardiovascular disease, diabetes, BMI > 30, pregnancy, malignancy, or
known primary or secondary immunosuppression (including immu-
nomodulating therapies) were excluded.

Whole blood was first collected at hospitalization in either EDTA-
stabilized tube for DNA isolation or in lithium heparin tubes for per-
ipheral blood mononuclear cells (PBMCs) isolation. PBMCs were iso-
lated by Ficoll density gradient centrifugation using SepMate PBMC
isolation tubes (Stemcell Technologies, # 86460) and frozen in liquid
nitrogen. Control PBMCs were purified from healthy donors after
obtaining a written consent. Genomic DNA from the isolated PBMCs
was purified using the QIAamp DNA Blood Mini kit (Qiagen, 69,504)
according to manufacturer’s instructions. Monocyte-derived macro-
phages (MdMs) were differentiated from 5 × 105 PBMCs in RPMI con-
taining 10% heat-inactivated fetal calf serum (HI-FBS), 10% human AB
serum (Sigma-Aldrich, H4522), 10,000 IU/ml penicillin/streptomycin
(P/S; Sigma-Aldrich, 15140122), and 15 ng/ml human CSF1/M-colony
stimulating factor 1 (CSF1) (Peprotech, 300–25). Mediumwas changed
to DMEM (Biowest, L0102) with 10% human AB serum, 15 ng/ml CSF1
on days 4 and 7. The MdMs were used for experiments on day 9.

Whole-exome sequencing (WES) and bioinformatics
Genomic DNA was isolated from whole blood from each patient as
previously described90,91.WESwas performed employing theKapaHTP
Library preparation and the Nimblegen SeqCap EZMedExome Plus kit
(Roche, 07681364001) for P1 and TWIST comprehensive exome with
custom spike-ins for P2. Samples were analyzed on Illumina NextSeq
550 system (P1) and NovaSeq 6000 (P2), SNP calling relative to hg19
withBWA, PCR, andoptical duplicateswere identified andmarked. The
alignment was recalibrated using the GATKpackage. Single-nucleotide
polymorphisms were identified employing the HaplotypeCaller from
the GATK package. Variant call files were analyzed and filtered using
VarSeq 2.3.0 (Golden Helix) or Tibco Spotfire Analyst and filtered
according to confidence (call quality at least 30.0, read depth at least
5.0, allele fraction at least 25.0). We then used different variant scoring
systems, including combined annotation-dependent depletion
(CADD), mutation significance cut-off (MSC), gene damage index

(GDI), SIFT, and PolyPhen-2, to identify variants of interest. The
exomeswere analyzed for deleterious variants using aCADD score>20
and a frequency below 0.001 in the general population based on fre-
quencies reported to the Genome Aggregation Database (gnomAD),
ExAC, and NHLBI ESP. Finally, identified variants were manually
checked by inspecting BAM files using IGV.

Amino acid sequence alignment
The following FIP200 sequences were obtained from UniProt [http://
www.uniprot.org/]: Homo sapiens Q8TDY2, Mus musculus Q9ESK9,
Pan troglodytes H2QW57, Molossus molossus A0A7J8DUJ3, Pongo
abelii H2PQA4, Callithrix jacchus U3BY99, Myotis myotis A0A7J7TJ49,
Phyllostomus discolor A0A6J2M766, Caretta caretta UPI0020947A0F,
Hylobates moloch UPI0013F1E6E8, Macaca mulatta F6QUC5, Pipis-
trellus kuhlii UPI00174ED5F7, Nomascus leucogenys G1QJA4.

Cell lines
Human lung adenocarcinoma epithelial A549 cells expressing human
ACE2 (A549-hACE2), kindly provided by BradRosenberg (Icahn School
ofMedicine,Mount Sinai, NewYork, USA), andVeroE6 cells expressing
human TMPRSS2 (VeroE6-hTMPRSS2), kindly provided by Stefan
Pöhlmann (University of Göttingen, Germany). These cell lines were
not newly established from primary human or animal tissues. The sex
of the donor for these cell lines is not known. All cell lines were rou-
tinely tested for mycoplasma contamination and cultured under
recommended conditions as described in the following. Cells are
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Biowest,
L0102). The medium was supplemented with 10% HI-FCS and
10,000 IU/ml P/S. The Vero E6-TMPRSS2 cell culture medium was
additionally supplemented with 10μg/ml blasticidin (Invivogen,
A1113903) to maintain the TMPRSS2 expression plasmid. All cell lines
were incubated at 37 °C with 5% CO2.

