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Influenza A virus (IAV) depends on the host cell machinery and 
signalling pathways to complete its replication cycle. From viral 
entry to budding, multifunctional IAV proteins simultaneously 

engage host factors that provide essential activities and subvert cel-
lular mechanisms that inhibit viral replication. To dissect the com-
plex interplay between IAV and the host cell, multiple large-scale 
loss-of-function and proteomics datasets have been generated1–9. 
Meta-analysis and integration of these screens have identified mul-
tiple proviral factors and pathways that are essential for IAV repli-
cation and pathogenesis and are relevant targets for host-directed 
therapies10,11. However, the global landscape of IAV cellular restric-
tion remains less understood1,12.

Macroautophagy (hereafter referred to as autophagy) is among 
the cellular pathways identified by genetic screening to impact IAV 
replication11. Autophagy is a catabolic process involved in the main-
tenance of cellular homoeostasis and also functions as a crucial cel-
lular defence mechanism for clearance of pathogens by lysosomal 
degradation13. Cellular, bacteria or viral cargo are engulfed into 

autophagosomes, which are double-membrane vesicles decorated 
with Atg8/LC3 proteins, where they are degraded on fusion with late 
endosomes and lysosomes14,15. The small GTPase Rab7 is a major 
regulator of this pathway, being responsible for the directionality 
of late endosome and autophagosome trafficking and their fusion 
with lysosomes16–18. Rab7 activation depends on its nucleotide state 
(GTP-bound active or GDP-bound inactive) and is regulated by 
the interaction with GTPase-activating proteins (GAPs) and gua-
nine nucleotide exchange factors (GEFs) that reside in different 
cellular compartments19. TBC1D5 localizes in autophagosomes 
and late endosomes, where it functions as a GAP for Rab7 (ref. 20). 
Association of Rab7 with TBC1D5 favours the recruitment of the 
homotypic fusion and protein-sorting (HOPS) complex and pro-
motes SNARE-dependent fusion of late endosomes and autopha-
gosomes with lysosomes21. Many viruses induce autophagy upon 
infection22. To antagonize autophagy and escape lysosomal degrada-
tion, pathogens have evolved two general strategies: either interfer-
ence with autophagosomal biogenesis (for instance, herpes simplex 
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virus (HSV-1)) or by blocking the fusion of autophagosomes with 
lysosomes (for instance, human immunodeficiency virus (HIV-1) 
and IAV)23,24. However, for many viruses, the molecular strategy that 
is used to circumvent this crucial host defence mechanism remains 
to be elucidated.

Here, we report a global analysis of the host restrictome for IAV 
assembled by integrating loss-of-function screening, transcrip-
tomics and proteomics data. Mechanistically, we show that IAV 
M2 protein evades lysosomal degradation by abrogating TBC1D5–
Rab7 interaction thus enabling trafficking to the cell surface and 
budding of IAV.

Results
Global landscape of IAV cellular restriction. The systematic iden-
tification of cellular factors that constrain viral replication can pro-
vide valuable insights into IAV pathogenesis7. Towards this end, we 
carried out arrayed genome-wide small interfering RNA (siRNA) 
screens in human macrophage-like THP-1 cells challenged with the 
seasonal influenza A/Wyoming/03/03 (Wyom/03, H3N2) virus or 
the highly pathogenic influenza A/Vietnam/1203/04 HALo (Viet/04, 
H5N1) virus (Methods; Fig. 1a). These cells were selected because 
macrophages mount an antiviral response to IAV (ref. 25) and THP-1 
cells support productive replication of IAV (Extended Data Fig. 1a). 
Screens were conducted twice each using mock- or IFN-treated 
cells to explore the contribution of IFN-stimulated genes (ISGs) in 
limiting IAV replication. The impact of each human gene knock-
down on viral replication was determined by high-content imagin-
ing of IAV nucleoprotein (NP) and calculated as the percentage of 
IAV NP+ cells. The average Pearson correlation coefficient between 
screen replicates was 0.69 (Extended Data Fig. 1b) and the average 
z prime (z′), a statistical indicator of assay quality26, between scram-
bled siRNA (negative control) and immune regulator IRF9 siRNA 
(positive control, IFN-treated screen) or viral-targeting NP siRNA 
(positive control, mock-treated screen) was 0.51, suggesting favour-
able screening conditions26. Using a cut-off criteria for infection 
z-score (≥1.5 for antiviral or ≤–1.5 for proviral) and cell viability 
(at least 70% of scrambled siRNA), we identified 333 factors that 
exerted proviral activities for H3N2 and/or H5N1 IAVs and 105 
that restricted viral replication (Fig. 1b and Supplementary Table 1).  
These factors were cross-referenced with hits from previous 
loss-of-function studies for IAV and found a modest but statistically 
significant overlap (antiviral factors, P = 0.029) (Extended Data  
Fig. 1c)1,3–7,11. Antiviral hits identified in the genome-wide siRNA 
screen were further evaluated for their ability to inhibit IAV repli-
cation. Knockdown of 33 cellular factors increased the replication  
of H3N2 and/or H5N1 IAVs by 1.25-fold or more without altering 
cell viability and are summarized in Supplementary Table 2.

Integration of loss-of-function studies with orthogonal datasets 
can highlight cellular factors and pathways that have multi-omics 
support and are probably relevant for viral infection. Using network 
propagation, we integrated the identified antiviral factors with pub-
lished transcriptomics data of IAV-infected macrophages27. First, 
we calculated the cut-off values that provide maximum overlap 
between datasets with an enrichment factor >1 (Methods; siRNA 
screen cut-off z-score ≥0.5 and RNA-seq cut-off log2FC (where FC 
is fold change) ≥1.0 or ≤–1.0, Padj < 0.01). Then, the resulting fac-
tors were sorted as IFN-inducible or constitutively expressed on the 
basis of available databases28,29. Next, we applied community detec-
tion algorithms to identify densely interconnected clusters of factors 
that show significant membership to biological pathways and built 
a hierarchical ontology network that depicts the subset of cellular 
mechanisms that were found to inhibit IAV replication (Extended 
Data Fig. 2 and Supplementary Table 3; Methods).

Analysis of the IFN-inducible factors revealed enrichment 
in immune response pathways, including type I IFN signal-
ling (P = 1.85 × 10–48) and cytokine and chemokine signalling 

(P = 1.17 × 10–12 and 2.77 × 10–27, respectively) but also coagulation 
and homeostasis pathways (P = 5.14 × 10–20 and 1.89 × 10–22), impor-
tant for in vitro activation of TLR3 by double-stranded RNA30 and 
vesicle transport and exocytosis (P = 2.78 × 10–8 and 7.84 × 10–6), 
which are known to be required for TLR and MyD88 signalling31 
(Extended Data Fig. 2a). Importantly, this analysis revealed ISGs 
previously associated with IAV restriction, including members 
of the IFITM or OAS family1, as well as nine ISGs not previously 
associated with IAV restriction—ARAP2, BHLHE22, BRCA2, 
FAM189B/COTE1, GNG5, HLA-DOB, KDM6A/UTX, SAMSN1 and 
TRPS1. The inhibitory effect of all nine ISGs in IAV replication was 
further validated (Supplementary Table 2) suggesting that these fac-
tors warrant further investigation.

Analysis of the constitutively expressed antiviral factors revealed 
six major networks. These were cell cycle (P = 4.50 × 10–127), G-alpha 
signalling (P = 9.46 × 10–268), metabolism (P = 1.58 × 10–157), RNA 
processing (P = 4.50 × 10–227), which included the subnetwork 
non-sense mediated decay (NMD)32, and protein modifications 
(P = 4.49 × 10–132), which included the subnetworks ubiquitination 
and proteasomal degradation, histone modifications, and SMAD 
proteins phosphorylation, which is known to inhibit Zika and hepa-
titis C virus (HCV) replication33 (Extended Data Fig. 2b). The last 
major network was vesicle-mediated transport (P = 7.91 × 10–140), 
which included the subnetworks endocytosis, macroautophagy and 
phagocytosis, previously linked to macrophage clearance of invad-
ing pathogens in vitro34 (Extended Data Fig. 2b). The complete list 
of factors included in each pathway and their P values are shown in 
Supplementary Table 3.

IAV M2 protein has been implicated in the regulation of several 
pathways represented in this network including vesicle transport, 
endocytosis and autophagy (Extended Data Fig. 2b). However, 
the interplay between M2 and these pathways has thus far eluded 
molecular understanding35. To address this gap, we sought to sys-
tematically identify M2–host restriction protein–protein interac-
tions (PPIs) using affinity purification mass spectrometry (AP-MS). 
These experiments were conducted using IFN-stimulated and 
unstimulated human lung epithelial cells (A549) to also evalu-
ate interaction of M2 with ISGs. Strep-tagged Viet/04 H5N1 M2 
(M2-Strep) or negative controls (Strep-tag only and GFP-Strep), 
were stably expressed in A549 cells treated or untreated with IFN, 
and bait proteins were pulled down by Strep-Tactin affinity purifi-
cation (n = 3 replicates per condition and bait). Samples were then 
digested by trypsin, proteins were identified by MS and then scored 
for the probability of being a true interactor using the MiST scor-
ing algorithm36 (Methods). Following the network propagation 
approach described above, putative M2 interactors with a MiST 
score ≥0.55 were integrated with the restriction network generated 
using the siRNA and RNA-seq data to provide insight into the inter-
play between M2 protein and the host restrictome (Supplementary 
Table 4). Though this low-stringency MiST threshold included 
medium confidence interactors, by combining these three datasets 
we illuminated factors and subnetworks that have multi-omics sup-
port and are thus more likely to be relevant negative regulators of 
IAV infection (Fig. 1c).

The resulting network was also integrated with manually curated 
bioinformatic resources to create a visual model that displays the 
identified restriction factors (Fig. 2 and Supplementary Table 5; 
Methods). As expected, autophagy and vesicle trafficking were 
amongst the antiviral pathways found to interact with M2, which 
encompassed restriction factors not previously associated with IAV 
inhibition including the Golgi-bound member of the secretory 
pathway Rab34 (ref. 37), the inhibitor of SARS-CoV-2 egress Rab27a 
(ref. 38) or the regulator of Rab7-mediated lysosomal degradation 
TBC1D5 (ref. 21) (Figs. 1c and 2). In addition, these analyses revealed 
interaction of M2 with several pathways not previously associated 
with M2 or IAV restriction, including Fanconi anaemia (FA) genes 
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(FANCI, FANCC and FANCF), important for mitophagy, viral clear-
ance and reduction of reactive oxygen species (ROS)39, several regu-
lators of cell cycle progression and factors involved in DNA repair 
including that of mitochondria origin (mtDNA), namely MSH6, 
RAD50/51 and BRCA2 (Figs. 1c and 2). M2 was also found to inter-
act with several restriction factors involved in lipid metabolism, 
immune signalling, including JAK1 and ITPRIP, the latter of which 
triggers IFN-independent antiviral activities through MDA-5 asso-
ciation40, as well as factors exerting anti-apoptotic activities, such 
as the growth factor PDGF-B (ref. 41) (Figs. 1c and 2). In addition, 
M2 was found to interact with PCYOX1, a factor involved in deg-
radation of prenylated proteins that restrain innate immunity42 and 
the deubiquitinase protein USP9X, which has been associated with 
restriction of HSV-1 (ref. 43) (Figs. 1c and 2). These factors were 
prioritized on the basis of membership to pathway, omics support 
and siRNA validation, and are summarized in Extended Data Fig. 3.

