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IFITM3 directly engages and shuttles incoming
virus particles to lysosomes

JenniferS.Spence'®, RuinaHe?®, Hans-Heinrich Hoffmann3, TandrilaDas? Emmanuelle Thinon?,
Charles M. Rice?, TaoPeng?4*, Kartik Chandran®™ and Howard C.Hang ®2*

Interferon-induced transmembrane proteins (IFITMs 1, 2 and 3) have emerged as important innate immune effectors that pre-
vent diverse virus infections in vertebrates. However, the cellular mechanisms and live-cell imaging of these small membrane
proteins have been challenging to evaluate during viral entry of mammalian cells. Using CRISPR-Cas9-mediated IFITM-mutant
cell lines, we demonstrate that human IFITM1, IFITM2 and IFITM3 act cooperatively and function in a dose-dependent fashion
in interferon-stimulated cells. Through site-specific fluorophore tagging and live-cell imaging studies, we show that IFITM3
is on endocytic vesicles that fuse with incoming virus particles and enhances the trafficking of this pathogenic cargo to lyso-
somes. IFITM3 trafficking is specific to restricted viruses, requires S-palmitoylation and is abrogated with loss-of-function
mutants. The site-specific protein labeling and live-cell imaging approaches described here should facilitate the functional

analysis of host factors involved in pathogen restriction as well as their mechanisms of regulation.

nterferon (IFN)-induced transmembrane proteins (IFITM1,
IFITM2 and IFITM3) have emerged as important gatekeepers of
pathogen infection in vertebrates'. Initial siRNA knockdown stud-
ies of IFITM3 increased the susceptibility of mammalian cell lines to
influenza A virus (IAV), and overexpression showed that IFITM1,
IFITM2 and IFITM3 could also inhibit infection by other strains
of TAV as well as flaviviruses such as West Nile virus (WNV) and
dengue virus (DENV), with IFITM3 being the most active against
TIAV?. In addition to IFITM1, IFITM2 and IFITM3, humans have
two other IFITM isoforms (5 and 10) and mice have four others (5,
6,7 and 10) that are not induced by IFNs'~*. Subsequent studies have
demonstrated that IFITM1, IFITM2 and IFITM3 are active against
many other viruses'’, including Ebola virus (EBOV), vesicular
stomatitis virus (VSV), SARS coronavirus (SARS-CoV), human
immunodeficiency virus (HIV), respiratory syncytial virus (RSV),
non-enveloped mammalian reovirus, hepatitis C virus (HCV) and
Zika virus (ZIKV)*". IFITMs are, however, not active against DNA
viruses such as papillomavirus, cytomegalovirus and adenovirus®
and even promote human coronavirus OC43 infection”®. SIRNA
knockdown of IFITM1, IFITM2 and IFITM3 together has also
been reported to increase Mycobacterium tuberculosis (Mtb) infec-
tion in macrophages’. Moreover, IFITM3 was shown to associate
with Mtb in late endosomal compartments and found to restrict
Mtb by imaging flow cytometry’. IFITMs are active in multiple
mammalian cell types, including primary CD8* T cells and respi-
ratory dendritic cells directly involved in adaptive immunity to
IAV". Notably, ifitm3~'~ mice are more susceptible to infection by
IAV'"'2. Moreover, IFITM3 appears to be important for the intrin-
sic and inducible antiviral activity of human embryonic stem cells'.
IFITMs have also been suggested to limit virus infection in a vari-
ety of other vertebrates"’, highlighting their possible evolutionarily
conserved function in host immunity.
IFITMs encode relatively small membrane proteins (107-144
amino acids)' that were originally predicted to be dual-pass

transmembrane proteins based on two hydrophobic domains’
(Fig. 1a). However, subsequent epitope mapping studies in cells'*"'®
and preliminary structural studies in vitro'” have suggested that
IFITMs are type IV membrane proteins in which only the second
hydrophobic domain is a transmembrane domain, with the C ter-
minus facing the outside of cells. In contrast, the first hydrophobic
domain of IFITM3 is suggested to function as an amphipathic helix
and regulate interactions with the inner leaflet of host membranes'.
This IFITM membrane topology model is also supported by the
discovery of post-translational modifications on IFITM3 (S-fatty-
acylation of Cys71, Cys72 and Cys105, phosphorylation of Tyr20,
ubiquitination of Lys24, Lys83, Lys88 and Lys104 and methylation
of Lys88)". In mammalian cells, IFITM2 and IFITM3 are mostly
distributed through early and late endocytic vesicles and on lyso-
somes, as shown by immunofluorescence"*" and live-cell imaging
studies®. IFITMI has a truncated N terminus, lacks the AP2 sort-
ing motif (YXX®) found in IFITM2 and IFITM3, and shows more
plasma membrane localization"*". The cellular localization of the
IFITMs may be a crucial determinant for their specificities toward
viruses, as IFITM1 is more active against viruses that enter through
the plasma membrane or early endocytic vesicles, whereas IFITM2
and IFITM3 are more active against viruses that enter within late
endocytic compartments">". In humans, individuals with the
IFITM3 SNP rs12252-C allele, which encodes a predicted 21-amino
acid truncation of the N terminus (IFITM3-N21A), show increased
morbidity and mortality from HIN1 strains of IAV'2. The IFITM3
rs12252-C allele is more prevalent in Asian populations®' and is
associated with fatal IAV H7N9 infection?>*, as well as acute HIV-1
infection”. However, recent meta-analyses”~*, overexpression stud-
ies?® and direct transcript analyses* have challenged the significance
of this allele in humans. Further studies of IFITM3 SNPs have iden-
tified rs34481144 as another loss-of-function allele in the IFITM3 5’
UTR that results in lower mRNA expression, which correlates with
reduced numbers of CD8" T cells in patient airways and increased
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Fig. 1| Expression and antiviral activity of IFITM1/2/3 KO cell lines. a, Alignment and topology of human IFITM1, IFITM2 and IFITM3. Key domains:
amphipathic (AP) helix, hydrophobic (HP), and transmembrane (TM); mutations: N21A SNP rs12252-C allele and post-translational modifications

are highlighted. b,c, Expression levels of human IFITM1, IFITM2 and IFITM3 in IFN-treated HelLa and A549 cell lines. Full gels for b are shown in
Supplementary Fig. 17a. d, AV infection of naive and IFN-a stimulated HeLa WT and IFITM2/3-KO cell lines. Cells were stimulated with IFN-oa (100 pg/mL)
for 16 h and then infected with IAV (multiplicity of infection (MOI)=2.5). At 12 h post-infection, cells were harvested, stained for IAV and analyzed by
flow cytometry. The percentage of IAV-positive cells was normalized to WT cells and plotted as relative infection. Data represent the mean and s.d. of
three independent experiments. e, Stable reconstitution with IFITM2 and IFITM3 in IFITM2/3-KO Hela cells (C5-2). Low, medium and high IFITM2/3
protein expression levels are shown. f, AV infection of IFITM2- and IFITM3-reconstituted HelLa and A549 cell clones stimulated with IFN-a (100 pg/mL).

Experiments were performed and data were analyzed as described in d.

severity of influenza-mediated illness™. These studies highlight that
IFITMs are highly regulated in mammalian cells and are important
for host susceptibility to diverse pathogens.

Though expression levels, subcellular localization and mutation
of IFITM1, IFITM2 and IFITM3 clearly modulate host susceptibility
toward different viruses, the precise cellular and biochemical mech-
anisms by which IFITMs inhibit virus entry in IFN-stimulated cells
are still unclear'. Overexpression studies showed that IFITMs do not
affect the expression levels of host ligands and receptors for viruses
(for example, sialic acid levels)’ or uptake of IAV particles into
mammalian cells’, suggesting that these small membrane proteins
may interfere with intermediate or late stages of virus entry rather
than initial binding or internalization into host cells. Notably, over-
expression of IFITM3 appears to arrest internalized virus particles
within endocytic vesicles and prevent the translocation of viral con-
tents into the cytosol*’. Overexpression studies have also suggested
that IFITM3 expands Rab7- and LAMP1-positive late endocytic
compartments’ and potentially alters the localization and activ-
ity of v-ATPase* without affecting lysosomal cathepsin activity™.
Alternatively, overexpression studies have also suggested that
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IFITMs can influence cell-cell fusion® or indirectly alter intracel-
lular cholesterol homeostasis* to block viral hemifusion with host
membranes. However, live-cell imaging of IAV entry and lipid
mixing has shown that IFITMs do not affect virus hemifusion in
endosomes™ or localization to endosomes”, indicating a possible role
in blocking fusion pore formation. Interestingly, IFITMs may also
be incorporated in HIV-1 virions and other viruses to inhibit virus
spreading or be transferred through exosomes to propagate antiviral
activity to neighboring cells*. The broad activity of IFITMs against
different classes of viruses and perhaps even intracellular bacterial
pathogens suggests a general mechanism of action that is functional
in many different cell types. However, the lack of IFITM1, IFITM2
and IFITM3 mutant cell lines and tools for live imaging of IFITMs
has limited their direct mechanistic investigation in host cells during
infection, as well as dissection of their regulatory mechanisms.