Air–liquid interface pulmonary epithelium model
Cells were collected, cultured, differentiated, maintained, infected with
virus, and harvested frommembranes as previously described24. In brief,
primary nasal cells were isolated using a nasal brush (Dent-O-Care). Cells
were cultured as amonolayer in tissue culture flasks coatedwith 0.1mg/
ml of bovine type I collagen solution. At passage two, cells were seeded
at 2–3× 104 cells on 6.5mm Transwell membranes (Corning, 3470)
coated with 30μg/ml of bovine type I collagen solution and submerged
in 2× P/S (200U/ml) DMEM-low glycose (Sigma-Aldrich, D5921) mixed
1:1 (v/v) with 2× Monolayer medium (Airway Epithelium Cell Basal
Medium, (PromoCell C-21260), supplemented with 2 packs of Airway
Epithelial Cell Growth Medium Supplement, (PromoCell, C-39160),
without triiodothyronine and conatain 1ml of 1.5mg/ml bovine serum
albumin). When cultures reached confluency, air–liquid interface was
introduced, and medium changed to ALI medium (Pneumacult ALI
medium kit [StemCell, 5001]) with ALI medium supplement [StemCell,
5001] containing 100U/ml P/S, 0.48μg/ml hydrocortisone [StemCell,
07925], and 4μg/ml heparin [StemCell, 07980]. Cells were allowed to
differentiate for at least 21 days, as verified by extensive cilia beating and
mucus covering, prior to experiment initiation.

Fig. 5 | The antiviral activity of FIP200 is independent of canonical autophagy
and IFN, and involves NDP52. a, b Polyclonal AAVS1 KO and polyclonal ATG5 KO
A549-hACE2 cells were infected with SARS-CoV-2 at the indicated MOI for 24 and
48h, as indicated. a Total RNA was isolated and analyzed for SARS-CoV-2 RNA by
RT-qPCR. Data were normalized against TBP (n = 3).bATG5 or vinculin levels in cell
lysateswere evaluated by immunoblotting. c–epolyclonal FIP200KO (guide#1 and
#2) and polyclonal AAVS1 KO cells were infected with SARS-CoV-2 at anMOI of 0.1.
Total RNA was extracted from cells at 24 and 48 h p.i., and IFNB1, IFNL1, and MX1
mRNA levelsweremeasured byRT-qPCR. Datawere normalized against TBP (n = 3).
f–i Polyclonal AAVS1 KO and polyclonal NDP52 KO (guide #1 and #2) A549-hACE2

cells (f) or Polyclonal AAVS1 KO, polyclonal FIP200 KO, and FIP200/NDP52 double
KOA549-hACE2 cells were infectedwith SARS-CoV-2 at the indicatedMOIs for 24 or
48h as shown. Total RNA was isolated, and SARS-CoV-2 RNA was measured by RT-
qPCR. Data were normalized against TBP (n = 3). h Cell lysates were collected and
analyzed by immunoblotting. i Ratios of LC3B-II to LC3B-I in the experiment shown
in (h) were quantified by densitometry (n = 3). All data are representative of three
independent experiments. Quantifications are shown as mean± SD, statistical
analysis was carried out using two-sided Student’s t test with Bonferroni multiple
comparison correction (a) and One-way ANOVA with two-sided Dunnett’s multiple
comparison correction (c–g). Source data are provided as a Source data file.
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Virus and propagation
The SARS-CoV-2 B.1 isolate, a Wuhan-like early European variant
isolated in Freiburg clone 4286, was generously provided by Georg
Kochs (University of Freiburg, Germany). The SARS-CoV-2 alpha
(B.1.1.7) variant was kindly provided by Arvind Patel (University of
Glasgow, United Kingdom). Alex Sigal (African Health Research
Institute, Durban, South Africa) kindly provided the SARS-CoV-2

beta (B.1.351) and Omicron (B.1A) variants. The SARS-CoV-2 delta
(B.1.617.2) variant was obtained from the Danish State Serum Insti-
tute in Copenhagen (Denmark). The isolates were sequenced within
1–2 passages after initial propagation, and the corresponding
sequences are available as follows: Freiburg, FR-4286 (GISAID
accession no. EPI_ISL_852748), B.1.1.7 (NCBI GenBank accession no.
MZ314997), B.1.351 (GISAID accession no. EPI_ISL_678615), and
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B.1.617.2 (SARS-CoV-2/DK/SSI-H11, NCBI GenBank accession no.
OM444216).

Virus propagation was conducted in VeroE6 cells expressing
hTMPRSS2. Briefly, 10 × 106 cells were seeded in 6ml of medium in a
T175 culture flask (Thermo Fisher Scientific, 156505) and infected at a
multiplicity of infection (MOI) of 0.05. At 1 h post-infection, the culture
medium was increased to a total volume of 12ml, and virus propaga-
tion continued for up to 72 h or until a cytopathic effect (CPE) of
approximately 70%was observed. To harvest the virus, the cell culture
supernatant was collected, centrifuged at 300 × g for 5min to elim-
inate cellular debris, before further concentration by centrifugation at
4000× g for 25min using a 100 kDa filter (Amicon, 36100101). The
concentrated virus was aliquoted and stored at −80 °C. The infectious
virus titer in the generated stocks was determined using a limiting
dilution assay92.