TBC1D5 restricts IAV replication in vitro and ex vivo. The 
regulator of Rab7-mediated lysosomal degradation TBC1D5 was  

identified through the integrative analysis as a relevant 
host-restriction factor supported by all orthogonal datasets, includ-
ing physical interaction with IAV M2 protein (Fig. 2). Since M2 was 
previously found to escape lysosomal degradation by a molecular  
mechanism that remains to be elucidated24,44, we thus pursued 
the hypothesis that TBC1D5 could be targeted by M2 to evade 
autophagy-mediated degradation.

First, we validated TBC1D5 effect controlling IAV replication 
using several viral strains and cell types to exclude strain and/or 
cell-type specific effects. Of note, M2 sequence is relatively well 
conserved across different IAV strains (72.8% conservation across 
Wyom/03 H3N2, Viet/04 H5N1, A/WSN/33 H1N1 and A/PR8/33 
H1N1 viruses). Efficient, non-cytotoxic siRNA-mediated knock-
down of TBC1D5 (Extended Data Fig. 4a,b) resulted in an increase 
in the amount of released infectious influenza H1N1 A/WSN/33  
(WSN/33) virus by ten-fold in the human lung cell line A549 (Fig. 3a).  
Conversely, ectopic expression of TBC1D5 significantly reduced 
WSN/33 virus release by fivefold in these cells (Fig. 3b and Extended 
Data Fig. 4c). We then investigated the effect of TBC1D5 depletion 
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on IAV replication in human tracheobronchial epithelial (HTBE) 
cells, a relevant ex vivo cell model for influenza replication, and 
found a significant increase in WSN/33 IAV replication (Fig. 3c,d 

and Extended Data Fig. 4d). To further confirm TBC1D5 antiviral 
activity, we generated A549 CRISPR-Cas9 TBC1D5 knockout (KO) 
cells (Fig. 3e) and observed that WSN/33 growth was augmented by 
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Fig. 3 | TBC1D5 restricts IAV replication in vitro, ex vivo and in vivo. a, A549 cells were transfected with indicated siRNAs for 48 h before infection with 
A/WSN/33 (MOI 0.01). Supernatants were analysed at 48 h postinfection (h p.i.) by plaque assay. Data represent mean ± s.d. of three independent 
experiments (n = 3). b, A549 cells were transfected with indicated plasmids (10 ng) for 36 h and infected with A/WSN/33 (MOI 0.01). At 48 h p.i., 
supernatants were analysed by plaque assay. Data show mean ± s.d. from one representative experiment in triplicate (n = 3). c,d, HTBE cells were 
transfected for 36 h with indicated siRNAs before A/WSN/33 infection (MOI 1). At 24 h p.i., cells were immunolabelled with NP antibody. Representative 
images are shown in c. Scale bar, 10 μm. Quantification (d) shows mean ± s.d. of three independent experiments (n = 3). e, Protein analysis of A549  
parental and TBC1D5 KO clones. Blot is representative of three independent experiments. f, A549 parental and TBC1D5 KO cells were infected with  
A/WSN/33 (MOI 0.01) for 48 h and supernatants analysed by plaque assay. Data show mean ± s.d. from one representative experiment in triplicate 
(n = 3). g, Parental, TBC1D5 KO and TBC1D5 KO + 10 ng of TBC1D5 cells were infected with A/WSN/33 (MOI 0.1) for 24 h before immunolabelling with NP 
antibody. Data show mean ± s.d. normalized infection from one representative experiment in triplicate (n = 3). h, MEFs were treated with indicated PPMOs 
or PBS for 72 h and subjected to SDS–polyacrylamide gel electrophoresis (SDS–PAGE) and immunoblotting. Blot is a representative from two independent 
experiments. i, Schematic representation of mouse experiments. j, Mice survival was monitored for 14 d p.i. Shown is percentage survival ± s.d. from two 
independent experiments, each with five mice per condition (n = 10). k,l, On days 3 and 6 p.i., mice were euthanized to harvest the lungs and determine 
TBC1D5 expression (k) and virus titre (l). Blot is a representative from two independent experiments (k). Graph shows mean lung virus titre ± s.d. from two 
independent experiments each with five mice per condition (n = 10) (l). Statistical significance was calculated using one-way analysis of variance (ANOVA) 
with Dunnett’s post hoc test (a,b,d,f,g) or log rank Mantel–Cox test (j). l, Two-way ANOVA test and Dunnett post hoc test were conducted by adding 
experiment batch as a covariate along with PPMO treatment effect. NS, not significant.
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over tenfold in these cells (Fig. 3f), while cell viability was unaltered 
(Extended Data Fig. 4e). This effect was not due to off-target effects, 
as complementation of TBC1D5 KO cells recapitulated IAV infec-
tion to levels of parental cells (Fig. 3g). Taken together, these data 
provide functional evidence that TBC1D5 exerts antiviral activity 
in multiple cell types.

TBC1D5 knockdown increases IAV growth and lethality in vivo. 
To understand the impact of TBC1D5 depletion on IAV replication 
in vivo, we used peptide-conjugated phosphorodiamidate morpho-
lino oligomers (PPMOs). PPMOs are sequence-specific antisense 
agents that can be administered intranasally to elicit a transient 
reduction in the expression of the targeted gene product in the lungs 
of treated mice45. Two PPMOs targeting TBC1D5 were designed and 
synthetized (TBC1D5 AUG and TBC1D5 e3i3) and their efficacy 
was validated in vitro (Fig. 3h). TBC1D5 PPMO treatment itself 
was non-toxic as no significant differences in body weight were 
detected compared to control mice (Extended Data Fig. 4f). Mice 
were treated with PBS, a non-targeting PPMO control (NTC) or 
TBC1D5-targeting PPMOs for two consecutive days, then infected 
with 40 p.f.u. of A/Puerto Rico/8/34 H1N1 (PR8) virus and moni-
tored for 14 d (Fig. 3i). Treatment with TBC1D5-targeting PPMOs 
resulted in a significant decrease in survival as compared to PBS or 
NTCs (P < 0.0001) (Fig. 3j), though no differences in body weight 
were observed (Extended Data Fig. 4g). Lungs of mice treated with 
PPMOs for TBC1D5 exhibited reduced TBC1D5 expression (Fig. 3k)  
and significantly heightened viral titres at both day 3 and day 6 
post-infection (Fig. 3l). Overall, these data are consistent with our 
in vitro and ex vivo findings, providing additional in vivo genetic 
evidence that supports a role for TBC1D5 in restricting IAV replica-
tion and growth.

TBC1D5 interacts with the cytoplasmic tail of IAV M2 protein. 
To validate the physical interaction between M2 and TBC1D5, 
co-immunoprecipitations (co-IPs) were performed in 293T cells in 
the context of GST-M2 pull-down (Fig. 4a). Reciprocal pull-downs 
of GFP-TBC1D5 in IAV-infected 293T cells confirmed an asso-
ciation of TBC1D5 with M2 during IAV infection (Fig. 4b). To 
further validate these observations, we performed a proximity 
ligation assay (PLA). This approach enables in situ detection of 
endogenous PPIs at a single molecule resolution46. 293T cells were 
infected with WSN/33 virus or mock-infected and then subjected 
to PLA staining (Fig. 4c). A significant number of PLA events were  
measured in the infected but not mock-infected cells, confirming 
that endogenous TBC1D5 and M2 interact during IAV infection 
(Fig. 4c,d). M2 protein consists of three domains: an ectodomain 
(ED), an ion-channel containing transmembrane domain (TM) and 
a C-terminal cytoplasmic tail (CT)35 (Fig. 4e). To further define the 
region of M2 that interacts with TBC1D5, we transfected 293T cells 

with a series of N-terminal GST-tagged M2 deletion constructs that 
were characterized in a previous publication7, using GST-M2 full 
length and GST as positive and negative control, respectively. After 
validating that these constructs are expressed to a similar extent 
in the lysates of transfected 293T cells (Extended Data Fig. 5a), we 
conducted PLA staining for TBC1D5 and GST to evaluate the inter-
action between TBC1D5 and the M2 domains. Quantification of 
the PLA events across all conditions revealed significant interaction 
of TBC1D5 with GST-M2 Full, GST-TMCT and GST-CT but not 
GST-ED or GST-EDTM, suggesting that M2 ED was dispensable 
for TBC1D5 binding but the M2 CT domain was required for the 
interaction (Fig. 4f,g). This is consistent with the proposed topology 
of M2 at the endosome, with its ED facing the endosome lumen and 
the CT facing the cytosol, as well as TBC1D5 localization anchored 
onto endosomes35,47. We further investigated the cellular localiza-
tion of TBC1D5 and M2 in IAV-infected cells and found that M2 
colocalizes with endogenous TBC1D5 in the perinuclear region of 
IAV-infected 293T cells with a Pearson correlation coefficient (PCC) 
of 0.51 (Fig. 4h). A similar colocalization between TBC1D5 and M2 
was observed in A549 cells (PCC = 0.66, representative images not 
shown). TBC1D5 is recruited to Rab7-positive late endosomes and 
autophagosomes either by direct interaction with Rab7 or through 
its two LC3-interacting regions (LIRs)20,48. Since IAV M2 protein has 
also been found to colocalize with autophagosomal markers during 
IAV infection24, we proposed that M2 and TBC1D5 may colocal-
ize in vesicles that are positive for Rab7. Immunolabelling of Rab7, 
TBC1D5 and M2 suggested that these three proteins are in close 
proximity in IAV-infected cells (Fig. 4i). Taken together, these data 
confirm TBC1D5 as a physical interactor of IAV M2 protein.

TBC1D5 promotes lysosomal targeting of IAV M2 protein. We 
next examined which step in the IAV replication cycle was nega-
tively impacted by TBC1D5. To assess if TBC1D5 was involved in 
early stages of IAV replication, we used an IAV minigenome reporter 
driven by WSN/33 virus infection49. Cells overexpressing TBC1D5, 
MX1, IFITM3 or the negative control vector GFP, in combination 
with a viral minigenome firefly (F) luciferase reporter and transfec-
tion control renilla (R) luciferase, were infected with WSN/33 virus 
and the F/R ratio was measured. While the overexpression of known 
IAV restriction factors involved in entry (IFITM3) and replication 
(MX1) significantly lowered the amount of F/R relative light units 
(RLU), TBC1D5 overexpression showed no difference compared to 
the negative control, suggesting that TBC1D5 does not affect viral 
entry, replication or transcription (Fig. 5a). TBC1D5 also did not 
affect translation of early or late IAV proteins, as NP and NS1 levels 
in cells depleted for TBC1D5 were comparable to those of negative 
control cells at 8 and 16 h postinfection (Extended Data Fig. 6a).  
Since our data revealed an interaction between TBC1D5 and M2 
(Fig. 4a–g), we next evaluated M2 levels in TBC1D5-depleted cells. 