To address the antiviral mechanism of IFITMs and their inter-
actions with viruses in mammalian cells, we generated human
IFITM1, IFITM2, and IFITM3 mutant cell lines by CRISPR-Cas9
gene editing and established site-specific fluorophore labeling
of IFITM3 (ref. *°) for live-cell imaging during virus infection.

NATURE CHEMICAL BIOLOGY | VOL 15 | MARCH 2019 | 259-268 | www.nature.com/naturechemicalbiology


http://www.nature.com/naturechemicalbiology

NATURE CHEMICAL BIOLOGY

We discovered that IFITM1, IFITM2 and IFITM3 act cooperatively
in IFN-stimulated cells against diverse viruses (IAV, VSV, DENV,
WNYV and ZIKV) and enhance the trafficking of both endogenous
(activated EGFR) and exogenous (virus particles) cargo in late
endocytic vesicles to lysosomes for degradation. Using live-cell
IFITM3 imaging experiments, we observed that internalized IAV
particles primarily undergo lipid mixing or hemifusion with host
membranes after fusion of virus-bearing vesicles with IFITM3-
positive vesicles. The prefusion colocalization of virus particles with
IFITM3-positive vesicles was specific to restricted viruses (IAV and
EBOV) and was markedly decreased with loss-of-function IFITM3
mutants such as the N21A SNP rs12252-C allele. We also demon-
strated that site-specific S-fatty-acylation of Cys72 is important for
IFITM3 trafficking to incoming IAV particles. Collectively, our
results showed that IFITM3 can engage vesicles bearing incom-
ing virus particles and promote shuttling of late endocytic cargo to
lysosomes for degradation, which highlights a general mechanism
by which IFITMs may intercept pathogens and prevent their entry
into host cells. These studies were uniquely enabled by site-specific
protein labeling and imaging methods, which should also facilitate
the functional analysis of other host factors involved in pathogen
restriction as well as their mechanisms of regulation.

Results

IFITM1, IFITM2 and IFITM3 act cooperatively in IFN-
stimulated cells. To evaluate antiviral activity of endogenously
expressed human IFITMs, we employed CRISPR-Cas9 gene editing
to generate human IFITM2 and IFITM3 knockout (KO) cell lines
for HeLa (cervical epithelial) cells and A549 (lung epithelial) cells,
which normally express high levels of human IFITM1, IFITM2 and
IFITM3 following IFN stimulation (Fig. 1a). Among the gRNAs we
evaluated targeting exon 1 of human IFITM3 (Supplementary Fig.
1b), gRNA3 afforded the most efficient cleavage of genomic IFITM3
(Supplementary Fig. 1c). Western blot analysis of CRISPR-Cas9-
gRNA3-transfected stable cell clones after puromycin selection
yielded several HeLa and A549 clones with decreased and/or deleted
IFITM2 and IFITM3 using an N-terminally-directed antibody that
cross-reacts with both proteins (Supplementary Fig. 1d). Because
human IFITM2 and IFITM3 have high sequence identity in their
first exons and also flank IFITM1 on chromosome 11, we evaluated
the expression of IFITM1, IFITM2 and IFITM3 using isoform-spe-
cific antibodies (Fig. 1b). From this analysis, we identified HeLa cell
clones with reduced expression in IFITM2 (C4-4), IFITM3 (C345-
5), or both (C5-2, IFITM2/3-KO), as well as one clone that showed
loss of IFITM1, IFITM2 and IFITM3 expression (C5-9) compared
to Cas9 empty-vector-treated HeLa cells (WT HeLa) (Fig. 1b). For
A549 cells, we only isolated IFITM2/IFITM3 double KO clones with
partially reduced expression of IFITM1 (C1-3) (Fig. 1c). A sum-
mary of the IFITM2 and IFITM3 mutations in these HeLa and A549
mutant cell lines is included in Supplmentary Table 1.

We next evaluated the virus susceptibility of these HeLa and
A549 IFITM (1, 2 and 3) mutant cell lines with and without IFN-o
treatment. Infection of the HeLa cell clones with IAV (A/PR/8/34
(HIN1) strain) showed that reduced expression of IFITM2 or
IFITM3 increased virus susceptibility approximately two- or four-
fold, respectively, compared to controls (Fig. 1d; Supplementary Fig.
le). However, HeLa cell clones with complete loss of IFITM2 and
IFITM3 (C5-2, IFITM2/3-KO) or all three isoforms (C5-9) exhib-
ited greater than 20-fold increased infection, as judged by anti-influ-
enza A virus nucleoprotein (NP) staining (Fig. 1d; Supplementary
Fig. le). The cooperative antiviral activity among IFITMs was even
more pronounced in IFN-a treated cells, in which reduced expres-
sion of IFITM2 or IFITM3 alone did not have a major effect on
IAV infection, whereas deletion of both or all three isoforms again
resulted in greater than 20-fold increased susceptibility (Fig. 1d;
Supplementary Fig. le). No significant difference in IAV infection
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of clones with KO of IFITM2/3 (C5-2,) or all three isoforms (C5-9)
was observed, even with IFN-a treatment (Fig. 1d; Supplementary
Fig. le), suggesting that IFITM1 does not play a significant role in
preventing IAV infection. In contrast, the analysis of IFITM mutant
cell lines with other viruses showed that VSV and Venezuelan
equine encephalitis virus (VEEV) infected naive HeLa cell clones
at similar levels, but with IFN-a treatment, reduced expression or
deletion of IFITM1, IFITM2 or IFITM3 increased infection, par-
ticularly when all three isoforms were deleted (Supplementary Fig.
1f). DENV also showed increased infectivity in the naive IFITM-
mutant HeLa cell lines (Supplementary Fig. 1f). However, loss of
IFITM2 or IFITM3 expression alone in IFN-a treated cells only
partially attenuated DENV infection compared to HeLa cells with-
out IFITM1, IFITM2 and IFITM3 (Supplementary Fig. 1f). YFV
and onyongnyong virus (ONNV) showed enhanced infection of
naive IFITM-mutant cells but were attenuated with IFN-a treat-
ment (Supplementary Fig. 1f), suggesting that other IFN-effectors
also contribute to host restriction of these viruses. We observed
similar trends with virus infections of naive and IFN-a treated
IFITM2/3-mutant A549 cells compared to wild-type (WT) con-
trols (Supplementary Fig. 1g). To confirm that the virus suscepti-
bility was indeed due to reduced expression or deletion of IFITM2
or IFITM3, we generated stable clones reconstituted with IFITM2
or IFITM3. In the HeLa IFITM2/3-KO clone (C5-2), we generated
cells expressing low, medium or near-WT levels of IFITM3 and a
clone expressing only IFITM2 (Fig. 1e). IAV infection of these HeLa
cell lines showed dose-dependent antiviral activity by IFITM3 and
indicated that IFITM3 or IFITM2 expression alone was sufficient to
render these IFITM2/3-KO HeLa and A549 cells resistant to virus
infection (Fig. 1f). These results show that human IFITM3 functions
in a dose-dependent manner and may be redundant with IFITM2
toward some viruses, but it may act synergistically with IFITM1
to restrict a broad spectrum of viruses in IFN-stimulated cells. At
endogenous levels in IFN-stimulated cells, IFITM2 and IFITM3 are
most important for IAV and VEEV, whereas all three IFITMs are
involved in preventing VSV and DENV infections.