Infection assays (and reagents)
A549-hACE2 cells at a concentration of 24 × 104 were seeded in a 12-
well in 1ml of DMEM, supplemented with 10% hi-FCS, 2 mM L-gluta-
mine, 100U/ml penicillin, and 100 µg/ml streptomycin. The following
day, cells were infectedwith SARS-CoV-2 at anMOI as indicated in each
individual experiment. Infections were performed in DMEM with 2%
fetal calf serum (FCS) for 1 h, after which unbound virus was removed
by washing the cells with Dulbecco′s Phosphate Buffered Saline (PBS,
Sigma-Aldrich, 32129211). Cells were subsequently cultured in 1ml of
DMEM for 24 or 48h before collecting cell culture supernatants and
cells. Supernatants were stored at −80 °C until further analysis by
ELISA,MSD, or limiting dilution assay, while the cells werewashedwith
PBS and processed for western blot analysis or qPCR. Infection of ALI
cells was performed as previously described24. Cells were infectedwith
SARS-CoV-2 at an MOI as indicated in each individual experiment. To
infect cells, 100μl DMEM-low glycose with or without virus was added
to the apical compartment and left in a 37 °C incubator for 1 h. Fol-
lowing this infection, all liquid was removed from the apical com-
partment, and membranes were placed in an incubator at 37 °C, 5%
CO2 for 72 h before collecting cell culture supernatants and cells.
Supernatants were stored at -80˚C until further analysis. Specific
inhibitors such as Ritonavir (Sigma-Aldrich, SML0491), Lopinavir
(Sigma-Aldrich, SML1222), cycloheximide (Sigma-Aldrich, 01810),
Remdesivir (InvivoGen, 469411000), and bafilomycin A1 (Sigma-
Aldrich, SML1661) were used in determined experiment at the indi-
cated concentrations. Autophagy was induced by starving cell in EBSS
(Gibco, 14155048). For mouse experiments, transgenic K18-hACE2
C57BL/6J mice (strain: 2B6.Cg-Tg(K18-ACE2)2Prlmn/J, The Jackson
Laboratory, Stock number: 034860, Maine, USA) expressing human
ACE2 were used. Age-matchedmale and female mice (8–12 weeks old)
were randomized into experimental groups. Mice were housed in a
specific pathogen-free facility under controlled conditions (12-h light/
dark cycle, ambient temperature of 20–24 °C, and relative humidity of

40–60%) and fed a standard chow diet with water ad libitum.
For infection, mice were anesthetized with isoflurane and intranasally
inoculated with 1.5 × 103 plaque-forming units (PFU) of B.1.1.7 SARS-
CoV-2 (Kent, UK isolate). At day 6 post-infection (p.i.), lungs
were collected and homogenized in 1ml PBS for downstream
analysis93.

Limiting dilution assay
The limiting dilution assay was employed to determine the amount of
infectious virus in cell culture supernatants or generated virus stocks.
2 × 104 VeroE6-hTMPRRS2 cells were seeded in a 96-well plate in 50μl
DMEM. The next day, supernatants or virus stocks were thawed and
diluted five times, followed by 10-fold serial dilution using DMEM,
before adding 50 μl of each dilution to the cells. The final dilution
range was 10-1 to 10-11, in quadruplicate for supernatants or octupli-
cate for virus stocks. Each well was evaluated for CPE using a standard
light microscope, and the tissue culture infectious dose 50 (TCID50/
ml)was calculated using the Reed andMuenchmethod92. The TCID50/
ml values weremultiplied by factor 0.7 to convert them into the mean
number of plaque-forming units (PFU)/ml (ATCC – Converting
TCID50 to PFU).

Generation of polyclonal knockout A549-hACE2 cells by
CRISPR/Cas9 editing
FIP200 (RB1CC1), ATG5, NDP52 (CALCOCO2), and FAM134B polyclonal
knockout (KO) cell lines were generated using the CRISPR/Cas9 gene
editing technology. Briefly, ribonucleoprotein (RNP) complexes were
generated by incubating 1.2μg of Cas9 protein (Integrated DNA
Technologies, 10000735) with 2μg of sgRNA at room temperature for
15–20min. Then 100,000–200,000 cells were washed with PBS,
resuspended in 20μl of OPTI-MEM (Thermo Fisher Scientific, 31-985-
070), mixed with the RNP complexes, and transferred into a Nucleo-
cuvette strip chamber (Lonza). Nucleofection was then performed
using the Lonza 4D-NucleofectorTM System (program CM138) and
cellswere subsequently cultured for 7–21 days as described above. The
KO efficiency was determined by both western blotting and DNA
sequencing. The sequences of the synthetic guide RNAused for the KO
were purchased from Synthego and are as follows: FIP200#1: CUC-
CAUUGACCACCAGCACC; FIP200#2: CAAGAUUGCUAUUCAACACC;
ATG5: CCUUAGAUGGACAGUGCAGA; FAM134B: GCCACTGTATTGCA-
GAATCA; NDP52#1: ACUUCUUGUCAUUGCAGGUG; NDP52#2: UCUU-
GUCAUUGCAGGUGGGG; and AAVS1 (control sgRNA):
GGGGCCACTAGGGACAGGAT94. Monoclonal FIP200 KO were gener-
ated from polyclonal FIP200 KO. Briefly, the polyclonal FIP200 KO
cells were seeded in the 96-well plate in the ration of 0.3 cell/well, and
cells maintained in DMEM medium supplemented with 10% HI-FCS
10,000 IU/ml P/S for 1- or 2-month, and fresh medium was changed
every 2 weeks. Monoclonal FIP200 KO clones were verified by both
western blotting and DNA sequencing.