Fig. 4 | TBC1D5 interacts with the cytoplasmic tail of IAV M2 protein. a, 293T cells were transfected with GST or GST-M2 and subjected to GST-affinity 
pull-down. Input and pull-down samples were analysed by SDS–PAGE using indicated antibodies. Blot is a representative from two independent 
experiments. b, 293T cells were transfected with indicated plasmids and infected with A/WSN/33 (MOI 3) for 24 h. Immunoprecipitation (IP) was carried 
out using GFP-trap resin. Inputs and IP samples were analysed by SDS–PAGE using indicated antibodies. Blot is a representative from three independent 
experiments. 293T cells were mock-treated or infected with A/WSN/33 (MOI 3) for 1 h on ice. At 12 h p.i., cells were subjected to PLA staining.  
c, Representative images show PLA signal events (red) where TBC1D5 and M2 proteins interact, Phalloidin (F-actin, green) and Hoechst (DNA, blue). 
Scale bar, 10 μm. d, Quantification of PLA signal events per cell. Data show mean ± s.d. from one representative experiment where at least 80 cells per 
condition (n = 80) were quantified. Statistical significance was calculated using unpaired two-tailed Student’s t-test. e, GST-tagged M2 constructs. 
293T cells were transfected with indicated constructs for 16 h before PLA staining using TBC1D5 and GST primary antibodies. f, Representative images are 
shown. Scale bar, 10 μm. g, Quantification of PLA signal events per cell. Data show mean ± s.d. from one representative experiment where at least 100 cells 
per condition (n = 100) were quantified. Statistical significance was calculated using one-way ANOVA with Dunnett’s post hoc test. h, 293T cells were 
infected with A/WSN/33 (MOI 0.5) for 9 h. Cells were then fixed, stained with DAPI (blue) and immunostained with anti-M2 (green) and anti-TBC1D5 
(red). Arrow locates areas of colocalization between TBC1D5 and M2. Scale bar, 10 μm. Images are representative of two independent experiments where 
at least 100 cells per condition were measured. i, 293T cells were infected with A/WSN/33 (MOI 1) for 9 h. Cells were then stained with DAPI (blue), 
anti-M2 (green), anti-TBC1D5 (red) and anti-Rab7A (white). Images are representative of two independent experiments. Scale bar, 10 μm.
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While NS1 levels were unchanged, increased M2 protein levels 
were detected at 16 and 24 h post-infection (Fig. 5b). Conversely, 
TBC1D5 overexpression significantly reduced both total and 
membrane-bound M2 (Fig. 5c). These data suggest that TBC1D5 
affects M2 protein levels.

Both M2 and TBC1D5 can regulate autophagy. IAV M2 protein 
reduces fusion of autophagosomes with lysosomes and redirects the 
autophagosomal marker LC3 to the plasma membrane, where M2 
drives budding of IAVs24,44. Failure to evade lysosomal degradation 
reduces M2 levels and results in decreased viral growth50. TBC1D5 

regulates Rab7 activation, which in turn controls fusion of late 
endosomes and autophagosomes with lysosomes51 (Discussion). 
To explore if TBC1D5 depletion reduces fusion of autophagosomes 
with lysosomes, we measured autophagic flux using a fluorescent 
tandem reporter coupled to the autophagosome marker LC3B 
(RFP-GFP-LC3B)52. Using this system, autophagosomes display 
both RFP and GFP fluorescence. However, upon fusion with lyso-
somes, the GFP signal is quenched and only the acid-insensitive 
RFP signal can be detected (Fig. 5d). First, to evaluate the basal 
autophagic flux in these cells, parental cells were transduced with 
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the tandem RFP-GFP-LC3B reporter and either mock-treated or 
treated with chloroquine (CQ), an inhibitor of autophagosomes and 
lysosomes fusion. Then the ratio of LC3-GFP+/LC3-RFP+ puncta 
per cell was calculated. The relative number of LC3-GFP+ puncta 
was significantly reduced in mock-treated compared to CQ-treated 
cells, suggesting that parental cells support fusion of autophago-
somes with lysosomes (Fig. 5e,f, upper panel). In contrast, TBC1D5 
KO cells that were mock-treated showed no significant differences 
in the relative number of LC3-GFP+ puncta compared to those 
treated with CQ, suggesting that in TBC1D5 KO cells the fusion 
of autophagosomes with lysosomes is reduced (Fig. 5e,f, bottom 
panel).

Because TBC1D5-depleted cells displayed reduced fusion of 
autophagosomes with lysosomes and supported increased M2 pro-
tein levels (Fig. 5b,f), we proposed that TBC1D5 could promote 
lysosomal degradation of M2. To test this, we assessed the colo-
calization of M2 and lysosomes in parental and TBC1D5 KO cells, 
using the acidic organelle dye Lysotracker. The colocalization of 
M2 and Lysotracker was significantly reduced in TBC1D5-depleted 
cells (P < 0.0043; Fig. 5g,h), suggesting that lysosomal targeting 
of M2 is reduced in the absence of TBC1D5. Conversely, consis-
tent with previous M2 protein levels measurements (Fig. 5c), cells 
depleted for TBC1D5 showed a significant enhancement of cell 
surface-bound M2 over time (Extended Data Fig. 6b). To further 
confirm that TBC1D5 promotes lysosomal targeting of M2, con-
trol cells or cells overexpressing TBC1D5 were treated with DMSO 
or CQ and the levels of surface M2 were measured. TBC1D5 over-
expression showed reduced M2 levels at the plasma membrane in 
DMSO-treated but not CQ-treated cells (Fig. 5i), further indicating 
that TBC1D5 promotes lysosomal targeting of M2 protein.

IAV M2 protein abrogates TBC1D5 and Rab7 interaction. Since 
TBC1D5 promotes autophagic flux and M2 reduces fusion of 
autophagosomes with lysosomes24, we hypothesised that M2 antag-
onizes TBC1D5 activity to evade lysosomal degradation. Binding 
of TBC1D5 regulates Rab7 activation state, which is essential for 
vesicle trafficking and fusion of autophagosomes with lysosomes16. 
Therefore, we investigated Rab7–TBC1D5 physical interaction in 
the presence and absence of IAV infection. Upon Rab7 immuno-
precipitation, we observed reduced Rab7–TBC1D5 association in 
WSN/33 infected cells as compared to uninfected cells (Fig. 6a). 
Notably, Rab7–TBC1D5 interaction was reduced in a multiplicity of 
infection (MOI)-dependent manner (Fig. 6b). Similar results were 
observed when we immunoprecipitated TBC1D5, as IAV infec-
tion resulted in lower Rab7 association (Fig. 6c). To further vali-
date these observations in the context of endogenous TBC1D5 and 
Rab7, we performed PLA assays. The ability of this system to capture  

differences in the number of Rab7–TBC1D5 interaction events was 
validated using cells depleted for TBC1D5 (Extended Data Fig. 7a). 
293T cells were then infected with A/Puerto Rico/8/34 H1N1 (PR8) 
or mock-infected and then subjected to PLA staining to detect if 
endogenous TBC1D5 and Rab7 interact in the presence of IAV 
infection. Consistent with the biochemical data, we observed a sig-
nificant reduction of TBC1D5 and Rab7 interaction in PR8-infected 
cells as compared to mock-infected cells (P < 0.0001; Fig. 6d,e). This 
difference was not due to reduced TBC1D5 or Rab7 protein levels 
in IAV-infected cells, as shown by protein levels analyses carried out 
in parallel (Extended Data Fig. 7b). We then investigated if M2 is 
necessary to abrogate this interaction by using a PR8 virus that con-
tains a stop codon on the M segment to prevent M2 expression (PR8 
ΔM2)24. While the infectivity of this mutant virus was not affected 
(Extended Data Fig. 7c), we validated that M2-deficient viruses 
were unable to block fusion of autophagosomes and lysosomes,  
as reflected by increased LC3-II accumulation (Extended Data  
Fig. 7d)24. Critically, the interaction between TBC1D5 and Rab7 was 
not disrupted in 293T cells infected with the M2-deficient virus, 
since we observed comparable number of PLA events to those in 
uninfected conditions (Fig. 6d,e).

Rab7 activation is essential for vesicle trafficking and fusion of 
autophagosomes with lysosomes16 and depends on its nucleotide 
state (GTP-bound active or GDP-bound inactive), which is con-
trolled by association with GAP and GEF regulators. We therefore 
suggested that IAV M2 could abrogate Rab7–TBC1D5 interaction 
to reduce Rab7 activation. To test this, we took advantage of an 
antibody that specifically recognizes active GTP-bound Rab7. We 
validated the specificity of this antibody by detecting immunofluo-
rescence signal in cells transfected with wild-type (WT) Rab7 or the 
constitutively active GTP-bound Q67L-Rab7 mutant but not in the 
T22N-Rab7 mutant, which harbours higher GDP affinity (Extended 
Data Fig. 7e)53. Using this antibody, we measured Rab7 activation 
status (GTP-Rab7/total Rab7 ratio) in mock-infected cells or cells 
infected with WT or the M2-deficient virus. While M2-deficient 
IAV-infected cells did not alter Rab7 nucleotide-binding state 
(P > 0.999 compared to non-infected), cells infected with WT-PR8 
virus showed a significant reduction in Rab7 activation levels 
(**P = 0.0044 compared to non-infected and ***P < 0.0005 com-
pared to M2-deficient PR8) (Fig. 6f,g). Taken together, these data 
support a model wherein in steady-state conditions, TBC1D5 inter-
acts with Rab7, which enables fusion of late endosomes and auto
phagosomes with lysosomes and thus cargo degradation (Fig. 6h,  
right panel). In IAV-infected cells, extensive accumulation of M2 
at the ER triggers autophagy and results in the incorporation 
of M2 in autophagosomes (Fig. 6h, left panel). These M2 pro-
teins abrogate TBC1D5–Rab7 interaction, which reduces Rab7  

Fig. 5 | TBC1D5 promotes lysosomal targeting of IAV M2 protein. a, 293T cells were transfected with indicated plasmids, a firefly (F) influenza 
minigenome reporter and transfection control renilla (R). At 24 h post-transfection, cells were infected with A/WSN/33 (MOI 5) for 16 h and the levels  
of F/R measured. Data represent mean ± s.d. of F/R RLU from three independent experiments (n = 3). b, 293T cells were treated with indicated siRNAs  
for 48 h before infection with A/WSN/33 (MOI 2). At indicated h p.i., protein levels were analysed using SDS–PAGE. Blot is representative of two 
independent experiments. c, 293T cells were transfected with indicated expression constructs and infected with A/WSN/33 (MOI 1). At 18 h p.i., cells 
were immunolabelled with anti-M2 in the presence (total M2) or absence (surface M2) of cell permeabilization agent and M2 fluorescence levels 
measured by flow cytometry. Data represent mean ± s.d. of three independent experiments (n = 3). d, RFP-GFP-LC3B reporter. e, Parental and TBC1D5  
KO cells were transduced with BacMam 2.0 RFP-GFP-LC3B for 24 h, infected with A/WSN/33 (MOI 3) or treated with 100 μM CQ and, 16 h later, the  
relative number of LC3-GFP+ /LC3-RFP+ puncta per cell were quantified. Images are representative of three independent experiments. Scale bar, 10 μm.  
f, Data show mean ± s.e.m. LC3-GFP+ /LC3-RFP+ puncta per cell from one representative experiment where at least nine cells per condition were 
quantified (n = 9). g, A549 parental and TBC1D5 KO cells were infected with A/WSN/33 (MOI 3). At 7 h p.i., cells were treated with 70 nM Lysotracker, 
incubated for 1 h and then labelled with anti-M2. Images are representative of two independent experiments. Scale bar, 10 μm. h, PCC of M2-Lysotracker 
colocalization. Data show mean ± s.d. from one representative experiment where at least 50 cells per condition were quantified (n = 50). i, 293T cells  
were transfected with indicated expression constructs and infected with A/WSN/33 (MOI 1). At 4 h p.i., cells were treated with 100 μM CQ for 12 h p.i.  
and subjected to M2 immunolabelling in the absence of permeabilization agent. M2 mean fluorescence levels were recorded by flow cytometry. Data 
represent mean ± s.e.m. of three independent experiments (n = 3). Statistical significance was calculated using one-way ANOVA with Dunnett’s (a,c) or 
Tukey’s multiple comparisons post hoc (i) or two-tailed unpaired Student’s t-test (f,h).
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activation and arrests lysosomal fusion, thus enabling M2 to traffic  
to the plasma membrane to support IAV budding and growth  
(Fig. 6h, left panel).