IFITMs enhance trafficking of late endocytic cargo to lysosomes.
To elucidate cellular mechanisms by which IFITMs inhibit virus
infection, we evaluated the localization of endogenous IFITM3,
endocytic vesicle distribution and cargo trafficking in IFN-a
-treated cells. Immunofluorescence analysis showed that endog-
enous as well as reconstituted IFITM3 is present on intracellular
vesicular structures that partially colocalize with CD63-positive
late endocytic compartments in IFN-o treated A549 cells (Fig. 2a).
Fluorescence imaging of endocytic markers (GFP-Rab5a, GFP-
Rab7a and LAMP1-mCherry) did not show significant differences
in the distribution of early endosomes, late endosomes and lyso-
somes between A549 WT and IFITM2/3-KO cells (Supplementary
Fig. 2a,b). We also did not observe significant enlargement or expan-
sion of LAMP1-mCherry compartments in IFN-a-treated control
cells compared to IFITM2/3-KO cells (Supplementary Fig. 2a,b),
in contrast to results of previous IFITM3 overexpression studies’.
Moreover, the uptake of exogenous cargo (dextran particles)
was similar between IFN-a-treated WT and IFITM2/3-KO cells
(Supplementary Fig. 2c,d). IFN-a-treated WT and IFITM2/3-KO
cells also exhibited similar labeling with fluorogenic cell-penetrating
peptides that enter through the endocytic pathway*’ (Supplementary
Fig. 3). These results collectively suggest that IFITM2 and IFITM3
do not significantly regulate early endocytic events or generally alter
endocytic vesicle membrane permeability.

As early endocytic events are not affected and endogenous
IFITM3 is mainly localized to late endosomes or lysosomes, we
evaluated whether IFITM2/3 may affect late endocytic vesicle cargo
trafficking and degradation. Our initial pulse-chase labeling stud-
ies with fluorescent dextran particles suggested that exogenous
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Fig. 2 | Analysis of IFITM3 in IFN-« stimulated A549 WT and IFITM2/3-KO cells. a, Localization of IFITM3 and CD63 in IFN-a stimulated A549

cells. Pearson correlation coefficient (PCC) analyses are included below. Top row, endogenous IFITM3 and CD63 in IFN-a stimulated WT A549 cells
(PCC=0.58); middle row, endogenous IFITM3 and CD63 in IFN-a stimulated IFITM2/3-KO cells (PCC =n/a); bottom row, IFITM2/3-KO cells + stable
re-expression of IFITM3 (PCC=0.46). b, EGFR levels in IFN-a stimulated A549 WT, IFITM2/3-KO and IFITM2/3-KO cells + stable re-expression of
IFITM3. Cells were treated with IFN-a (100 pg/ml) for 16 h, serum-starved for 2 h, treated with 25 pg/ml cycloheximide for Th and then treated with

100 ng/ml EGF for 30 min at 4 °C in the continued presence of cycloheximide. Cells were subsequently shifted to 37 °C and analyzed at various time
points. Full gels are shown in Supplementary Fig. 17b. ¢, Quantitation of EGFR levels in b normalized to tubulin levels. Data represent the mean and s.d. of

three independent experiments.

cargo trafficking to lysosomes was modestly delayed in IFN-a
treated IFITM2/3-KO cells (Supplementary Fig. 2c,d). To evaluate
the trafficking and degradation of endogenous endocytic cargo,
we focused on the turnover of activated epidermal growth factor
receptor (EGFR), which is one of the major sialylated cell surface
receptors for IAV*’ and is readily detectable in A549 cells. While the
cell surface levels of EGFR were similar in WT and IFITM2/3-KO
A549 cells (Supplementary Fig. 4a), following EGF-stimulation of
IFN-a-treated A549 cells, EGFR was largely degraded after 90 min
(Fig. 2b,c). Notably, EGFR turnover was markedly delayed in IFN-o
-treated IFITM2/3-KO cells, with significant levels still present after
90 min (Fig. 2b,c). Stable reconstitution of IFITM3 in IFN-a-treated
IFITM2/3-KO cells rescued and even accelerated the degradation
of EGFR (Fig. 2b,c). By contrast, treatment of these cells with trans-
ferrin (Tf) in the same time frame (Supplementary Fig. 4b,c) sug-
gests IFITM2 and IFITM3 do not significantly affect the turnover of
activated transferrin receptor (TfR, CD71), a GPI-anchor-modified
membrane protein that is recycled to the plasma membrane.
Analysis of lysosomal protease activity using a fluorogenic cathepsin
B substrate and cysteine protease activity-based profiling showed
similar levels of endolysosomal proteolytic activity in IFN-a-treated
A549 and HeLa cells regardless of IFITM2/3 expression levels
(Supplementary Fig. 4d,e). These data, together with pulse-chase
analysis of fluorescent-dextran particles, suggest that IFITM2 and
IFITM3 do not significantly alter endolysosomal protease activity
but may enhance the trafficking of late endocytic cargo to lysosomes
for degradation, even in the absence of virus infection.
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IFITM2/3 increase the rate of virus trafficking to lysosomes. To
investigate the effects of IFITMs on viral entry and trafficking, we
employed live-cell fluorescence microscopy to monitor individual
IAV particles during synchronized infection. Using a membrane-
incorporated dye, 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindodi-
carbocyanine (DiD), which readily labels IAV particles in vitro
(Supplementary Fig. 5) and exhibits fluorescence dequenching
upon hemifusion or full fusion between viral and endosomal mem-
branes*', we were able to track viral membrane fusion, as indicated
by glycoprotein-mediated lipid mixing, and monitor the traffick-
ing of virus-fused vesicles. Because IAV is known to fuse with late
endosomes, we first evaluated IAV lipid mixing and trafficking in
WT and IFITM2/3-KO cells transduced to express LAMP1-GFP.
These experiments were performed in HeLa cells, which exhibit
less contour than A549 cells and enabled more comprehensive
quantitative imaging of DiD-IAV particles by wide-field epifluores-
cence microscopy. IAV lipid mixing occurred almost exclusively in
LAMP1-positive compartments (Fig. 3a,b; Supplementary Video 1).
The rate at which IAV particles underwent lipid mixing was similar
in WT and IFITM2/3-KO cells (Fig. 3¢, black and white circles),
with a t,,, of approximately 41 min for both. In IFN-a-treated cells,
the DiD-IAV dequenching rate was delayed in IFITM2/3-KO HeLa
cells compared to WT cells (Fig. 3c, black and white squares).
The t,, for lipid mixing in IFN-treated IFITM2/3-KO HeLa cells
occurred 11min later than that in WT cells. Moreover, the traf-
ficking of DiD-IAV particles to LAMP1-positive compartments in
IFN-a-treated WT HeLa cells was also ~10 min faster, on average,
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sample, n>100 particles tracked in three independent experiments. Mean and s.d. values are indicated. P<0.0001 by and unpaired, two-sided t-test. e,
Total percentage of cell-associated IAV particles in HeLa WT or IFITM2/3-KO cells that undergo lipid mixing by 2 h post-infection. Data represent the
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and s.d. of three independent experiments (n=800-1,000 cell-associated particles total for each sample). P value is nonsignificant (ns) by unpaired, two-

sided t-test.

even though virus trafficking times may vary widely even in syn-
chronized infections (Fig. 3d). No significant difference in traffick-
ing of DiD-IAV particles to LAMP1-positive compartments was
observed in unstimulated cells (Fig. 3d). Although IFN-a treat-
ment reduced the relative amount of dequenched DiD-IAV par-
ticles, the percentage of dequenched DiD-IAV particles (Fig. 3e)
and the degree of colocalization with LAMPI-positive compart-
ments were similar between HeLa WT and IFITM2/3-KO cells at
2h post-infection (Fig. 3f). These results show that IFN-a treat-
ment impacts the kinetics, but not total extent, of viral lipid mixing
in IFITM2/3-KO cells compared to WT cells, which suggests that
IFITM2 and IFITM3 primarily influence the rate of virus trafficking
to late endosomal compartments rather than the gross composition
of the endosomal milieu, consistent with our data on dextran par-
ticle trafficking (Supplementary Fig. 2¢,d) EGFR (Fig. 2b,c) and TfR
turnover (Supplementary Fig. 4b,c).