Fig. 6 | FIP200 targets SARS-CoV-2 for degradation in acidified lysosomal
single-membrane compartments. aRT-qPCRof SARS-CoV-2 (MOI 3) infected cells
at indicated time points. Data normalized to TBP (Controls n = 4, FIP200 KO n= 6).
b WT and FIP200 KO cells were infected (MOI 0.1, 24 h), then treated with
remdesivir (RDV, 20mM) for the additional time and analyzed by RT-qPCR and
normalized to TBP (n= 3). c WT, monoclonal FIP200 KO (clone 1), FIP200 KI P2
(clone 1) A549-hACE2 cells were infected (MOI 1, 24 h) and treated with BafA1 3 h
before EM; Arrows point to virions in DGCs; DGC degradative compartment; Scale
Bar, 1μm. d Quantification of virion-containing DGCs. Quantifications were per-
formed by examining 200 randomly selected cell profiles from four independent
grids (mean ± SEM, n = 4). e Immunofluorescence staining of control and FIP200
KO cells (MOI 3, 24 h). Scale bar, 10 µm. Quantification of LC3B-positive puncta per
cell (f), Lysotracker puncta per cell (g), and percentage of LC3B-positive puncta-
Lysotracker colocalization (h) by ICY software (Controls n = 10, FIP200 KO n= 15).
i SARS-CoV-2 (-sense) RNA and LC3Bpunctawerevisualized byRNAScope and anti-

LC3B staining. Scale bar, 10 µm. j Quantification of colocalization of SARS-CoV-2
RNA and LC3B-positive puncta was analyzed by ICY software(n = 5). k Schematic
illustration of the experimental procedure for (l, m). Created in BioRender. Palu-
dan, S. (2025) https://BioRender.com/xu0qpxw. l RNA from 6 ultracentrifugation
fractions was measured by RT-PCR. Data shown as relative levels (n = 3).
m Ultracentrifugation fractions were analyzed by immunoblotting. Data are
representative of three independent experiments (a, b, e–m), c, e, i show repre-
sentative images. Each data point represents the mean value per image (f–h, j).
Quantification except (d) shown asmean ± SD. Statistical analysis: one-wayANOVA,
two-sided Tukey (a,d), unpairedWelch’s t test, two‑stage linear step‑up (b), Brown-
Forsythe Welch ANOVA tests, two-sided Dunnett’s T3 (f, h), Kruskal–Wallis test,
two-sided Dunn’s (g), and two-sided Mann–Whitney test, Bonferroni (j). Box plots
show median (center line), 25th–75th percentiles (box), and min–max values
(whiskers) (d, f–h, j). Source data are provided as a Source data file.
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Generation of knock-in ACE2-A549 by CRISPR/Cas9 editing
To generate the monoclonal knock-in (KI) ACE2-A549 cell clones,
2 × 105 A549-ACE2 cells were nucleofected as described above with
Cas9 RNPs (125 pmol Cas9-150pmol crRNA:tracR duplex) and 5 µM of
HDR-Donor DNA oligo, before to transferred to prewarmed medium
containing 1 µM HDR Enhancer V2 (Integrated DNA Technologies,
10007910). After 24 h, the medium was changed, and cells were
expanded for 72 h before plating single-cell clones by limiting dilution.
Single KI cell clones with successful HDR were identified by Sanger
Sequencing. For each HDR edit, cRNA, HDR-donor ssDNA oligo, and
genotypingprimers (all purchased from IntegratedDNATechnologies,
IDT) are listed consecutively:

A55V: crRNA_FIP200_A55V (IDT Alt-R crRNA): GGTCAATGGAG-
GAGAATGCA, HDR_Donor_A55V: ATACAAGATTGCTATTCAA-
CACCAGGTGCTGGTGGTCAATGGCGGAGAGTGCATGGCTGTAGAT
CGAAGAGTGTGTACCTACAGTGCTGGGACGGTAGGT, genomicPCR_
A55V_fw: GGAATAGCAGGTGGACGATCA, genomicPCR_A55V_rev:AGC
CTGAGGATTTTAATAGACCT, A55V_seqPrimer: TGGACGATCACATAA-
GATCATTTC; R474C: crRNA_FIP200_R474C (IDT Alt-R crRNA): CTAA-
CAGCTCTATTACGAGG, HDR_Donor_R474C:TCATGCTGATCAAGATG
GAGAGAAGTTACAAGCTTTGCTCTGCCTGGTAATAGAGCTCTTAGAA
AGAGTCAAAATTGTTGAAGCTCTTAGTACAGTTCCT, genomicPCR_R4
74C_fw: TGTCAGACTGAAGTAAGTGATTCAT, genomicPCR_R474-
C_rev: TTGACTAAAGCACCAGCCCA, R474C_seqPrimer: TTTCTCCC
AAATGATGGAGTGA; D211N: crRNA_FIP200_D211N (IDT Alt-R crRNA):
CAGAGAATGTTTGGGAAGAC, HDR_Donor_D211N: GAGTGCCTAAC-
CAGACATAGTTACAGAGAATGTTTGGGAAGACTGAATTCTTTACC
TGAACATGAAGACTCAGAAAAAGCTGAGATGAAA, genomicPCR_D
211N_fw: CCCTGCTCATAGAATCAAAGCAC, genomicPCR_D211N_rev:
GGGTTAACGATAGCCTCTCTCTG, D211N_seqPrimer: CACTTCCTGAC-
CAAAGATTCCA; T234M: crRNA_FIP200_T234M (IDT Alt-R crRNA):
GACGAAAAGATCCACTGAAC HDR_Donor_T234M: TAGTTGTTC-
TAGGCATATCAGGAGAGAGCACCAGTTCAGTCGACCTTTTCATCT
CAGCTTTTTCTGAGTCTTCATGTTCAGGTAAAGAAT, same genomic
PCR primers as for D211N.

N = coding mutation, N = silent mutations in crRNA target to
prevent recutting of edited locus (where necessary). The generated
cell lines were called FIP200 KI P1, FIP200 KI P2, FIP200 D221N, and
FIP200 T234M A549-hACE2 cells, respectively.

Lentiviral expression of FIP200 variants in FIP200 KO ACE2-
A549 cells
For the reconstitution of FIP200 expression, the FIP200 KO cells were
transduced by lentivirus packagedwith the pLV-FIP200WTor the pLV-
GFP construct, which were generated and packaged by VectorBuilder.
Lentiviral vectors were produced by standard calcium phosphate
transfection of the packaging plasmids pMD2.G, pRSV-Rev, and
pMDIg/pRRE together with either pLV-FIP200 WT or pLV-GFP into
HEK293T cells. After 48h of transfection, virus-containing super-
natants were collected, filtered through 0.45-µm filters, and added to
FIP200KOA549-hACE2cells, whichwere seeded at 1 × 105 cells perwell
in a 6-well plate 1 day prior to transduction. Following selection with
1 µg/ml puromycin, the transduction efficiency was assessed through
immunoblotting analysis.

DNA extraction and PCR
To verify the genetic changes introduced using the CRISPR-Cas9
system, cells were harvested, and DNA was extracted using the
DNeasy Blood & Tissue kit (Qiagen, 69504). Amplicons were gener-
ated using 100 ng DNA as template in a final volume of 40μl,
including 8 μl of 5x Phusion GC buffer (from the Phusion High-
Fidelity DNA Polymerase set, Thermo Fisher Scientific, F-530XL),
0.8μl of dNTPs (100mM dNTP Set, InvivoGen, 10297018), 0.4μl of
Phusion Green High-Fidelity DNA polymerase (Thermo Fisher Sci-
entific, F534S), 2 μl of 10 μM fw primer and 2 μl of 10μM rev primer,

in an Arktik Thermal Cycler (Thermo Fisher Scientific) using the
following program: 1min at 98 °C; 35x (10 s at 98 °C; 30 s at 68 °C;
1min at 72 °C); 10min at 7 °C; indefinitely at 4 °C. The following
primers (all purchased from Integrated DNA Technologies, IDT) were
used: RB1CC1 fw: 5′-GGAATAGCAGGTGGACGATCA-3′; RB1CC1 rev: 5′-
AGCCTGAGGATTTTAATAGACCT-3′; Amplicons were separated on a
1% agarose gel using the FastDigest Green Buffer (Thermo Fisher
Scientific, B64) before to excise the appropriate bands and purify
them using the E.Z.N.A Extraction kit (Omega Bio-Tek, D2500-02),
according to manufactures’ instructions. Isolated amplicons (60 ng)
were finally sequenced and the results analyzed using the Inter-
ference of CRISPR Edits online tool (ICE, Synthego).