Discussion
Successful completion of the IAV replication cycle involves 
co-option of essential cellular factors and antagonism of antiviral 
activities. Previous genome-wide loss-of-function screens have 
provided considerable insight into cellular factors that are essen-
tial for IAV replication7,11. However, much less is known about host  

factors involved in IAV restriction at a global scale, particularly in the 
context of immune cells that are responsible for mounting immune 
responses against IAV25. Here, we conducted a genome-wide 
siRNA screen using human macrophage-like cells and integrated 
the identified antiviral factors with global transcriptomics of 
IAV-infected macrophages. These analyses provided insight into 
the global landscape of IAV cellular restriction, which was clustered 
into IFN-inducible or constitutive mechanisms. Analysis of the 
IFN-inducible factors revealed, as expected, enrichment in the type 
I IFN response, including ISGs with known roles in IAV restriction 
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Fig. 6 | M2 protein abrogates TBC1D5 and Rab7 interaction. a, 293T cells were transfected with GFP or GFP-Rab7 and infected with A/WSN/33  
(MOI 3) for 24 h. IP was carried out using GFP-trap resin. Inputs and IP samples were analysed by SDS–PAGE using indicated antibodies. b, 293T cells  
were transfected with GFP or GFP-Rab7 and infected with A/WSN/33 (MOI 2, 5 and 10) for 24 h. IP was carried out using GFP-trap resin, and inputs  
and IP samples were analysed by SDS–PAGE using indicated antibodies. c, 293T cells were transfected with GFP or GFP-TBC1D5 and infected with  
A/WSN/33 (MOI 3). At 24 h p.i. cell lysates were subjected to IP using GFP-trap resin and inputs and IP samples were analysed by SDS–PAGE using 
indicated antibodies. In a–c, blots are representatives from at least two independent experiments. In d and e, 293T cells were infected with A/PR8 WT 
or A/PR8 ΔM2 (MOI 3) and subjected to PLA staining. d, Representative images from three independent experiments show PLA signal events (red) 
where TBC1D5 and Rab7 proteins interact, Phalloidin (F-actin, green) and Hoechst (DNA, blue). Scale bar, 10 μm. e, Quantification of PLA signal events. 
Data show mean ± s.d. from one representative experiment of at least three independent experiments where at least 100 cells per condition (n = 100) 
were quantified. Statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparisons test. f, Representative images from two 
independent experiments show Rab7 (green) and GTP-Rab7 (red) staining across 293T cells that express GFP-Rab7 WT and are either mock-infected or 
infected with A/PR8 WT or A/PR8 ΔM2 (MOI 3) for 14 h. Scale bar, 10 μm. g, Quantification of GTP-Rab7/total Rab7 ratio. Data show mean ± s.d. from  
one representative experiment of at least two independent experiments where at least 100 cells per condition (n = 100) were quantified. Statistical 
significance was calculated using one-way ANOVA with Kruskal–Wallis multiple comparisons test. h, Proposed model. IAV M2 protein abrogates 
interaction of TBC1D5 with Rab7, which in turn prevents fusion of autophagosomes with lysosomes. By escaping degradation at the lysosome, M2 can  
now assist IAV budding at the plasma membrane and support viral growth.
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and nine validated ISGs not previously linked to IAV, including the 
guanine nucleotide-binding protein GNG5, recently reported inter-
actor of SARS-CoV-2 (refs. 54,55) (Extended Data Fig. 3). While the 
IFN response is generally fast and efficient, providing an important 
first-line defence against invading pathogens, it can also trigger 
excessive inflammation and cause immunopathology56. Analysis of 
the constitutive antiviral factors found in this study show that cells 
also rely on an extensive set of cell-intrinsic mechanisms to con-
trol IAV infection, including metabolic pathways such as glycolysis 
and fatty acid synthesis, whose intermediate metabolites have been 
previously linked to viral restriction57,58, NMD, which can promote 
decay of viral messenger RNAs32, the ubiquitin/proteosome path-
way, known to target viral proteins for proteolysis59, vesicle sorting 
and autophagy (Extended Data Fig. 2b).

Regulation of vesicle sorting and autophagy have been previ-
ously associated with IAV M2 protein. However, the molecular 
regulators of these activities remained to be elucidated. Integration 
of these antiviral clusters with an IAV M2 PPI network provided 
potential insight into the interplay of M2 with these antiviral mech-
anisms. M2 interactors were predominantly enriched in pathways 
that included vesicle transport, exocytosis and membrane docking, 
which are consistent with M2 trafficking using the secretory and/
or autophagy pathways35 (Fig. 1c). In addition, factors and path-
ways not previously associated with M2 interaction or IAV antiviral 
activity were identified, including those involved in mtDNA repair, 
mitophagy, mitochondrial homoeostasis and apoptosis, suggest-
ing that the mitochondrion is a crucial platform for cell-intrinsic 
restriction of IAV and that M2 is either the target or the antagonist 
of these cellular defence mechanisms.

The identification of these pathways, complexes and factors that 
are supported by orthogonal datasets suggest that they may be more 
likely to be physiologically relevant antiviral regulators of IAV rep-
lication. For instance, this study uncovers the role of the autophagy 
regulator TBC1D5 as a restriction factor of IAV infection. TBC1D5 
was not amongst the most potent hits from the functional genetic 
screen, as it would be expected for a factor targeted for viral eva-
sion, but it was prioritized on the basis of orthogonal data includ-
ing the M2 AP-MS. Therefore, multi-omics integration enables the 
identification of factors that may be missed due to prioritization 
based only on activity from a single data source but have important 
roles in host–pathogen interactions. Taken together, we report 111 
host-restriction factors not previously reported to impinge on IAV 
replication (Fig. 2 and Supplementary Table 5) and a list of priori-
tized factors including those with multiple levels of orthogonal sup-
port (Extended Data Fig. 3). Additional studies will be required to 
illuminate their role in IAV pathogenesis in an ex vivo, in vivo and 
clinical context.

IAV infection induces both canonical and non-canonical 
autophagy, which represent critical cellular defence mechanisms 
for pathogen clearance through fusion of the pathogen-engulfed 
vesicles with lysosomes60,61. To escape degradation, M2 protein has 
been shown to reduce fusion of autophagosomes with lysosomes 
and instead traffic to the plasma membrane where it supports IAV 
budding24,44. However, the molecular mechanism behind this eva-
sion strategy remained to be elucidated. Data generated in this study 
indicate that M2 abrogates TBC1D5 and Rab7 interaction to reduce 
Rab7 activation and thus fusion of autophagosomes with lyso-
somes16. However, this viral evasion strategy seems to be dependent  
on the stoichiometry of TBC1D5 and M2 proteins in the cell  
(Fig. 6b). Increased TBC1D5 expression probably overwhelms the 
ability of M2 to block TBC1D5 interaction with Rab7, resulting in 
M2 degradation. Conversely, TBC1D5 depletion probably reduces 
the need for M2 to inhibit TBC1D5 interaction with Rab7, resulting 
in enhanced M2 protein levels at the cellular surface.

Rab7 activation is essential for both the recruitment of 
SNARE-like proteins that fuse the membranes of late endosomes and 

autophagosomes with lysosomes21 and for dictating the directional-
ity of vesicle trafficking (anterograde to the plasma membrane or 
retrograde to the perinuclear region where lysosomes reside)17,18,62,63. 
Therefore, displacement of Rab7–TBC1D5 physical interaction 
might be a prerequisite for arresting fusion with lysosomes and 
redirecting the M2-containing vesicles to the plasma membrane, 
where M2 initiates viral budding and promotes IAV growth. 
Notably, two bacterial pathogens have been previously shown to 
target Rab7 activation to promote survival. Legionella pneumophila 
secretes the effector protein RidL, which prevents recruitment of 
TBC1D5 to Rab7 (refs. 64,65). In addition, Salmonella enterica SopD2 
protein blocks Rab7 nucleotide exchange, preventing its association 
with effectors Rab-interacting lysosomal protein (RILP) and FYVE 
and coiled-coil (CC) domain-containing protein (FYCO1), which 
govern endosome, lysosome and autophagosome trafficking16,66. 
Induction of autophagy is a crucial feature of infection by multiple 
viral families, including flaviviruses and coronaviruses22. Since the 
manipulation of Rab7 activation represents a critical node exploited 
by both bacteria and viruses to escape lysosomal degradation, tar-
geting of this molecular circuit probably represents a convergent 
evolutionary evasion strategy. Therefore, therapeutic targeting of 
this mechanism may be an important strategy for the development 
of broad-spectrum antivirals that act to restore lysosomal degrada-
tion of viral cargo.

Methods
Cells and viruses. A549 (ATCC CCL-185), MDCK (ATCC CCL-34), HEK293T 
(ATCC CRL-3216) and MEF (ATCC CRL-2991) cells were cultured in DMEM 
(Fisher Scientific) supplemented with 10% FBS (Gibco), 1 mM sodium pyruvate 
(Life Technologies), 2 mM l-glutamine (Fisher Scientific), 10 mM HEPES 
(Fisher Scientific),100 U ml–1 of penicillin and 100 μg ml–1 of streptomycin (Fisher 
Scientific). THP-1 cells (ATCC TIB-202) were cultured in RPMI-1640 (Fisher 
Scientific) supplemented as described above. Cells were grown at 37 °C in 5% 
CO2. HTBE cells (ATCC PCS-300-010) were cultured in commercially available 
airway epithelial cell basal medium following manufacturer’s protocol (ATCC). 
HTBE cells were derived from one donor and all tissues used for isolation of these 
cells were obtained under informed consent and conform to HIPAA standards to 
protect the privacy of the donors’ personal health information. All cells were tested 
and were confirmed to be free of mycoplasma contamination. A/Vietnam/1203/04 
(H5N1) HALo mutant virus is an attenuated H5N1 influenza A virus generated 
using wild-type influenza A/Vietnam/1203/04 (H5N1) virus67,68. A/Wyoming/3/03 
(H3N2) and A/Vietnam/1203/05-HALo were generated using reverse genetics 
and propagated in the allantoic cavity of embryonated eggs (Charles River 
Laboratories). A/WSN/33 (H1N1), A/Puerto Rico/8/34 (H1N1) WT and ΔM2 
were propagated in MDCK cells (WSN and PR8 WT) or MDCK-M2 (PR8ΔM2). 
Titre was determined by plaque assay on MDCK cells using agar overlay 
medium. A549-doxycycline(dox)-Cas9 cells were generated by transduction of 
Lenti-dox-Cas9 (Dharmacon) into A549 cells. Cells were then plated for colony 
formation and screened for Cas9 expression after dox treatment.