IFITM3 vesicles directly fuse with restricted virus particles.
The trafficking of IFITMs in live cells during virus infection has
not been previously described. Immunofluorescence and electron
microscopy studies have suggested that IFITM3 is localized around
IAV and VSV'¢%33542 a5 well as Mtb-containing vesicles’. Indeed, our
immunofluorescence studies also showed that endogenous IFITM3
in IFN-a-treated A549 cells partially colocalized with internal-
ized IAV particles visualized by anti-IAV NP antibody staining
(Supplementary Fig. 6a) and perhaps even surrounded virus par-
ticles when imaged with higher resolution structured illumination
microscopy (Supplementary Fig. 6b). However, these studies do not
reveal whether IFITMs interact with incoming virus particles or
affect their trafficking within endocytic compartments.
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To address this key aspect of IFITM function during virus entry,
we recently optimized site-specific fluorophore labeling of pro-
teins using amber-codon-suppression-mediated unnatural amino
acid mutagenesis to evaluate IFITM3 trafficking in live mamma-
lian cells”. Briefly, the co-transfection of mammalian cells with
plasmids encoding with HA-IFITM3-F8-TAG and Mm-PyIRS-AF/
Pyl-tRNA_, enables site-specific incorporation of trans-cyclooct-
2-ene-lysine (TCOK) and subsequent bioorthogonal labeling
with BODIPY-tetrazine (BODIPY-Tz) (Supplementary Fig. 7).
Importantly, HA-IFITM3-F8-TCOK labeled with BODIPY-Tz
retains antiviral activity toward IAV (Supplementary Fig. 8a). The
analysis of IFITM3 expression levels by a-IFITM3 antibody stain-
ing showed that HA-IFITM3 site-specifically labeled with TCOK
in IFITM2/3-KO cells yielded slightly lower levels of total protein
compared to WT HeLa cells+IFN-a, as shown by western blot
and flow cytometry analysis (Supplementary Fig. 8b,c), and a simi-
lar pattern of vesicle staining as indicated by immunofluorescence
(Supplementary Fig. 8d). These results demonstrate that TCOK-
labeled IFITM3 expression levels from transient transfection are
within the physiological range of endogenous IFITM3 protein levels
and exhibit comparable subcellular localization and antiviral activ-
ity.

We then performed these imaging studies in IFITM2/3-KO
cells, which enabled us to monitor all IFITM3-positive compart-
ments and avoid potential heterotypic interactions with endog-
enous IFITMs. Live imaging of IFITM2/3-KO cells revealed
that relatively little BODIPY-IFITM3 colocalized with Rab5 at
steady state (Manders correlation coefficient (MCC) 0.45+0.13;
Supplementary Fig. 9). Instead, we observed a significantly greater
overlap of BODIPY-IFITM3 with Rab7 (MCC 0.98+0.06) and
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LAMP1 (MCC 0.97 +0.03) (Supplementary Fig. 9), which shows
that IFITM3 largely resides in late endocytic vesicles and is con-
sistent with previous immunofluorescence”'**** and live-cell imag-
ing studies of IFITM3 in WT HeLa cells. Using DiD-labeled IAV
and epifluorescence imaging, we observed BODIPY-IFITM3 colo-
calization with the majority of internalized virus particles before
lipid mixing (Fig. 4a,b; Supplementary Video 2), with another 20
percent of DiD-dequenching events occurring in compartments
without detectable BODIPY-IFITM3 (Fig. 4c). In these latter events,
BODIPY-IFITM3 vesicles were observed to colocalize with DiD-
dequenched puncta later in time, where secondary DiD dequench-
ing events could occasionally be observed (Fig. 4d; Supplementary
Video 3). This secondary DiD dequenching likely represents fur-
ther dye diffusion due to endosome fusion with an IFITM3-positive
vesicle and expansion of the limiting membrane. Reintroduction of
IFITM3 into HeLa IFITM2/3-KO cells did not significantly alter
the total percentage of IAV particles undergoing lipid mixing by
2h post-infection (Supplementary Fig. 10a). Consistent with our
previous experiments (Fig. 3), these results show that although
virus particles may fuse with IFITM3-positive vesicles, IFITM3
does not significantly inhibit IAV lipid mixing or hemifusion with
endocytic membranes. More importantly, IFITM3 colocalized with
nearly 80 percent of DiD-IAV particles at the time of lipid mixing
(Fig. 4e), but this was markedly decreased with VSV particles pseu-
dotyped with the glycoprotein complex (GPC) of Lassa virus (LASV),
a late-penetrating arenavirus that is not restricted by IFITMs?
(Fig. 4e; Supplementary Video 4). In these experiments, both IAV
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and LASV GPC-pseudotyped VSV still trafficked to late endo-
cytic compartments, as indicated by colocalization with LAMP1
(Fig. 4e), and the extent of colocalization of both viruses with
IFITM3 at 1h post-infection was similar (Supplementary Fig.
10b). However, most LASV GPC-bearing particles dequenched
before their endosomes acquired IFITM3 (Fig. 4f), whereas IAV
dequenching generally occurred shortly after colocalization with
IFITM3 (Fig. 4f). To further investigate the specificity of IFITM3
trafficking toward restricted viruses, we analyzed VSV particles
pseudotyped with the glycoprotein of Ebola virus (EBOV), a late
endosome/lysosome-entering virus that is restricted by IFITM3
(refs. ***?). Like IAV, the majority of DiD-EBOV particles colocal-
ized with IFITM3 prior to lipid mixing (Fig. 4e,f). These results
demonstrate for the first time that incoming virus particles inter-
act with IFITM3-positive vesicles before fusion and that this
phenomenon is specific to restricted viruses such as IAV and EBOV.

Functional IFITM3 is required for virus particle fusion. To
evaluate the features of IFITM3 that are required for trafficking to
incoming IAV particles, we analyzed loss-of-function and key post-
translational modification mutants. In particular, we evaluated the
rs12252-C allele of IFITM3 that yields an N21A truncation mutant
and is suggested to affect host cell susceptibility to IAV infection'>*.
Stable expression of IFITM3-N21A in A549 IFITM2/3-KO
cells revealed more peripheral plasma membrane distribution
(Supplementary Fig. 11a), lower protein levels and reduced antivi-
ral activity against IAV compared to WT IFITM3 (Supplementary
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Fig. 11b,c), consistent with previous studies'>*. Moreover, IFITM3-
N21A also exhibited decreased antiviral activity toward IAV and
ZIKYV, in contrast to the similar levels of full-length IFITM2 or
IFITM3 in HeLa IFITM2/3-KO (C5-2) cells (Fig. 5a-c). To ana-
lyze IFITM3-N21A trafficking during IAV infection, we generated
a HA-TFITM3-N21A-V93-TAG construct for site-specific fluoro-
phorelabeling with BODIPY-Tz. Whereas wide-field epifluorescence
microscopy showed that the BODIPY-labeled IFITM3 constructs
were primarily in intracellular vesicles (Supplementary Fig. 12),
confocal fluorescence microscopy showed that HA-IFITM3-N21A
-V93-BODIPY exhibited slightly more co-staining with a plasma
membrane marker compared to the HA-IFITM3-F8-BODIPY and
HA-IFITM3-V93-BODIPY constructs (Supplementary Fig. 13a,b).
For DiD-IAV imaging studies, we observed a 55% reduction in the
number of IAV particles colocalized with IFITM3-N21A at the time
of lipid mixing relative to WT IFITM3 (Fig. 5d-f), indicating that
the truncated protein is less likely to be incorporated into, but not
completely absent from, endosomal compartments supporting viral
fusion (Fig. 5d-f). Reintroduction of WT IFITM3 and IFITM3-
N21A into HeLa IFITM2/3-KO cells also did not significantly alter
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the total percentage of IAV particles undergoing lipid mixing by 2h
post-infection (Supplementary Fig. 10c). These results demonstrate
that a quantitative difference in IFITM3 trafficking to incoming
virus particles is correlated with altered steady state localization
and antiviral activity, further suggesting that direct engagement or
fusion of IFITM3-positive vesicles with pathogens is important for
its cellular mechanism of action.