Reverse transcriptase-quantitative PCR (RT-qPCR)
RNA isolation and qPCR was carried out using the High Pure RNA
Isolation kit (Roche, 11828665001) and Applied Biosystems TaqMan
RNA to CT One Step kit (Thermo Fisher Scientific, 4392938), respec-
tively, as described by the manufacturers and with the following pri-
mers from Applied Biosystems: SARS-CoV-2 NC (forward primer:
AAATTTTGGGGACCAGGAAC; reverse primer: TGGCACCTGTG-
TAGGTCAAC); probe primer: FAM-ATGTCGCGCATTGGCATGGA-BHQ,
TBP (Hs00427620_m1), IFNB1 (Hs01077958_s1), IFNL1
(Hs00601677_g1), MX1 (Hs00895608_m1), IFIT1 (Hs03027069_s1),
TNFA (Hs00174128_m1) and IL6 (Hs00174131_m1). The mRNA level of
each gene was normalized by that of TBP using the formula 2Ct(TBP)
−Ct(mRNA X). The resulting normalized ratios are presented in the
figures.

Western blotting
Cells were seeded in complemented DMEM, incubated overnight, and
treated with the different drugs and/or infected with SARS-CoV-2 fol-
lowing the procedure described in the “Infection assays” section. Cells
werewashedwith ice-cold PBS and lysed in Ripa buffer (Thermo Fisher
Scientific, PI8990) supplemented with Complete Ultra protease inhi-
bitor (Sigma-Aldrich, 5892953001) and Benzonase Nuclease (Sigma-
Aldrich, E1014-25KU) for 15min on ice before to be stored at −20 °C.
Samples were thawed on ice, diluted 1:1 (v/v) with Laemmli sample
buffer (Sigma-Aldrich, 1610747), boiled at 95 °C for 4min, cooled on
ice for 5min, and loaded together with a Precision Plus Protein™ Dual
Color Standards (Bio-Rad, 1610374) onto a 18 well 10% Criterion TGX
Precast Midi Protein Gel (Bio-Rad, 5671094) and separated in the Nu
PAGEMOPS SDS running buffer (ThermoFisher Scientific,NP000102).
Proteins were subsequently transferred onto a Trans-Blot Turbo Midi
PVDF Transfer membrane (Bio-Rad, 1704157) using the Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were washed using
TRIS-buffered saline (TBS, Thermo Fisher Scientific, J60764.K2) sup-
plemented with 0,05% Tween 20 (Sigma-Aldrich, P1379) (TBS-T),
blocked for 1 h at room temperature in 5% skimmed milk powder
(Sigma-Aldrich, 70166) in TBS-T, washed with TBS-T, incubated over-
night at 4 °C with any of the primary antibodies diluted in TBS-T
containing 5% bovine serum albumin fraction V (Sigma-Aldrich,
A7906). Primary antibodies were anti-FIP200 (1:1000 dilution, Cell
Signaling technology, D10D11, Rabbit mAb #12436); anti-LC3B (1:1000
dilution, Cell Signaling Technology, Antibody #2775); anti-SQSTM1
(1:1000 dilution, Cell Signaling, D1Q5S, Rabbit mAb #39749); anti-
SARS-CoV-2 NC protein (1:1000 dilution, Cell Signaling Technology,
HL344, Rabbit mAb #26369); anti-NDP52 (1:1000 dilution, Cell Sig-
naling Technology, D1E4A, Rabbit mAb #60732), anti-ATG5 (1:1000
dilution, Cell Signaling Technology D5F5U, Rabbit mAb #12994) and
anti-vinculin (1:1000dilution, Cell Signaling Technology, E1E9V, Rabbit
mAb #13901). After three washes with TBS-T, secondary antibodies
were added to the membrane in TBS-T containing 2% skimmed milk
powder for 1 h at room temperature. Secondary antibodies were
peroxidase-conjugated F(ab)2 donkey anti-mouse IgG (1:10000 dilu-
tion, Jackson ImmunoResearch, 715-036-150) or anti-rabbit IgG
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(1:10000 dilution, Jackson ImmunoResearch, 711-035-152). Finally,
membranes were washed three times and developed using the
SuperSignal West Pico PLUS chemiluminescent substrate (Thermo
Fisher Scientific, 34095) in a Chemidoc Imaging system (Bio-Rad).
Specific bands were quantified by densitometry using the Image J
software95. All primary antibodies used in this study were validated by
the manufacturers, as stated in the product datasheets.

Viral degradation kinetics and inhibitors
Cells were seeded in complemented DMEM, incubated overnight, and
infected with the SARS-CoV-2 at MOI 0.1 for 24 h; afterward, cells were
treated with 20 μM Remdesivir (RDV; Invivogen, GS-5734) every 8 h.
The cells were collected at the indicated time points for further
analysis.