Antibodies. The antibodies used in this study include the following. 
Immunofluorescence: rabbit polyclonal anti-TBC1D5 (Atlas, catalogue no. 
HPA035125, 1:200), mouse monoclonal anti-Rab7A antibody (Cell Signaling, 
catalogue no. 95746, 1:100), goat polyclonal anti-Rab7A (LSBio catalogue no. 
B13237, 1:200), mouse monoclonal anti-GTP-Rab7 (Neweastbio, catalogue no. 
26923, 1:100), mouse monoclonal anti-GST (Cell Signaling, catalogue no. 2624, 
1:500), mouse monoclonal anti-M2 E10 (Mount Sinai, in-house antibody, 1:2,000), 
mouse monoclonal anti-NP HT103 (Mount Sinai, in-house antibody, 1:10,000), 
Alexa Fluor 488-conjugated anti-mouse secondary antibody (Thermo Fisher 
Scientific, no. A-11001, 1:1,000) and Alexa Fluor 568-conjugated anti-mouse 
secondary antibody (Thermo Fisher Scientific, no. A-11004, 1:1,000). Western 
blotting: mouse monoclonal anti-TBC1D5 (Santa Cruz, catalogue no. sc-376296, 
1:1,000), mouse monoclonal anti-Rab7A (Cell Signaling, catalogue no. 95746, 
1:1,000), mouse monoclonal anti-M2 (Santa Cruz, catalogue no. sc-32238, 1:1,000), 
rabbit monoclonal anti-β-actin (Cell Signaling, catalogue no. 4970, 1:10,000), 
rabbit anti-GFP (Cell Signaling, catalogue no. 2555, 1:10,000), rabbit polyclonal 
anti-NP (a kind gift of A. Nieto, 1:10,000), rabbit polyclonal anti-LC3A/B (Cell 
Signaling, catalogue no. 4108, 1:1,000) and rabbit monoclonal anti-Cox IV (Cell 
Signaling, catalogue no. 4850, 1:10,000). Flow cytometry: mouse monoclonal 
anti-M2 E10 (Mount Sinai, in-house antibody, 1:2,000).

Genome-wide siRNA screen. A genome-wide siRNA screen was carried out in 
human macrophage-like THP-1 cells to identify host cell factors that affect the 
replication of IAV. The screen was performed using the arrayed genome-wide 
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ON-TARGETplus SMARTpool siRNA library (Dharmacon), where each 
pool contains four unique siRNAs targeting each human gene. In addition, 
non-targeting siRNAs (scrambled) were added to each plate as negative controls 
and siRNAs targeting IRF9 and IAV NP were included as positive controls. 
The siRNA sequences are listed in Supplementary Table 6. THP-1 cells were 
differentiated using 10 ng ml–1 phorbol-12-myristate-13-acetate (PMA) for 72 h at 
37 °C in 5% CO2. Pooled siRNAs were arrayed in 384-well plates at a concentration 
of 12.5 nM siRNA per well. To enable the formation of siRNA-transfection reagent 
complexes, 0.075 μl of Lipofectamine RNA interference MAX (RNAiMAX) 
transfection reagent diluted in 9.925 μl of Opti-MEM media (both reagents 
Thermo Fisher Scientific) were added to each well. Following a 20 min incubation 
period at room temperature, 15,000 differentiated THP-1 cells diluted in 20 μl 
of RPMI media supplemented with 10% FBS, 1% PenStrep and 1% HEPES were 
seeded on top of the complexes and incubated for 48 h at 37 °C in 5% CO2. Cells 
were then mock-treated or treated with 100 IU ml–1 universal interferon beta (IFN, 
R&D Systems) diluted in 10 μl of serum-free RPMI media. After 6 h of incubation 
at 37 °C in 5% CO2, media were removed and cells were infected with IAV A/
Wyoming/3/2003 H3N2 (MOI 0.50) or A/Vietnam/1203/2004 H5N1 HALo 
(MOI 0.25) diluted in 20 μl of serum-free RPMI media. After 1 h of incubation 
at room temperature, the inoculum was removed and replaced with 40 μl of 
serum-free RPMI media and cells were incubated for 24 h at 37 °C in 5% CO2. Cells 
were then fixed with 4% PFA (Boston BioProducts) for 30 min at room temperature 
and washed twice with PBS. Cells were permeabilized with 0.5% Triton X-100 for 
20 min, followed by blocking with 3% BSA (Sigma) for 1 h at room temperature. 
Primary anti-NP mouse monoclonal (HT103, in-house antibody) was added for 
2 h at room temperature, followed by three washes with PBS and a 1-h incubation 
with Alexa Fluor 488-conjugated anti-mouse secondary antibody (Thermo Fisher 
Scientific, catalogue no. A-11001) diluted in 3% BSA. Following three washes with 
PBS, cells were stained with DAPI (4,6-diamidine-2-phenylindole, KPL) and plates 
were sealed and stored at 4 °C until imaging.

High-content imaging and data analysis. Viral replication was assessed using 
high-throughput microscopy. The assay plates were imaged using the IC200 
imaging system (Vala Sciences) located at the Conrad Prebys Center for Chemical 
Genomics (CPCCG). The analysis software Columbus v.2.5 (Perkin Elmer) 
was used to calculate infectivity (number of Alexa 488+ objects per number of 
DAPI+ objects). Screens were run twice and the infectivity values for each well 
were normalized to the median of each plate. The hit calling strategy was based 
on z-score values. The z-score is a statistical value that evaluates the number of 
standard deviations from the mean of the population and is calculated as the 
(log2FC siRNA x – mean log2FC of the sample)/ s.d. of the sample. In context of 
siRNA screening, it ranks the effects of each siRNA across the entire population. 
Factors with a corresponding z-score <–1.5 were considered host-dependency 
factors and those with a z-score >1.5 host-restriction factors. Cytotoxicity resulting 
from siRNA transfection was evaluated by counting the total number of cells per 
well and normalizing to the value for the negative control siRNA. Targeting siRNAs 
resulting in cytotoxicity measurements <70% compared to scrambled siRNA were 
considered cytotoxic and removed from the hit list.

Oseltamivir treatment. A total of 15,000 PMA-differentiated THP-1 cells 
(Genome-wide siRNA screen) were seeded overnight. Cells were then treated with 
100 IU ml–1 of universal interferon or mock-treated for 6 h and then treated with 
1 µM of oseltamivir (Sigma) for 2 h before infection with A/Wyoming/03/03 H3N2 
(MOI 0.50). At 24 h postinfection the percentage of infected cells was calculated on 
the basis of DAPI staining and viral NP immunostaining.

GO overrepresentation analysis. The genetic screen hits were tested for pathway 
and process enrichment using the following ontology sources: KEGG Pathway, 
gene ontology (GO) biological processes, Reactome Gene Sets, Canonical 
Pathways, CORUM, TRRUST, DisGeNET and PaGenBase, using the whole 
genome as the enrichment background. Terms with P < 0.01, a minimum count of 
3 and a ratio between the observed and the expected by chance counts >1.5, were 
collected and grouped into clusters on the basis of their membership similarities. 
Here, P values are calculated on the basis of the accumulative hypergeometric 
distribution. The most statistically significant term and higher membership within 
a cluster is chosen to represent the cluster.

AP-MS. The complete coding sequences for H5N1 A/Vietnam/1203/05-HALo 
M2 or eGFP (GQ404376.1) were cloned into pLVX-TetOne-Puro (Clontech) 
with a C-terminal 2×Strep-tag. To generate lentiviruses, these constructs were 
cotransfected with Gag-Pol packaging construct and VSV-G envelope (pMD2.G, 
Addgene) into HEK293T cells. A549 cells were transduced with the generated 
lentiviruses and selected under 1 μg ml–1 of puromycin. The expression of viral 
proteins or GFP was confirmed by western blot. For immunoprecipitation, 
expression of M2 or GFP was induced with 1 μg ml–1 of dox for 12 h and cells 
were then treated with 1,000 IU ml–1 of IFN for an additional 12 h. Cells were then 
lysed, cleared of cellular debris and bound with Strep-Tactin Sepharose beads 
(IBA Lifesciences) in IP buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl and 1 mM 
EDTA). Beads were washed four times (twice with 0.05% NP-40 and twice without) 

before on-bead protein digest. Strep-Tactin-purified proteins were reduced and 
alkylated on beads with reduction-alkylation buffer (50 mM Tris-HCl, pH 8.0, 
2 M urea, 1 mM dithiothreitol (DTT), 3 mM iodoacetamide). Subsequently, 3 mM 
DTT was added to quench the reaction and proteins were digested with 0.75 µg of 
trypsin (Invitrogen). Formic acid (1%) was added to acidify the peptides. Peptides 
were desalted using Agilent OMIX C18 tips. Digested peptides were subjected to 
LC-MS/MS analysis using an Easy-nLC 1000 coupled to a dual-pressure linear 
ion trap (Velos Pro) Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). 
Peptides were eluted by a gradient of 5–30% acetonitrile in 0.1% formic acid 
in 110 min delivered at a flow rate of 300 nl min–1. For each cycle, one full MS 
scan (150–1,500 m/z, resolution of 120,000) in the Orbitrap was followed by 
20 data-dependent MS/MS scans fragmented by normalized collision energy 
(setting of 35%) and acquired in the linear ion trap. Raw MS files were analysed by 
MaxQuant v.1.3.0.3 and MS/MS spectra searched by the Andromeda search engine 
against a database containing reviewed SwissProt human and influenza protein 
sequences (20,226 total). For each bait and control, putative interactors were 
scored for their probability of being a true interactor using the MiST algorithm, 
which provides a composite score taking into account the abundance, specificity 
and reproducibility of each identified protein36. To increase confidence in each 
interaction, all runs from each bait were analysed together regardless of condition 
and to better estimate specificity of these interactions for the MiST algorithm, these 
data were scored relative to other IAV baits pulled down also in A549 cells under 
these same conditions (access to files including the additional baits available at: 
https://massive.ucsd.edu/ProteoSAFe/private-dataset.jsp?task=82154043f1ca4b0c9
e22c10aa091f476, password: pandemic).

siRNA, RNA-seq and AP-MS data integration and network analysis. To select 
the cut-off criteria that will result in the highest number of overlapping factors 
across the siRNA and RNA-seq datasets, while maintaining a larger overlap than 
expected by chance (enrichment factor >1), the number of observed overlapping 
genes between genetic data, RNA-seq and AP-MS were calculated across a range 
of z-score, log2FC and MiST thresholds. The enrichment factor was calculated 
as the number of observed divided by the number of expected overlapping 
genes. Expected values were computed by randomly permuting the genetic data 
and measuring the overlap on the permuted values. The expected value was the 
mean value over 100 random permutations. On the basis of these analyses, the 
following cut-off values were selected which optimized the enrichment factor 
and number of overlapping genes over the range of thresholds tested: siRNA 
z-score ≥0.5, RNA-seq log2FC ≥1.0 or ≤–1.0 and P <0.005, MiST ≥0.55. To 
explore the highest confidence interactions of the input factors list, we selected 
the STRING - Human Protein Links - High Confidence (score ≥0.7) protein–
protein interaction network available on the Network Data Exchange (NDEx). 
We then identified densely interconnected regions (‘communities’) amongst the 
input list, using the community detection algorithm HiDeF via the Community 
Detection Application and Service (CDAPS)69 (app available at http://apps.
cytoscape.org/apps/cycommunitydetection). The resulting HiDeF from CDAPS 
was a ‘hierarchy’ network where each node represented a community of proteins 
and edges denoted containment of one community (the ‘child’) by another (the 
‘parent’). Finally, the hierarchy network was styled, communities were labelled 
by functional enrichment using gProfiler (via CDAPS) and a layout was applied. 
The STRING - Human Protein Links - High Confidence (score ≥0.7) network is 
available in NDEx at http://ndexbio.org/#/network/275bd84e-3d18-11e8-a935-
0ac135e8bacf. Molecular complex detection (MCODE) and GO analyses were 
applied to the resulting overlapping factors to highlight densely connected 
subnetworks. Nodes with over ten members (IFN-inducible) or over 20 members 
(constitutive) are shown (Extended Data Fig. 2). To provide more stringency 
on the network and provide biochemical context to the identified nodes, those 
factors identified in two or more siRNA screens were integrated with the IAV 
M2–host AP-MS hits identified using a low stringency MiST score ≥0.55 and  
the resulting network was subjected to MCODE analyses (Cytoscape) to find 
highly interconnected regions (Fig. 1c). Network visualization was based on 
Metascape (http://www.metascape.org) and Cytoscape (http://www.cytoscape.org, 
v.3.8.0)70,71.