To further investigate mechanisms that control IFITM3 traf-
ficking to virus particles, we analyzed site-specific mutants of
S-palmitoylation'***. Previous studies from our group demon-
strated that Cys72 in human IFITM3 is the most prominent site
of S-palmitoylation*** and is crucial for antiviral activity toward
IAV** as well as DENV". However, the mechanism by which
site-specific S-palmitoylation regulates IFITM3 antiviral activity
is unclear, as similar levels of steady state protein expression and
cellular localization patterns were observed with WT IFITM3 and
individual Ala mutants at Cys71, Cys72 and Cys105 (ref. ©°). We
therefore generated F8-TAG constructs of these IFITM3 Cys-to-Ala
mutants and analyzed their trafficking properties during IAV entry.
These IFITM3 Cys-to-Ala mutants were expressed at similar levels
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to WT IFITM3-F8-TAG and showed decreased levels of S-fatty-
acylation in HeLa IFITM2/3-KO (C5-2) cells, particularly with
the C72A mutant (Supplementary Fig. 14a,b). Although the rela-
tive levels of site-specific S-fatty-acylation on these TAG-modified
constructs of human IFITM3 are less dramatic than those of our
previous studies with murine IFITM3 (ref. **), Cys72 is still the most
prominent site of modification*. Importantly, mutation of Cys72 to
Ala most significantly decreased the antiviral activity of IFITM3
toward IAV, whereas Cys71 and Cys105 Ala mutants retained more
activity (Supplementary Fig. 14c), consistent with previous studies
from our group® and others*. The steady state localization of these
BODIPY-labeled constructs was similar to that in WT IFITM3
(Supplementary Figs. 9 and 15). However, the trafficking and colo-
calization of the IFITM3-C72A mutant with dequenched DiD-IAV
particles were significantly decreased to ~20% compared to WT
IFITM3 or Ala mutants at Cys71 and Cys105 (Fig. 6; Supplementary
Fig. 16). In comparison to WT, IFITM3-C72A mutant trafficking
to DiD-IAV particles was also delayed (Supplementary Fig. 14d).
These results show that although S-fatty-acylation does not signifi-
cantly affect IFITM3 steady state cellular distribution, site-specific
S-palmitoylation of IFITM3 at Cys72 is important for its rate of traf-
ficking to AV particles during infection, which was only revealed
by site-specific fluorophore labeling and live-cell imaging.

Discussion

IFITM1, IFITM2 and IFITM3 are important IFN-stimulated effec-
tors that prevent diverse virus infections in a variety of vertebrate
animals and are emerging as key virus susceptibility factors in
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humans. Nonetheless, the precise cellular and biochemical mech-
anisms of action for these small membrane proteins have been
challenging to elucidate. By generating single and multiple IFITM-
deficient mammalian cell lines, we demonstrated that IFITM2 and
IFITM3 may be redundant and act synergistically with IFITM1
toward different restricted viruses in naive and IFN-a-stimulated
cells. Furthermore, we demonstrated that these IFITMs function in
a dose-dependent fashion and do not affect early stages of exog-
enous cargo or pathogen uptake, but rather enhance the trafficking
and turnover of late endocytic cargo to lysosomes. In the absence of
infection, IFITM2/3-deficient cells stimulated with IFN-a showed
slower rates of EGFR turnover. During IAV infection, we observed
that fluorescently labeled IAV particles enter host cells and undergo
hemifusion at similar rates in WT and IFITM2/3-deficient cells, con-
sistent with previous siRNA knockdown studies of IFITM3 (ref. *°).
However, in IFITM2/3-KO cells we observed that fluorescently
labeled IAV particles traffic to lysosomes approximately 10min
more slowly on average. Our findings suggest that beyond poten-
tially inhibiting virus pore formation®’, IFITM2/3 may prevent virus
entry by altering rates of virus-endosome fusion and/or accelerating
the trafficking of endosomal cargo to lysosomes for destruction.
Although previous studies have correlated the cellular distribu-
tion of IFITM1, IFITM2 or IFITM3 with their antiviral activity,
their trafficking and interactions with viruses during infection were
unknown. Using site-specific fluorophore labeling of IFITM3 in
mammalian cells, we were able to directly visualize IFITM3 traf-
ficking with fluorescently labeled virus particles and observed for
the first time that IFITM3-positive vesicles fuse with incoming
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virus-bearing vesicles before hemifusion. Importantly, the IFITM3-
positive vesicle fusion and colocalization before hemifusion were
specific to restricted viruses such as IAV and pseudotyped EBOV,
but not LASV-pseudotyped virus particles, and colocalization
was significantly reduced with loss-of-function mutants such as
IFITM3-N21A. The ability of IFITMs to engage endosomes bearing
incoming virus particles and enhance their trafficking to late endo-
cytic compartments provides an important mechanism to explain
the specificity of IFITMs against different viruses and potentially
predicts points of viral entry into host cells. Different viruses may
therefore initiate fusion in different subsets of late endo/lysosomal
compartments and exhibit differential sensitivity to IFN effector
expression levels and trafficking properties. These interactions are
not readily apparent from bulk viral entry studies, which highlight
the utility of our site-specific protein labeling and live single-parti-
cle imaging approaches that should facilitate future studies on virus-
host factor dynamics.

Our ability to image IFITM3 trafficking in live cells has not only
revealed interactions with pathogens during infection, but also
uncovered how post-translational modifications regulate the function
of these small membrane proteins. We initially discovered IFITM3
S-fatty-acylation'** and determined endogenous levels* and specific
sites of modification’*, as well as confirmed its modification with
palmitic acid*. Although these results have also been confirmed by
others”-* and have been shown for IFITM5 (ref. *°), how
S-palmitoylation at Cys72 regulated IFITM3 antiviral activity was
unclear from steady state localization studies. Using site-specific
fluorophore labeling and live-cell imaging during infection, we now
observe that inhibition of S-palmitoylation at Cys72, but not Cys71
or Cysl05, by site-directed mutagenesis impairs IFITM3 traffick-
ing to incoming IAV particles and thus reveals how site-specific
S-palmitoylation regulates IFITM3 antiviral activity. The chemical
imaging approach described here has uncovered important aspects of
how IFITMs engage pathogens during infection, as well as key regula-
tory mechanisms, and should facilitate the analysis of other host fac-
tors involved in pathogen restriction. Nonetheless, key questions still
remain regarding the cellular pathway and biochemical mechanism by
which these IFN-effectors prevent pathogen entry and accelerate traf-
ficking of incoming viral particles to lysosomes for destruction. Our
ability to conduct site-specific labeling IFITM3 with unique chemi-
cal reactivity should enable additional imaging studies, discovery of
specific protein-protein interaction partners and reconstitution of
lipidated isoforms for biochemical and structural studies in the future.
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Methods

Cell lines and reagents. Both HeLa and A549 cells were ordered from ATCC

and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco 12800-017)
containing 10% FBS (Hyclone SN30087.02). The IFITM1, IFITM2 and IFITM3
antibodies were ordered from Cell Signaling Technology (13126 S), Proteintech
group (66137-1-Ig) and Abgent (AP1153a). Anti-IFITM3 (polyclonal) 10088-

604 was from VWR International. EGFR antibody [E235] was from Abcam
(ab32077). TfR antibody was from R&D systems (AF2474). Alexa-Fluor 488-CD63
(sc-5275) was from Santa Cruz Biotechnology. Influenza A virus nucleoprotein
antibody [AA5H] (ab20343) was from Abcam. Alexa-Fluor 647 Antibody
Labeling Kit (A20186) was ordered from Life Technologies. The secondary
antibodies HRP-conjugated goat anti-mouse IgG (HCL) (115-035-003) and
HRP-conjugated goat anti-rabbit IgG (HCL) (111-035-003) were purchased from
Jackson ImmunoResearch. Sheep IgG horseradish peroxidase-conjugated antibody
(#HAF016) was ordered from Fisher Scientific. Anti-HA antibody conjugated to
Alexa-Fluor 594 was purchased from Life Technologies. Anti-HA HRP-conjugated
antibody was ordered from Roche. Anti-calnexin (ab22595) was from Abcam.
Dextran-Alexa-Fluor 488 (D22910), dextran-pHrodo-red (P10361), transferrin-
Alexa-Fluor 647 (T23366) and recombinant human EGF (10605HNAE25)

were from Life Technologies. Human holo-Transferrin (T0665) was from
Sigma-Aldrich. Human interferon-a (IFN-o, 8927SC) was from Cell Signaling
Technology. Influenza A/PR/8/34 (HIN1) (10100374) was from Charles River
Laboratories. Magic Red Cathepsin B Assay Kit (937) was from Immunochemistry
Technologies. Bafilomycin A1 (ab120497) was from Abcam. 6 - TAMRA, Special
Formulation (6-carboxytetramethylrhodamine, AS-81122) was from ANASPEC.
QuikChange II Site-Directed Mutagenesis Kit (#200523) was from Agilent
Technologies. T7 Endonuclease I (M0302S) was from New England BioLabs.