Protein determination in supernatants by Mesoscale
Supernatants were thawed at room temperature or 4 °C and, if
required, inactivated by adding 1:1 (v/v) 0.4% Triton X-100 (Sigma-
Aldrich, 9036-19-5). Expression of IFNs (IFNα2a, IFNβ, and IFNγ) and
proinflammatory cytokines (TNFα) was measured in cell culture
supernatants using the U-PLEX assays (Meso Scale Diagnostics)
according to manufacturer’s protocols on a Meso Quickplex SQ 120
instrument87. Measurements below the detection limit were not
excluded and are indicated with an asterisk (*) in the Source data file.

Immunofluorescence microscopy
Cells were seeded on coverslips and treated as indicated. For experi-
ments involving lysosomal staining, cells were incubated with Lyso-
Tracker (1:10,000 dilution; Thermo Fisher Scientific, L12492) for
30minorBodipy (2μg/ml; BODIPY™493/503,D3922) prior tofixation.
Cells were fixed with 4% paraformaldehyde (PFA) for 15min at room
temperature, followed by three washes with cold PBS. Subsequently,
cells were permeabilized by incubation in cold methanol for 5min at
−20 °C. After fixation, cells were blocked in PBS containing 3% fetal calf
serum (FCS) for 1 h, followed by overnight incubation with primary
antibodies. Primary antibodies were anti-LC3B (1:500 dilution, Nordic
Biosite, ARG43536), anti-SQSTM1/p62 (1:200 dilution, Progen, 71001),
anti-SARS-CoV-2 S (1:300 dilution, GeneTex, GTX632604), and anti-
LAMP-1 (1:300 dilution, Invitrogen, MA1-164). The next day, cells were
incubated with secondary antibodies (all Alexa Fluor-conjugated,
1:500 dilution; Invitrogen) for 1 h. Coverslips were mounted on slides
using DAPI-containing ProLong Diamond Antifade Mountant (Thermo
Fisher Scientific). All primary antibodies used in this study were vali-
dated by the manufacturers, as stated in the product datasheets.
Z-stack images were acquired using a Zeiss LSM 780 confocal micro-
scope, and orthogonal projection images were processed with Zen
Blue software (Zeiss). Data analysis was performed with the ICY soft-
ware (BioImage Analysis Lab at Institut Pasteur and licensed under
GPLv3)96.

RNAscope
All procedures were performed according to the protocol provided by
Advanced Cell Diagnostics (ACD). Cell slides were fixed in cold 4%
paraformaldehyde (PFA) for 15min and then dehydrated through a
graded ethanol series (50%, 70%, and 100%), followed by air-drying.
After hydrogen peroxide treatment, slides were subjected to protease
digestion using RNAscope® H₂O₂ & Protease Plus (ACD, Cat# 322330).
For detection of SARS-CoV-2 RNA, a mix of probes targeting the
negative strand (RNAscope™ Probe - V-nCoV2019-S, Cat# 848561) and
the positive strand (RNAscope™ Probe - V-nCoV2019-orf1ab-sense,
Cat# 859151) was applied to the slides for in situ hybridization. Signal
amplification and detection were performed using the RNAscope® 2.5
HD Duplex Detection Reagents (ACD, Cat# 322500).

If RNAscope was combined with LC3 immunostaining, slides were
blocked in PBS containing 3% fetal calf serum (FCS) for 1 h, followed by

overnight incubation with primary antibodies anti-LC3B (1:250 dilu-
tion, Nordic Biosite, ARG43536). The following day, slides were incu-
bated with Alexa Fluor-conjugated secondary antibodies (1:500
dilution; Invitrogen) for 1 h. Finally, slides were mounted using DAPI-
containing ProLong™ Diamond Antifade Mountant (Thermo Fisher
Scientific).

Transmission electron microscopy (TEM)
Wild-Type, FIP200 KO, and FIP200 KI P2 A549-hACE2 cells were cul-
tured in 6-well plates and infected with SARS-COV-2 (Freiburg B.1, MOI
1) for 24 h. Cells were then fixed by adding an equal volume of double-
strength fixative (4% paraformaldehyde (PFA), 5% glutaraldehyde in
0.1M sodium cacodylate buffer, pH 7.4) to the culture medium and
incubated for 20min at room temperature. The fixative mixture was
then replaced with 1ml of single-strength fixative (2% PFA and 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.4) for another
2 h at room temperature. After 5 washes with 0.1M sodium cacodylate
buffer (pH 7.4), cells were processed for dehydration and embedding
in Epon resin97. To preserve their original morphology, the monolayer
cell cultures were embedded in their original position while in the
culture flasks. Subsequently, 70 nm ultrathin sections were cut using a
Leica EM UC7 ultra microtome (Leica Microsystems) and stained with
uranyl acetate in 70% methanol and lead citrate97. Cell sections were
analyzed in a 120 kV JEOL JEM 1400 transmission electron micro-
scope (JEOL).