Generation of the integrated model of IAV cellular restriction. The identified 
restriction factors were evaluated for pathway enrichment using the following 
ontology sources: KEGG Pathway, Reactome Gene Sets, GO biological processes, 
CORUM, Canonical Pathways, TRRUST, DisGeNET and PaGenBase. Resulting 
data were reviewed and manually curated using published literature. Factors were 
then placed on the basis of their reported subcellular localization, clustered into 
functional categories shown in light blue boxes and labelled accordingly.

Virus infection. Cells were seeded overnight and then infected with indicated 
IAV strains in 1x phosphate buffered saline (PBS) supplemented with 0.3% BSA, 
0.01 mM Ca2+ and 0.02 mM Mg2+. After 1 h of incubation at room temperature, 
cells were washed and culture medium containing 1 μg ml–1 of TPCK-treated 
trypsin (Sigma) was added. Cells were then incubated at 37 °C and supernatant 
samples collected at indicated times. Viral titre in supernatants was determined by 
plaque assay using MDCK cells.
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Generation of CRISPR-Cas9 TBC1D5 KO cells. To generate CRISPR-Cas9  
TBC1D5 KO cells, we targeted the TBC1D5 locus sequence CTTGGCAACAATA 
AGGCAGA with the commercial gRNA CRISPRevolution srRNA EZ-17406474 
(Synthego). The gRNA was transfected into A549-dox-Cas9 cells previously treated 
with doxycycline (1 μg ml–1; Clontech) for 48 h. At 48 h post-transfection, cells were 
plated for colony formation. Colonies derived from single cells were screened for 
TBC1D5 knockout using western blot analysis.

IAV minigenome assays. Minigenome-based assays were performed as described 
previously72. Briefly, 293T cells were transfected with an influenza-like minigenome 
encoding a negative-sense firefly and the internal control renilla (kindly provided 
by W. Barclay, Imperial College London, UK) using Fugene (Promega) transfection 
reagent. At 24 h post-transfection, cells were infected with A/WSN/33 (H1N1) at 
MOI 5 for 16 h. Firefly and renilla RLU were measured using Dual-Glo Luciferase 
assay (Promega).

Flow cytometry analysis of M2 expression. 293T cells were mock-treated or 
infected with A/WSN/33 at an MOI of 2 and incubated for indicated times. 
Cells were trypsinized, washed in 1× PBS (Gibco) with 3% FBS and subjected 
to permeabilization with 0.1% Tween 20 (total M2). Cells were then blocked 
in 1× PBS with 1:200 dilution of normal rabbit serum (Abcam, ab7487) for 2 h 
at room temperature. Membrane-bound (surface) and total M2 were labelled 
using an anti-IAV M2 (E10, Mount Sinai) overnight at 4 °C in 1× PBS with 3% 
FBS. Cells were then stained with a goat anti-mouse Alexa Fluor 568 secondary 
antibody (Thermo Fisher) for 2 h at room temperature, washed and fixed in 4% 
paraformaldehyde in 1× PBS for 20 min at room temperature. Fluorescence M2 
mean intensities were recorded using Attune NxT Flow Cytometer (Thermo 
Fisher) and analysed using FlowJo software v.10.0 (Tree Star).

GST pull-down assays. A total of 1 × 107 293T cells were seeded in poly-d-lysine 
(Corning) 15-cm dishes and incubated overnight. Cells were then transfected with 
GST or GST-M2 (A/WSN/33) using Fugene (Promega) as transfection reagent. 
At 24 h post-transfection, cells were washed with ice-cold 1× PBS and lysed using 
Pierce IP Lysis Buffer (Thermo Fisher) supplemented with protease inhibitor 
cocktail (Roche). Protein lysates were cleared by centrifugation at 4,000g for 15 min 
at 4 °C and input samples were collected and stored at –20 °C. The remaining 
lysates were incubated with Gluthatione Sepharose beads (Thermo Fisher) in a 
rotator overnight at 4 °C. Beads were washed four times and proteins collected by 
addition of 2× NuPAGE sample buffer (Thermo Fisher) supplemented with 50 mM 
DTT and heated for 10 min at 95 °C. Samples were analysed by immunoblotting.

GFP-trap immunoprecipitation assays. A total of 1 × 107 293T cells were seeded 
in poly-d-lysine (Corning) 15-cm dishes and incubated overnight. Cells were then 
transfected with GFP, GFP-TBC1D5 or GFP-Rab7. At 24 h post-transfection, cells 
were infected with A/WSN/33 (H1N1) at MOI 5 (unless otherwise stated) for 18 h. 
Cells were then washed with ice-cold 1× PBS and lysed using Pierce IP Lysis Buffer 
(Thermo Fisher) supplemented with protease inhibitor cocktail (Roche). Protein 
lysates were cleared by centrifugation at 4,000g for 15 min at 4 °C and an input 
sample was collected and stored at –20 °C. The remaining lysates were incubated 
with GFP-trap beads (Chromotek) in a rotator for 2 h at 4 °C. Beads were washed 
four times and proteins collected by addition of 2× SDS NuPAGE sample buffer 
(Thermo Fisher) supplemented with 50 mM DTT and heated for 10 min at 95 °C. 
Samples were analysed by immunoblotting.

RFP-GFP-LC3B tandem reporter studies. A549 parental and TBC1D5 KO cells 
were seeded in glass-bottom 24-well plates (Cellvis) and incubated overnight at 
37 °C in 5% CO2. Cells were then treated with BacMam 2.0 RFP-GFP-LC3B reagent 
(Thermo Fisher, P36239) (MOI 50) for 24 h and then infected with A/WSN/33 
(MOI 3) or treated with 100 μM chloroquine (CQ). At 16 h p.i., cells were treated 
with Hoechst 33342 (Thermo Fisher, H3570) for 20 min at room temperature 
and then imaged using the Nikon A1R HD confocal microscope. The number of 
LC3-RFP+ and LC3-GFP+ puncta per cell was quantified using Fiji73. Finally, the 
ratio LC3-GFP+/LC3-RFP+ ratio was calculated.

Confocal imaging and colocalization studies. A549 or 293T cells were seeded 
in glass-bottom plates (Cellvis) and incubated overnight at 37 °C in 5% CO2. Cells 
were washed twice with 1× PBS and infected with A/WSN/33 at indicated MOI for 
1 h on ice to synchronize infection. Inoculum was then removed and replaced with 
fresh serum-free media. At indicated time points, cells were washed twice with 
1× PBS and fixed using 4% paraformaldehyde (Boston BioProducts) for 30 min at 
room temperature. Cells were permeabilized using 0.5% Triton X-100 for 15 min, 
followed by 1 h of blocking with 3% BSA (Sigma) at room temperature. Cells were 
stained with DAPI (KPL) and immunolabelled with indicated antibodies. Images 
were acquired using the Nikon A1R HD confocal microscope and colocalization 
was assessed using PCC. PCC was calculated using Fiji’s software73.

Proximity ligation assays. 293T cells were seeded in 96-well glass-bottom plates 
(Cellvis) and incubated overnight at 37 °C. Cells were either transfected with  
GST constructs (M2 domain mapping interaction studies) or infected with either  

A/WSN/33 (M2-TBC1D5 interaction studies), A/PR8 WT or A/PR8 ΔM2 
(TBC1D5–Rab7 interaction studies) at MOI 3. After 1 h of incubation on ice to 
enable viral infection synchronization, the inoculum was removed and replaced 
with fresh serum-free media. At 16 h post-transfection or 12 h postinfection, 
cells were washed twice with 1× PBS, fixed using 4% paraformaldehyde (Boston 
BioProducts) and permeabilized with 0.5% Triton X-100 for 15 min at room 
temperature. Cells were then subjected to Duolink PLA Fluorescence protocol 
(Sigma). Briefly, cells were blocked with Duolink Blocking solution (Sigma) in 
a heated humidity chamber for 60 min at 37 °C. Rabbit anti-TBC1D5 (Atlas, 
HPA035125), mouse monoclonal anti-GST (Cell Signaling, no. 2624), mouse 
monoclonal anti-M2 E10 (Mount Sinai, in-house antibody) or mouse anti-Rab7 
(Cell Signaling, no. 95746) were diluted in Duolink Antibody Diluent (Sigma), 
applied to the samples and incubated overnight at 4 °C. Cells were washed 
3 × 10 min with PLA Wash Buffer A (Sigma) and incubated with Rabbit-PLUS 
and Mouse-MINUS PLA probes (Sigma) in a preheated humidity chamber for 
1 h at 37 °C. Cells were washed 3 × 10 min with PLA Wash Buffer A (Sigma) and 
incubated with 1× Ligation solution (Sigma) in a preheated humidity chamber 
for 30 min at 37 °C. After 3 × 10 min with PLA Wash Buffer A (Sigma), cells were 
incubated with Amplification Solution (Sigma) in a preheated humidity chamber 
for 1 h at 40 min at 37 °C. Cells were washed 3 × 10 min with PLA Wash Buffer B 
(Sigma) and stained with Phalloidin-iFluor 488 (Abcam, 176753) and Hoechst 33342 
(Thermo Fisher, H3570) for 20 min at room temperature. Images were acquired 
using the Nikon A1R HD confocal microscope and analysed using Fiji73. Single cells 
were defined based on Phalloiding staining and the number of dots within each 
region of interest (ROI) was quantified using Fiji’s analyse particle feature.

Rab7 activation status measurement. 293T cells were seeded in 96-well glass- 
bottom plates (Cellvis), transfected with GFP-Rab7 WT and incubated overnight  
at 37 °C. Cells were washed twice with 1× PBS and infected with A/PR8 WT or  
A/PR8 ΔM2 at MOI 3 or left uninfected. After 1 h of incubation at room tempera
ture to enable virus absorption, the inoculum was removed and replaced with 
fresh serum-free media. At 16 h p.i., cells were washed twice with 1× PBS, fixed 
using 4% paraformaldehyde (Boston BioProducts) and permeabilized with 0.5% 
Triton X-100 for 15 min at room temperature. Cells were then treated with mouse 
monoclonal anti-Rab7 GTP overnight at 4 °C. Cells were washed for 3 × 10 min 
with PBS and incubated with anti-mouse Alexa 568 for 1 h at room temperature. 
Cells were then washed for 3 × 10 min with PBS and stained with Phalloidin-iFluor 
488 (Abcam, 176753) and Hoechst 33342 (Thermo Fisher, H3570) for 20 min 
at room temperature. Images were acquired using the Nikon A1R HD confocal 
microscope. Images were projected in Z and analysed for vesicle segmentation 
and quantification with Icy v.2.0.3.0 (http://icy.bioimageanalysis.com) with the 
procedures published in ref. 74. Briefly, individual cell nuclei were identified using 
the HK-means tool to create nuclear masks, following which, we used the active 
contours plugin to enlarge the ROIs/ masks around the individual nucleus in the 
Rab7-GFP channel to enlarge the masks to their intracellular vesicles. This second 
method dilates the masks only for Rab7-GFP positive cells (Extended Data Fig. 7f).  
The created masks in both HK-means step and active contours were visually 
inspected for correct segmentation. The individual cell, individual fluorescence 
channel quantification of total cells and Rab7-GFP positive cells was exported from 
the software then plotted as normalized (to minimum, maximum per biological 
condition) Rab7/GTP-Rab7 ratio.