Plasmids. pEF-IFITM1, IFITM2, IFITM3 were cloned by PCR amplification
and inserted into a pEF6-BSD vector. All mutants of IFITM3 were generated by
using the QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene). The
pCAS9 plasmid and gRNA basic vector (pGL3-U6) were gifts from W. Wei
(Peking University)®'.

T7E1 assay. Cells were lysed for genome extraction after transfection with gRNA
and cas9 plasmids for 60-72h. The gRNA target site was amplified by using
genome PCR primers (hIFITM3-GF1: AGGAAACT GTTGAGAAACCGAA;
hIFITM3-GR1: GCTAGTGGATAGCCGGGGAC). The PCR products were gel
purified, followed by denaturation and annealing. The annealing mixture was
treated with T7 endonuclease I for 15min at 37 °C, and the cleavage efficiency
was then monitored by gel electrophoresis.

Generation and characterization of IFITM mutant cell lines by CRISPR-Cas9.
The gRNA plasmid was constructed by inserting gRNA oligos into a pGL3-U6
vector through Golden Gate ligation. Cells were transfected with gRNA, pCas9 and
pcDNAG6-Puro with a ratio of 1:1:0.1 (pg). After 48h, cells were detached and split
into two parts. One part was lysed for T7E1 assay to check the cleavage efficiency
of specific gRNA; another part was reseeded into six-well plates at different
dilutions. Puromycin was added to select the positive clones. After selection for
one week, the separated cell colonies were picked out into a new 24-well plate.
New cell colonies were expanded and analyzed by western blot and genome
sequencing to evaluate the knockout efficiency.

For western blot analysis, cells were lysed with sodium dodecyl sulfate (SDS)
lysis buffer (2% SDS, 50 mM Tris, 2mM EDTA) and boiled for 10 min at 98 °C. For
immunoprecipitation, cells were lysed with Brij buffer (0.1 mM triethanolamine
(TEA), 150 mM NaCl, 1% BrijO10 (pH7.4)) containing EDTA-free protease
inhibitor mixture, then incubated with anti-HA affinity beads (Sigma).

All primary antibodies were used at a 1:1,000 dilution, and secondary antibody
was used at 1:5,000.

For genomic sequencing of IFITM clones, total genome was extracted using
a genome extraction kit from QIAGEN. The target genomic site was amplified by
gene-specific primers. The amplified fragments were added at the 3’ end by taq
polymerase and then ligated with T vectors. After transformation, ten bacteria
colonies were picked randomly and sent for sequencing.

Virus infections. A549, HeLa, Vero (WHQ) and Huh-7.5 cells were maintained in
DMEM supplemented with 10% FBS. A549 and HeLa cells were used in functional
studies (viral replication assays), whereas Vero and Huh-7.5 cells were used for
virus production and virus titration. All cell lines tested negative for contamination
with mycoplasma and were obtained from ATCC (with the exception of Huh-7.5,
which was from the Chisari lab (Scripps Research Institute, La Jolla, CA)).

HeLa or A549 cells were infected with influenza A/PR/8/34 virus (HIN1) at
a MOI of 2.5 for 12 h. Infected cells were washed with PBS and harvested using
0.25% trypsin-EDTA. Cells were fixed in 3.7% paraformaldehyde (PFA) for 10 min
and permeated with 0.1% Triton X-100 for 10 min. Cells were stained with anti-
influenza nucleoprotein (NP) antibody (1:333; Abcam, ab 20343) and directly
conjugated to Alexa-Fluor 647 using a 100 pg antibody labeling kit (Invitrogen).
All antibodies were diluted in 0.1% Triton X-100 in PBS, and cells were stained for
20 min. Cells were washed twice with 0.1% Triton X-100 in PBS after each antibody
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treatment. PBS was used for final resuspension of cells for cytometric analysis
using a FACS Canto II flow cytometer (BD Biosciences).

HeLa or A549 cells were seeded into 24-well plates (5% 10* cells/well) and
incubated overnight (16h) in the presence or absence of IFN-al at a concentration
of 100 pg/mL. Next, cells were washed with Opti-MEM (Gibco) before infection.
Viruses were diluted in Opti-MEM at the indicated MOIs, and cells were
inoculated for 2h at 37 °C. Following incubation, viral inoculum was removed, and
cultures were washed three times with Opti-MEM before DMEM was re-added.
Treatment with IFN-a1 was continued throughout experiments. Cells infected with
GFP-tagged viruses were harvested at indicated time points to measure infection
by flow cytometry. The generation of viral stocks for the following viruses has
been previously described: YFV-Venus™ (derived from YF17D-5'C25Venus2AUbi),
WNV-GFP* (derived from pBELO-WNV-GFP-RZ ic), DENV-GFP**

(derived from IC30P-A, a full-length infectious clone of strain 16681), VEEV-
GFP™ (derived from pTC83-GFP infectious clone), ONNV-GFP** (derived from
infectious clone pPONNV.GFP) and VSV-GFP (generously provided by J. Rose,
Yale). ZIKV (PRVABC59 obtained from the CDC, Ft. Collins) was amplified in
Huh-7.5 cells and titered by plaque assay on Huh-7.5 cells. Experiments with
WNYV were carried out in biosafety level 3 (BSL3) containment in compliance
with institutional and federal guidelines. Infected cells were harvested into 300 pl
Accumax cell dissociation medium (eBioscience) and transferred to a 96-well
block containing 300 pl 4% PFA. Cells were pelleted at 930 r.c.f. for 5min at 4°C,
resuspended in cold PBS containing 3% FBS, and stored at 4 °C until FACS analysis.
Cells infected with ZIKV were harvested as described above and subsequently
stained using a monoclonal antibody for flavivirus group antigen 4G2 (Millipore)
at 1:500 as a primary antibody and anti-rabbit Alexa-Fluor 594 at 1:1,000 as a
secondary antibody. In addition to cells, supernatants from ZIKV infections were
harvested to determine viral titers by standard plaque assay performed on Huh-7.5
cells. All samples were analyzed using the LSRII flow cytometer (BD Biosciences)
equipped with a 488-nm and a 561-nm laser for detection of GFP, YEP (Venus)
and RFP. Data were analyzed using FlowJo software (Treestar) with a 0.1%
compensation matrix.

Fluorescence microscopy. Cells were grown on glass coverslips in six-well plates.
After treatments, cells were washed with PBS twice, fixed with 4% PFA for 10 min,
permeabilized with 0.2% Triton X-100 for 10 min, blocked with 1% bovine serum
albumin (BSA, Roche, 735094) for 1h, and incubated with primary antibody rabbit
anti-IFITM3 (1:100 diluted in 1% BSA; Proteintech group, 11714-1-AP) for

1.5h, followed by secondary antibody anti-rabbit-Alexa Fluor 647 conjugate
(1:1,000; Abcam, ab150083) for 1h at room temperature. Finally, the coverslips
were mounted onto slides using mounting medium containing DAPI, and the cells
were examined by inverted LSM 780 laser scanning confocal microscope (Zeiss).

Exogenous cargo uptake assays. Cells were serum-starved for 45min at 37°C in
DMEM and then incubated on ice for 5min, which was followed by addition of
50 pg/ml Alexa-Fluor 647-conjugated transferrin (Invitrogen) in DMEM. After
30min on ice, cells were transferred to 37 °C for 7min or 20 min, pelleted, washed
in ice-cold PBS, acid-washed (0.1 M glycine and 150 mM NaCl at pH 3) twice,
washed with PBS once, and fixed (wt/vol 3% PFA and 4% sucrose in PBS) before
flow cytometric analysis, as described above.