For the statistical analysis, thepercentageof cells showing signsof
infection, the average number of autophagosomes, of white large
vacuole-containing virions (LVCVs), of dark vacuole-containing virions,
of degradative compartments (DGCs), and the percentage of DGCs
containing virions per cell section was performed by examining 200
cell profiles per condition, randomly selected from four independent
grids. A cell was considered infected, i.e., showed a sign of infection, if
at least one of the virus-induced structures (DMVs, spherules, and/or
virions) was detected in the examined cell section. The structures
counted in each infected cell profile were categorized as follows.
Autophagosomes were defined as circular structures limited by a
double membrane andmainly containing cytoplasmic material. DGCs,
which comprise lysosomes, amphisomes, and autolysosomes, were
defined as electron-dense structures with heteromorphous content.
LVCVs were defined as vacuoles that contained virions in their white
lumen. The dark vacuoles were defined as intracellular structures
dense to electron (i.e., appearing with a gray or dark gray content) that
showed presence of clusters of virions in their lumen. The presence of
virions in the degradative compartments was used to calculate the
percentage of DGCs containing virions.

Isolation of FLAG-LC3B-positive subcellular vesicles
Wild-type or FIP200-knockout (KO) A549 cells stably expressing the
ACE2 receptor were engineered to express FLAG-tagged LC3B. Cells
were infected with SARS-CoV-2 at an MOI of 0.1 for 24 h. After infec-
tion, cells were harvested and homogenized using a 25-gauge needle
(20 passes) in B88 buffer (20mM HEPES-KOH, pH 7.2, 250mM sorbi-
tol, 150mM potassium acetate, 5mM magnesium acetate), supple-
mented with protease inhibitor cocktail (Roche) and 0.3mM
dithiotretiol (DTT). Cell lysates were sequentially centrifuged at
1000 × g for 10min and then at 5000× g for an additional 10min. The
resulting supernatants were incubated with 50 µl FLAG-M2 beads for
2 h at 4 °C to enrichFLAG-LC3positive vesicles. After incubation, beads
were washed three times with B88 buffer. FLAG-LC3B vesicles were
eluted from the beads using B88 buffer containing FLAG peptide and
protease inhibitors. Eluted membranes underwent density gradient
fractionation using a modified OptiPrep flotation assay98,99. Briefly, a
50% OptiPrep solution was prepared in B88 buffer and combined with
eluted vesicles to obtain a final 40%OptiPrep solution in a total volume
of 1ml. This solution was carefully overlayed with 1ml of 35%OptiPrep
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and topped with 50 µl of B88 buffer. Gradients were centrifuged at
150,000 × g for 3 h at 4 °C. Twelve fractions of 150 µl each were col-
lected from the gradient bottom to top. For Western blot analysis,
fractions were precipitated using methanol–chloroform extraction
prior to immunoblotting. For qPCR, fractions 6–12 from the top were
further centrifuged at 100,000 × g for 1 h to pellet vesicles. RNA was
extracted from pelleted vesicles and subjected to qPCR analysis.

General statistical analyses
Experiments were performed in biological triplicates. Statistical ana-
lyseswere carried out usingGraphPad Prism (version 8). Depending on
data distribution, either parametric or nonparametric tests were
applied. Brown–Forsythe and Welch ANOVA tests with two-sided
Dunnett’s T3 multiple comparison correction, one-way ANOVA with
two-sided Dunnett’s or Tukey’s multiple comparison correction, or
Kruskal–Wallis tests with two-sided Dunn’s correction were used as
appropriate. Pairwise comparisons were analyzed using two-sided
Student’s t-tests with Bonferroni correction, unpaired Welch’s t-tests
with the two-stage linear step-up procedure, or two-sided Man-
n–Whitney tests with Bonferroni correction. All tests were two-sided,
and p-values <0.05 were considered statistically significant.

Ethics
The patients and healthy controls were included following oral and
written consent and in accordance with The Helsinki Declaration and
national ethics guidelines after approval from the Danish National
Committee on Health Ethics (1-10-72-80-20), the Data Protection
Agency, and the Institutional Review Board.

Air–liquid interface pulmonary epithelium cells were collected
and cultured as approved by The Science Ethical Committee (Den
Videnskabsetiske Komitéer) for the Region of Midtjylland with case
number 1-10-72-182-19.

The Danish Animal Experiments Inspectorate has approved the
experimental animal procedures, which were carried out in accor-
dance with the Danish Animal Welfare Act for the Care and Use of
Animals for Scientific Purposes (License ID 2019-15-0201-00090 and
2020-15-0201-00726). All procedures followed the recommendations
of the Animal Facilities at the Universities of Copenhagen and Aarhus.

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

Data availability
Additional information on the clinical history of the two patients and
the entire cohort is available in the Supplementary Material. Further
information on the genetic analysis, sequencing data, or methodolo-
gies can be requested from the authors and will be shared with
healthcareprofessionals and scientists in accordancewith national and
international rules and regulations for patient ethics, data sharing, and
data protection. Source data are provided with this paper.
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