PPMO synthesis and design. Peptide-conjugated PPMOs were synthesized in 
the Moulton Lab at Oregon State University. For each PPMO, the cell-penetrating 
peptide (RXR)4 (where R is arginine and X is 6-aminohexanoic acid) was 
covalently conjugated to a morpholino oligomer (Gene Tools) at the 3′ end 
through a non-cleavable linker, by methods described previously75. Two PPMOs 
targeting TBC1D5 were generated: (1) TBC1D5 AUG, designed to target the 
translation start site region of the TBC1D5 mRNA (morpholino sequence: 
TCAGACACAGACTTATACATTGCAT) and (2) TBC1D5 e3i3, which targets the 
splice site between exon 3 and intron 3 of the TBC1D5 pre-mRNA (morpholino 
sequence: CTGCATCTGCACAGAAAACTTACCT). In addition, an NTC PPMO 
was designed (morpholino sequence: CCTCTTACCTCAGTTACAATTTATA), 
having little homology to mouse transcripts or influenza viral sequences.

Animal experiments. Mice used in this study were purchased from the Jackson 
Laboratories. Mice were 5 weeks old, belonging to the BALB/c strain and all 
female mice were housed at 21 °C, with humidity of 35% and 12 h dark/ 12 h 
light cycle. Mice were anaesthetized by intraperitoneal injection of a mixture 
of ketamine and xylazine (100 μg and 5 μg per gram of body weight), before 
intranasal administration of either PBS or 100 μg of PPMO combination (50 μg 
of PPMO TBC1D5 AUG and 50 μg of PPMO TBC1D5 e3i3) in 40 μl of 1× PBS 
(the equivalent of ~5 mg kg–1) on day 2 and day 1. On day 0, mice were challenged 
intranasally with 40 p.f.u. A/PR8 IAV (LD50 = 50 p.f.u.) in 40 μl of PBS. Mice were 
monitored daily for weight loss and clinical signs. Mouse lungs were harvested on 
day 3 and day 6 p.i. to evaluate viral titres (n = 5). Lung homogenates were prepared 
using a FastPrep24 system (MP Biomedicals). After addition of 800 μl of PBS 
containing 0.3% BSA, lungs were subjected to two rounds of mechanical treatment 
for 10 s each at 6.5 m s–1. Tissue debris was removed by low-speed centrifugation 
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and virus titres in supernatants were determined by plaque assay. A group of mice 
(n = 5) was monitored for survival at 14 d p.i.

Ethics statement. All research studies involving the use of animals were reviewed 
and approved by the Institutional Animal Care and Use Committees of the Icahn 
School of Medicine at Mount Sinai, New York and were carried out in strict 
accordance with the recommendations in the Guide for the Care and Use of 
Laboratory Animals.

Statistics. Data distribution was assumed to be normal but this was not formally 
tested. Statistical parameters including the exact value of n, dispersion and 
precision measures (mean ± s.d. or s.e.m.) and statistical significance are reported 
in the figures and figure legends. Statistical significance between groups was 
determined using GraphPad Prism v.8.0 (GraphPad) and the test used is indicated 
in the figure legends.

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

Data availability
The MDM RNA-seq data used in this study are deposited in the Gene Expression 
Omnibus (GEO) database repository under the accession number GSE97672. The 
genome-wide siRNA screen data generated in this study have been deposited to 
figshare (https://doi.org/10.6084/m9.figshare.13826429). AP-MS data generated in 
this study have been deposited into the Center for Computational MS (Massive):
https://massive.ucsd.edu/ProteoSAFe/private-dataset.jsp?task=82154043f1ca4b0c9
e22c10aa091f476 (password, pandemic). Source data are provided with this paper.
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Extended Data Fig. 1 | Global genetic screen to identify host-restriction factors for IAV. (a) THP-1 cells were seeded overnight and then treated with 
100 IU/ml universal interferon or mock-treated for 6 h. Cells were then treated with 1 µM oseltamivir for 2 h before infection with A/Wyoming/03/03 
H3N2 (MOI = 0.50). At 24 h post-infection the percentage (%) of infected cells was calculated based on DAPI staining and viral nucleoprotein (NP) 
immunostaining. Data show mean ± SD from one representative experiment in triplicate (n = 3) of at least two independent experiments. Statistical 
significance was calculated using two-way ANOVA with Sidak´s multiple comparison test. (b) Correlation plots of z-score values for genome-wide siRNA 
screens of IFN- or mock-treated THP-1 cells infected with H3N2 or H5N1 IAVs. (c) Venn diagram shows the overlap between the genome-wide siRNA 
screen conducted in this study and previously published proviral (left) or antiviral (right) cellular factors identified by Tripathi, Pohl et al.7, Karlas et al.,4, 
Brass et al.,1, Konig et al.5, 2010, Shapira et al.6, 2010, Han et al.2 and Watanabe et al.,8.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Global analysis of IAV cellular restriction. The list of factors identified by siRNA screening (z-score ≥ 0.5), or RNA-seq 
(log2FC ≥ 1.0 or ≤ -1.0 and P value < 0.005) were subjected to supervised community detection71,76. The resultant hierarchy is shown. Here, each node 
represents a community of densely interconnected proteins, and each edge (arrow) denotes containment of one community (edge target) by another 
(edge source). Enriched biological processes are indicated. The percentage of each community that corresponds to siRNA hits is shown in green, and 
RNA-seq in grey. Nodes indicate proteins, and edges indicate interactions as defined by STRING (High Confidence (Score ≥ 0.7), available at NDEx.  
(a) Hierarchy of IFN-inducible antiviral factors. (b) Hierarchy of constitutive expressed antiviral factors.
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Extended Data Fig. 3 | Prioritized antiviral factors. Prioritized antiviral factors clustered by functional category and proposed/known role in 
IAV replication. Factors with * represent those identified as M2 interactors. Factors in bold represent those not previously associated with IAV 
restriction24,29,39,42,77–86.
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Extended Data Fig. 4 | TBC1D5 restricts IAV replication and growth in vitro, ex vivo and in vivo. A549 cells were transfected with indicated siRNAs.  
At 48 h post-transfection, cells were (a) subjected to SDS–PAGE and immunoblotted using antibodies specific for TBC1D5 and β-actin (loading control). 
Blot is representative of two independent experiments, or (b) Cell viability was assessed using Cell Titer Glo and compared to scrambled (non-targeting, 
negative control) and Allstars (toxic siRNA, positive control). Data show mean ± SD from one representative experiment in triplicate (n = 3) of at least 
two independent experiments. (c) A549 cells were transfected with a plasmid encoding TBC1D5 (0-50 ng) for 36 h. Cells were then subjected to SDS–
PAGE and immunoblotted using antibodies specific for TBC1D5 and β-actin. Blot is representative of two independent experiments. (d) HTBE cells were 
transfected for 36 h with indicated siRNAs. At 48 h post-transfection, cell lysates were subjected to SDS–PAGE and immunoblotted using antibodies 
specific for TBC1D5 and Cox IV (loading control). Blot is representative of two independent experiments. (e) A549 parental and two TBC1D5 KO clones 
cell numbers were determined 48 h post-seeding using image-based analysis of DAPI (nuclei) staining. Data show mean ± SD from one representative 
experiment in triplicate (n = 3) of at least two independent experiments. Five-week old female BALB/c mice were administered 100 μg PBS, NTC or 
TBC1D5 PPMOs (equivalent of 5 mg/kg) intranasally for 2 consecutive days and (f) Mice were monitored over the course of 5 days in the absence of 
IAV infection to evaluate PPMO-derived cytotoxicity. Data represent percent body weight ± SD from 2 independent experiments each with 3 mice per 
condition (n = 6). (g) Mice were infected with A/Puerto Rico/8/34 (40 p.f.u.) intranasally and were monitored for body weight over the course of 14 
days. Graphs show percent body weight ± SD from 2 independent experiments each with 15 mice per condition (n = 30). (b, e) Statistical significance was 
calculated using one-way ANOVA with Dunnett’s post hoc test, or Tukey’s multiple comparison post hoc (f, g).
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Extended Data Fig. 5 | SDS–PAGE analysis of GST-tagged M2 constructs. (a) 293 T cells were transfected with a series of N-terminally GST-tagged 
M2 constructs. At 16 h post-transfection, cells were lysed and levels of TBC1D5, and GST were analysed using SDS–PAGE. Blot is representative of two 
independent experiments.
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Extended Data Fig. 6 | TBC1D5 promotes lysosomal targeting of M2 protein. (a) 293 T cells were treated with negative control scrambled siRNA or 
siTBC1D5 for 48 h. Cells were then infected with A/WSN/33 (MOI 2), and at 8 and 16 h p.i. cells were lysed and levels of TBC1D5, NS1, and β-actin were 
analysed using SDS–PAGE. Blot is representative of two independent experiments. (b) 293 T cells were transfected with indicated siRNAs followed by 
infection with A/WSN/33 (MOI 1). At 8, 16 and 24 h p.i., cells were subjected to immunolabeling with anti-M2 in the absence of permeabilization agent 
(surface M2), and M2 relative fluorescence mean intensity levels were recorded by flow cytometry. Data represent mean ± s.d. of two independent 
experiments (n = 2). Statistical significance was calculated using two-way ANOVA with Bonferroni´s multiple comparisons post hoc test.
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Extended Data Fig. 7 | IAV M2 protein abrogates TBC1D5 and Rab7 interaction. (a) 293 T cells were transfected with scrambled or TBC1D5 siRNAs. 
At 48 h post-transfection, cells were subjected to proximity ligand assays (PLA) staining. Quantification of number of PLA signal events where TBC1D5 
proteins interact with Rab7. Data show mean ± s.d. from one representative experiment of at least two independent experiments where at least 50 cells 
per condition (n = 50) were quantified. Statistical significance was calculated using unpaired two-tailed Student’s t-test. (b) In parallel to PLA experiments 
(Fig. 6d,e) 293 T cells were subjected to transfection with indicated siRNAs for 48 h, or infected with A/PR8 WT or A/PR8 ΔM2 (MOI 3) for 18 h. Cells 
were then lysed and levels of TBC1D5, Rab7, NP, M2 and β-actin analysed using SDS–PAGE. Blot is representative of two independent experiments.  
(c) 293 T cells were mock treated, infected with A/PR8 WT or A/PR8 ΔM2 (MOI 3). At 18 h p.i. cells were lysed and levels of NP, β-actin and M2 were 
analysed using SDS–PAGE. Blot is representative of two independent experiments. (d) 293 T cells were mock-treated, infected with A/WSN/33, A/PR8 
WT or A/PR8 ΔM2 (MOI 3), or treated with 100 μM chloroquine (CQ) or 1 μM Rapamycin for 18 h. Cells were then lysed and levels of NP, β-actin and LC3 
were analysed using SDS–PAGE. Blot is representative of two independent experiments. (e) To test the specificity of the GTP-Rab7 antibody, Total- and 
GTP-bound Rab7 intensities were simultaneously acquired in cells that are either transfected with eGFP-Rab7 WT, a dominant negative Rab7 mutant with 
higher GDP affinity (eGFP-Rab7 T22N), or a constitutively active GTP-bound Rab7 mutant (eGFP-Rab7 Q67L) for 24 h. Representative images from two 
independent experiments show Rab7 (GFP, green) and GTP-Rab7 (red) staining. Scale bar = 10 μm. (f) Representation of generation of mask to detect 
nuclei and cells positive for eGFP-Rab7 signal (see material and methods). Images are representative of two independent experiments. Scale bar = 10 μm.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Policy information about availability of computer code

Data collection Genome-wide siRNA screen data were collected using the IC200 imaging system (Vala Sciences). For AP-MS, digested peptides were 
subjected to LC-MS/MS analysis using an Easy-nLC 1000 coupled to a dual-pressure linear ion trap (Velos Pro) Orbitrap Elite mass 
spectrometer (ThermoFisher). Images for colocalization studies were acquired using the Nikon A1R HD confocal microscope. FACS data 
were acquired using Attune NxT Flow Cytometer (ThermoFisher) with the FlowJo software v10.0 (Tree Star).