Analysis of df TAT uptake and reduction. Synthesis of dfTAT (dimeric fluorescent
TAT) by Y.-C. Wang was as previously described”. After pretreatment with or
without 100 pg/ml IFN-a for 16 h, cells were incubated with 2 uM dfTAT in DMEM
for the indicated time, placed on ice and washed by ice-cold PBS three times, and
fixed (wt/vol 3% PFA and 4% sucrose in PBS) before flow cytometric analysis or
fluorescence microscopy.

Analysis of EGFR and TfR turnover. Cells were cultured to 80% confluency,
washed twice with PBS and starved in serum-free DMEM for 2h at 37°C to
maximize surface EGFR and then pretreated with 10-25 pg/ml cycloheximide for
1h in serum-free DMEM, preventing synthesis of new EGFR during stimulation
by EGFE. Immediately after, cells were continuously stimulated with 100 ng/ml EGF
for 15, 30, 60, or 120 min in the presence of cycloheximide. The levels of EGFR and
tubulin were determined by western blotting. For cell-surface staining experiments,
cells were incubated with primary anti-EGFR antibody (Abcam, ab32077) on

ice for 40 min and washed three times with PBS. Alexa-Fluor 647-conjugated
secondary antibodies (Abcam, ab150083) were then incubated with the cells for
40min on ice and washed three times with PBS. Cells were suspended in 2% FBS in
PBS and immediately analyzed via flow cytometry.

For TfR turnover experiments, cells were cultured to 80% confluency, washed
twice with PBS and starved in serum-free DMEM for 2 h at 37°C, then pretreated
with 10-25 pg/ml cycloheximide for 1h in serum-free DMEM, preventing
synthesis of new TfR. Immediately after, cells were continuously stimulated with
20 pg/ml Tf for 0, 30, 60, 120 or 180 min in the presence of cycloheximide. The
levels of TfR, IFITM3 and tubulin were determined by western blotting.

Late endosome and lysosome fusion assay. Cells were incubated for 4h in culture
medium containing 25 pg/ml pHrodo-red dextran, followed by a 20h chase in


http://www.nature.com/naturechemicalbiology

ARTICLES

NATURE CHEMICAL BIOLOGY

fluorophore-free medium to promote lysosomal accumulation of dextran.
The cells were then incubated in medium containing 50 pg/ml dextran-Alexa
Fluor 488 for 10 min at 37 °C before replacement with fluorophore-free
medium. At the time points noted, cells were fixed with ice-cold 4% PFA for
immunofluorescence staining.

Lysosomal protease activity assays. Cathepsin B activity was assayed using the
cathepsin B activity kit following the protocol provided by the manufacturer. After
treatment with IFN-a for 16 h with or without bafilomycin A1, cells were incubated
with Magic Red (1:26) for 30-60min at 37 °C before being washed twice with PBS.
Cells were then fixed using 4% PFA and analyzed by flow cytometry.

Activity-based labeling of cathepsins (Vergent Bioscience, Pan Cathepsin probe)
was performed as previously reported with minor modifications”. Briefly, cells
were seeded 24 h before labeling, and cells were activated with IFN-a 16 h before
labeling. Media were replaced, and cells were treated with 1 uM IABP Pan Cathepsin
Probe for 2h. Cells were washed with PBS and lysed on ice with a hypotonic lysis
buffer (50 mM PIPES pH 7.4, 10mM KCl, 5mM MgCl,, 2mM EDTA, 4mM DTT,
1% NP-40). Cell debris was removed by spinning down lysates at 500X g for 5min
at 4°C. Supernatants were then mixed with 4X sample loading buffer, and 70 pg of
total protein was analyzed by SDS-PAGE. The gel was washed twice with de-ionized
water before in-gel fluorescence analysis on a Bio-Rad ChemiDoc MP Imaging
System and Coomassie staining or transfer for western blot analysis.

DiD-labeling of viruses. Purified influenza virus A/PR/8/34 (HIN1) and
recombinant VSV expressing LASV GPC (generated as previously described*')
were labeled with self-quenching concentrations of the lipophilic dye 1,1’
-dioctactadecyl-3,3,3’,3’-tetramethylindodicarbocyanine (DiD, Life Technologies).
Purified virus (1 mg/ml) in PBS was incubated with 50 pM DiD while being
agitated for 1 h at 4°C. Virus was separated from excess dye by ultracentrifugation
through a 10% sucrose cushion for 2h at 107,000 X g and 4°C using a SW41 rotor
(Beckman Coulter). Labeled virus pellets were resuspended in PBS at a viral
protein concentration of 1 mg/ml, aliquoted, and stored at —80 °C until use.

Site-specific labeling of IFITM3 in mammalian cells. For live-cell imaging
studies, HeLa cells were seeded onto 35-mm glass-bottom dishes to be at
approximately 70% confluency for imaging the next day. Following adherence,
cells were transfected with the plasmid of interest containing a HA-IFITM3-TAG
variant (1 pg per dish) and the Mm-PyIRS-AF/Pyl-tRNA, plasmid (1 pg per
dish) using 3 pL Viafect (Promega) in complete cell growth media containing
unnatural amino acids (TCOK). After overnight incubation, cell media were
changed into fresh cell growth media without TCOK. After another 2h culture
at 37°C/5% CO,, cells were labeled with tetrazine-fluorophores (250 nM) in
FluoroBrite DMEM (Life Technologies) for 30 min at 37 °C and washed with
complete cell growth media three times over 1 h.

Live cell imaging. For wide-field epifluorescence microscopy, cells were
transduced with CellLight vectors (Life Technologies) for early endosomes (RFP-
Rab5), late endosomes (RFP-Rab7), or lysosomes (RFP-LAMP1) approximately
18h before imaging according to the manufacturer’s instructions. Live-cell
microscopy was performed as previously described with an AxioObserver.Z1
wide-field epifluorescence microscope (Zeiss) equipped with a 40 /1.3 N.A.
objective, DAPI/GFP/Texas Red/Cy5 filter set, and heated environmental enclosure
maintained at 37°C. HeLa cell monolayers were seeded onto fibronectin-coated
35-mm glass coverslip dishes (MatTek) 24 h before experiments. Cells were
chilled on ice for several minutes before spinoculation of DiD-labeled virus onto
monolayers at 1,500 X g and 6 °C for 20 min. Unbound particles were removed
by five washes with cold PBS, and 500 pl cold imaging buffer (140 mM NaCl,
2.5mM KCl, 1.8 mM MgCl,, 20mM HEPES, 5mM sucrose, 2 pM Hoechst 33342,
and 2% FBS) was added to cover the cells. The dish was immediately mounted on
the microscope objective and focused. The coverslip dish was then flooded with
1.5ml warm imaging buffer to mark the start of experiments (¢=0). Images were
acquired every 10s over the duration of the experiments using a single Z-section,
which encompassed nearly all cell-associated particles.

For confocal microscopy, HeLa cells were seeded in 35-mm glass-bottom
dishes (ibidi) and cultured overnight. The next day cells were transfected with the
plasmid of interest containing a HA-IFITM3-TAG variant (1 ug per dish) and the
Mm-PyIRS-AF/Pyl-tRNA, plasmid (1 ug per dish) using 6 ul Lipofectamine 3000
in complete cell growth media containing TCOK. After 16h incubation, cell media
were changed into fresh cell growth media without TCOK. After another 6h culture
at 37°C/5% CO2, cells were labeled with tetrazine-BODIPY (500 nM) in FluoroBrite
DMEM (Life Technologies)/10% FBS for 0.5h at 37°C and washed with FluoroBrite
DMEM (Life Technologies)/10% FBS four times over 2 h. Finally, cells were
stained with NucBlue Live Cell Stain (Life Technologies) for 20 min and imaged
in FluoroBrite DMEM/10% FBS with confocal microscopy. For plasma membrane
staining, cells were stained with CellMask Red (1:1,000, Life Technologies) in Live
Cell Imaging Solution (LCIS) for 5min at 37°C and washed with LCIS three times
before staining with NucBlue Live Cell Stain. Cells were imaged on an inverted LSM
780 laser scanning confocal microscope (Zeiss) with a Zeiss Plan-Apochromatic
63x%/1.4 N.A. oil immersion objective. The microscope was equipped with

a stage-top incubator set at 37 °C/5% CO2 for live-cell imaging. Hoechst was excited
with a 405-nm laser with emission spectra collected between 410 nm and 480 nm.
Tz-BODIPY was excited with a 488-nm laser with emission spectra collected
between 490 nm and 550 nm. CellMask Red was excited with a 561-nm laser with
emission spectra collected between 570 nm and 620 nm. Images were acquired

with the ZEN blue 2012 software (Zeiss) and analyzed by Image] (NIH). Pearson’s
correlation coefficients were calculated in Image]J using the Coloc 2 plugin.