Data analysis Genome-wide siRNA screen data were analysed using the software Columbus version 2.5 (Perkin Elmer). For AP-MS, raw mass 
spectrometry data were searched using MaxQuant (version 1.3.0.3), MS/MS spectra searched by the Andromeda search engine against a 
database containing reviewed SwissProt human and influenza protein sequences, and then scored using MIST (available at https://
github.com/ kroganlab/mist) and SAINT (version 3.6.3). OMICs integration, network visualization, and the integrated model of influenza 
virus restriction were generated using Metascape and Cytoscape (version 3.8.0). Confocal microscopy data analysis was performed using 
Image J (version 2.2.0). FACS data were analysed using FlowJo software (version 10.0) (Tree Star). Statistical data analyses throughout the 
manuscript were conducted using Graphpad Prism (version 8.0).

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

Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The MDM RNA-seq data used in this study are deposited in the Gene Expression Omnibus (GEO) database repository under the accession number GSE97672. The 
genome-wide siRNA screen data generated in this study have been deposited to Figshare (https://doi.org/10.6084/m9.figshare.13826429). AP-MS data generated 
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in this study has been deposited into the Center for Computational mass spectrometry  (MASSIVE): 
https://massive.ucsd.edu/ProteoSAFe/private-dataset.jsp?task=82154043f1ca4b0c9e22c10aa091f476 password: pandemic). All data generated or analyzed during 
this study are included in this published article (and its supplementary information files).
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Sample size No statistical methods were used to predetermine sample size. For the genome-wide siRNA screen, we based the sample size used (n=2) on 
previous screens conducted and published in the laboratory that yielded robust, reproducible results.  
For the AP-MS data, it is an accepted practice in the large-scale interactomics field that biological triplicate measurements (n=3) are sufficient 
to measure high confidence interactions using the methods and software conducted in this study. At least three biological replicates were 
independently prepared for affinity purification. 
Small-scale experiments (investigating the effect of TBC1D5 during influenza virus infection) were conducted using n=3, except for the M2 
fluorescence mean intensity where n=2 was used. Sample size was determined based on previous experiments conducted and published in 
the laboratory that yielded consistent and reproducible results. 
The sample size for animal experiments: survival and viral titer in the lungs (n = 10) were determined based on previously published 
experiments conducted in the laboratory, which provided an estimate of the effect size and data variability. 
The sample size for each experiment is specified in each corresponding figure legend.

Data exclusions No data have been excluded from the analyses presented in this study.

Replication Reproducibility between screening replicates can be measured by calculating the correlation coefficient (Pearson’s r) between each pair of 
screen runs. The screening data generated in this screen yielded an average r coefficient = 0.69, supporting a good correlation for using n=2. 
For small-scale experiments (investigating the effect of TBC1D5 during influenza virus infection), experiments were replicated a minimum of 2 
times to assess data reproducibility. Results were reliably reproduced.

Randomization Allocation of controls and samples within plates were altered across biological repetitions.

Blinding For microscopy images, the investigators were blinded to group allocation during data collection. Data collection for the siRNA screen was 
blinded, without knowing which siRNA was spot in the specific wells. Additionally, different investigators were involved at different stages of 
the process (transfection, infection, imaging, analysis). Blinding is not relevant to the AP-MS data because these data are acquired and 
processed systematically with established scoring algorithms, excluding human bias. For the rest of the experiments, blinding is not relevant 
as the endpoint was determined independently from the final readout. 
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The antibodies used in this study include:  

A) Immunofluorescence - rabbit polyclonal anti-TBC1D5 antibody (Atlas, Cat #HPA035125, 1:200), mouse monoclonal anti-Rab7A 
antibody (Cell Signaling, Cat #95746, 1:100), goat polyclonal anti-Rab7A antibody (LSBio Cat #B13237, 1:200), mouse monoclonal 
anti-GTP-Rab7 (Neweastbio, Cat #26923, 1:100), mouse monoclonal anti-GST (Cell Signaling, Cat #2624, 1:500), mouse 
monoclonal anti-M2 E10 antibody (Mount Sinai, in-house antibody, 1:2,000), mouse monoclonal anti-NP HT103 antibody (Mount 
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Sinai, in-house antibody, 1:10,000), Alexa Fluor 488-conjugated anti-mouse secondary antibody (Thermo Fisher Scientific, # 
A-11001, 1:1,000), and Alexa Fluor 568-conjugated anti-mouse secondary antibody (Thermo Fisher Scientific, # A-11004, 
1:1,000). 
B) Western blotting - mouse monoclonal anti-TBC1D5 antibody (Santa Cruz, Cat #sc-376296 (E-9), 1:1,000), mouse monoclonal 
anti-Rab7A antibody (Cell Signaling, Cat #95746, 1:1,000), mouse monoclonal anti-M2 antibody (Santa Cruz, Cat #sc-32238, 
1:1,000), rabbit monoclonal anti-β-actin antibody (Cell Signaling, Cat #4970, 1:10,000), rabbit anti-GFP antibody (Cell Signaling, 
Cat #2555, 1:10,000), rabbit polyclonal anti-NP antibody (a kind gift of A. Nieto, 1:10,000), rabbit polyclonal anti-LC3A/B antibody 
(Cell Signaling, Cat #4108, 1:1,000), and rabbit monoclonal anti-CoxIV antibody (Cell Signaling, Cat #4850, 1:10,000). C) Flow 
cytometry - mouse monoclonal anti-M2 E10 antibody (Mount Sinai, in-house antibody, 1:2,000).

Validation Rabbit polyclonal anti-TBC1D5 antibody (Atlas, Cat #HPA035125), mouse monoclonal anti-Rab7A antibody (Cell Signaling, Cat 
#95746), and goat polyclonal anti-Rab7A antibody (LSBio Cat #B13237,, were validated using siRNAs targeting these factors and 
subsequent detection of reduced protein expression by confocal microscopy as compared to negative siRNA scrambled-treated 
cells. Mouse monoclonal anti-GTP-Rab7 (Neweastbio, Cat #26923) was validated using overexpression of Rab7 constructs that 
have higher affinity for GTP or GDP-, or wild type Rab7. Mouse monoclonal GST antibody (Cell Signaling, Cat #2624) was 
validated using transfection of cells with expression constructs encoding GST or GFP as negative control. Influenza A virus-
targeting mouse monoclonal anti-M2 E10 antibody (Mount Sinai, in-house antibody), and mouse monoclonal anti-NP HT103 
antibody (Mount Sinai, in-house antibody) were validated using overexpression of M2 or NP, as well as by staining of cells that 
were either infected with influenza A virus or non-infected as control. Mouse monoclonal anti-TBC1D5 antibody (Santa Cruz, Cat 
#sc-376296), mouse monoclonal anti-Rab7A antibody (Cell Signaling, Cat #95746), and rabbit polyclonal anti-LC3A/B antibody 
(Cell Signaling, Cat #4108) were validated using siRNAs targeting these factors and subsequent detection of reduced expression 
by Western blot as compared to negative siRNA scrambled-treated cells at the expected size based on the protein size. Mouse 
monoclonal anti-M2 antibody (Santa Cruz, Cat # sc-32238) was validated using cells infected with wild type or a M2-depleted 
influenza A virus and subsequent protein detection by Western blot. Rabbit monoclonal anti-β-actin antibody (Cell Signaling, 
#4970), rabbit anti-GFP antibody (Cell Signaling #2555), rabbit monoclonal anti-CoxIV antibody (Cell Signaling #4850), Alexa Fluor 
488-conjugated anti-mouse secondary antibody (Thermo Fisher Scientific, # A-11001, 1:1,000), and Alexa Fluor 568-conjugated 
anti-mouse secondary antibody (Thermo Fisher Scientific, # A-11004, 1:1,000) are all commercially available antibodies with 
validation data available on the manufacture's website. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Cell lines were purchased from American Type Culture Collection (ATCC): A549 (ATCC CCL-185), MDCK (ATCC CCL-34), 
HEK293T (ATCC CRL-3216), MEF (ATCC CRL-2991), THP-1 (ATCC TIB-202), and Human tracheobronchial epithelial (HTBE) cells 
(ATCC PCS-300-010).

Authentication The listed cell lines were not further authenticated after purchase from ATCC.

Mycoplasma contamination All cell lines were routinely tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines were used in this study.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice used in this study were purchased from the Jackson labs. Mice were five week old, belonging to the BALB/c strain and all 
female. Housing condition: temperature = 21°C, humidity = 35%, dark/light cycle = 12 hour/12 hour.

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight All research studies involving the use of animals were reviewed and approved by the Institutional Animal Care and Use 
Committees of the Icahn School of Medicine at Mount Sinai and were carried out in strict accordance with the recommendations 
in the Guide for the Care and Use of Laboratory Animals.

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

Confirm that:

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

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

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation 293T cells were mock-treated or infected with A/WSN/33 at a MOI of 2 and incubated for 18 h at 37°C in 5 % CO2. Cells were 
then trypsinized, washed in 1X PBS (Gibco) containing 3% FBS, and subjected to permeabilization with 0.1% Tween 20 (total M2). 
Cells were then blocked in 1X PBS with 1:200 dilution of normal rabbit serum (Abcam, ab7487) for 2 h at room temperature. 
Membrane-bound (surface) and total M2 were labelled using an anti-IAV M2 antibody (E10, Mount Sinai) overnight at 4°C in 1X 
PBS with 3 % FBS. Cells were then stained with a goat anti-mouse Alexa-Fluor 568 secondary antibody (ThermoFisher) for 2 h at 
room temperature, washed, and fixed in 4 % paraformaldehyde in 1X PBS for 20 min at room temperature. Fluorescence M2 
mean intensities were recorded using Attune NxT Flow Cytometer (ThermoFisher), and analyzed using FlowJo software (version 
10.0) (Treestar).

Instrument Attune NxT Flow Cytometer (ThomoFisher Scientific)

Software Attune FlowJo software (version 10.0) (Tree Star) was used to analyze the data

Cell population abundance This experiment measured influenza A virus M2 protein fluorescence intensity. The abundance of M2 positively correlated with 
increasing MOIs used, suggesting that the antibody used was specific and our experimental conditions and instrument settings 
enabled capturing differences in M2 levels. Using MOI = 2, at 18 h post-infection, 65-75% of the cells were positive for M2.

Gating strategy The gating strategy was defined as compared to non-infected cells (no viral M2 expressed).

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