Data analysis. Image analysis and single-particle tracking were performed using
Volocity software (PerkinElmer) as previously described*'. Image files were not
manipulated, apart from minor adjustments in brightness and contrast. Viral
puncta were thresholded by initial intensity and size. Puncta falling outside the
range of 0.25 to 1 pm? expected of individual DiD-labeled virions were excluded
from single-particle analysis. Virions were considered colocalized with LAMP1 or
IFITM3 only if the cellular marker punctum exceeded the background signal by
30% or more and if the GFP or BODIPY and DiD puncta co-trafficked with greater
than 70% overlap of signals. Mean measurements ( +s.d.) were derived from three
separate experiments, unless otherwise indicated.

Analysis of HA-IFITM3-TCOK expression levels. For western blot analysis,

HeLa cells were seeded in six-well plates and cultured overnight. IFITM2/3-KO
cells were transfected with HA-IFITM3-F8TAG (2.5ug) and Mm-PyIRS-AF/Pyl-
tRNAy, (2.51g) in the presence of TCOK (50 uM) for 16 h. Hela WT cells were left
untreated or treated with IFN-a (100 ng/ml) for 16 h. The levels of IFITM3 were
determined by western blotting using rabbit anti-IFITM3 (1:1,000; Proteintech
group, 11714-1-AP) and secondary antibody HRP-conjugated goat anti-rabbit IgG
(HCL; 111-035-003).

For immunofluorescence analysis, IFITM2/3-KO cells were transfected with
HA-TFITM3-F8TAG (1 pg) and Mm-PylRS-AF/Pyl-tRNA, (1 ug) in the presence
of TCOK (50 uM) for 16 h. Hela WT cells were untreated or treated with IFN-«
(100 ng/ml) for 16 h. Cells were then fixed with formaldehyde, permeabilized with
saponin (0.5%), and immunostained with rabbit anti-IFITM3 (1:100) (Proteintech
group, 11714-1-AP) and anti-rabbit-Alexa Fluor 647 conjugate (1:1,000) (Abcam,
ab150083) for confocal fluorescence imaging. Hoescht (blue) is used to stain nuclei.
Cells were imaged on an inverted LSM 780 laser scanning confocal microscope
(Zeiss) with a Zeiss Plan-Apochromatic 63x/1.4 oil immersion objective. Images
were taken under identical confocal microscope settings.

For flow cytometry analysis, IFITM2/3 KO cells were transfected with
HA-IFITM3-F8TAG (1pg), Mm-PyIRS-AF//Pyl-tRNA_, (1pg), in the presence of
TCOK (50uM) for 16 h. Hela WT cells were treated with or without IFN-a
(100ng/ml) for 16 h. Cells were washed twice with PBS and then fixed with 400 pl of
PBS with 4% PFA for 10 min. The fixed cells were permeabilized with 200 pl of 0.2%
saponin in PBS for 10 min and then blocked with 200 pl 0.2% BSA and 0.2% saponin
in PBS for 10 min. Cells were treated with rabbit anti-IFITM3 (1:300) (Proteintech
group, 11714-1-AP) and anti-rabbit-Alexa Fluor 647 (1:1,000) (Abcam, ab150083)
in PBS with 0.02% saponin. After three washes with PBS, cells were resuspended in
150 pL PBS with 0.2% BSA and 0.02% saponin. The samples were analyzed by flow
cytometry (BD LSRII). Data analysis was performed using FLow]o software.

IAV infection with IFITM3 Cys mutants. IFITM2/3 KO HeLa cells were seeded
in 12 well plates (Corning) and cultured overnight. Cells were co-transfected with
HA-hIFITM3 constructs (1 pg/well) and the Mm-PyIRS-AF/Pyl-tRNA plasmid

(1 pg/well) using 3 pl Lipofectamine 3000 in 1 ml of complete cell growth media
containing 10 pl of 100mM BocK (final concentration 1 mM). After 16h, cells were
infected with influenza virus A/PR/8/34 virus (HIN1) with MOI of 5. After 6 h of
infection, cells were trypsinized and collected in cluster tubes (Corning). Cells were
washed twice with PBS and then fixed with 400 pl of PBS with 4% PFA for 10 min.
The fixed cells were permeabilized with 200 pl of 0.2% saponin in PBS for 10 min
and then blocked with 200 pL 0.2% BSA and 0.2% saponin in PBS for 10 min.

Cells were treated with anti-influenza NP antibody conjugated to AlexaFluor-647
and anti-HA antibody conjugated to Alexa-fluor-594 (1:250) in PBS with 0.02%
saponin. After three washes with PBS, cells were resuspended in 150 pl PBS with
0.2% BSA and 0.02% saponin. The samples were analyzed by flow cytometry (BD
LSRII). All samples were first gated by HA-positive staining, indicating successful
transfection, and then NP-positive percentage of NP-positive staining, indicating
successful infection. The HA-tag epitope is derived from an H3 influenza virus
strain and is not present in the PR8 strain of HINI influenza virus. Data analysis
was performed using FLow]o software.

S-palmitoylation assays. Metabolic labeling of cells with the alkyne-palmitic acid
reporter alk-16 was performed as previously described”® with some modifications.
Alk-16 and az-rho were synthesized as previously reported”. IFITM2/3 KO HeLa
cells were transfected with HA-hIFITM3 constructs as described above. After 16h,
cells were incubated with 50 pM alk-16 in DMEM containing 10% FBS for 2h.
Cells were harvested, washed once with PBS and lysed in 1% Brij 97 (Sigma) in
50mM TEA, 150 mM NaCl pH 7.4, 1X Roche protease inhibitor, and 1,500 units/
ml benzonase (EMD). Protein concentrations were determined by the BCA assay.
For immunoprecipitation, 150 pg of total protein was added to 20 pl of anti-HA
antibody-conjugated agarose (Sigma) in a total volume of 150 pl and rocked at 4°C
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for 1h. Agarose beads were washed by resuspension in 500 pl of 50 mM HEPES
buffer (containing 150 mM NaCl, pH 7.4) by centrifugation at 3,500 X g for 30s.
The beads were then resuspended in 45 pl of the above buffer and 5 pl of CuAAC
reactant solution (0.5 pl of 10 mM azido-rhodamine (final concentration 100 pM),
1 pl of 50 mM freshly prepared CuSO4-5H20 in H2O (final concentration 1 mM,
Sigma), 1 pl of 50mM freshly prepared TCEP (final concentration 1 mM) and
2.5l of 10mM Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (final
concentration 500 pM)) was added. The samples were rocked at room temperature
for 1h and washed twice with RIPA buffer. Laemmli sample buffer (20 pl) was
added to the samples (1.0:1.3 ratio of buffer to sample), which were heated for

10 min at 95°C and separated by gel electrophoresis. In-gel fluorescence scanning
was performed using a Bio-Rad ChemiDoc MP Imaging System. Western blots
for HA-tagged proteins were performed using an anti-HA HRP conjugated
antibody (1:1,000; Roche). Quantification of band intensities in fluorescence gels
and western blots were performed with Image Lab (Bio-Rad). Data from three
biological replicates were quantified and averaged for plotting.

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

Data availability

The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. Imaging sample sizes were computed for 80% statistical power (P < 0.05). Pilot
experiments were used to determine measurement variability.
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2. Data exclusions

Describe any data exclusions. Imaging data were thresholded by intensity and area as detailed in the Methods to
exclude viral aggregates and cellular background.

3. Replication

Describe whether the experimental findings were Imaging experiments were highly reproducible; no experiments failed.
reliably reproduced.

4. Randomization

Describe how samples/organisms/participants were Prepared samples for imaging received treatments randomly.
allocated into experimental groups.
5. Blinding
Describe whether the investigators were blinded to Blinding was not relevant for live imaging studies because thresholds across
group allocation during data collection and/or analysis. experiments were consistent and not subjective.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

o

Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

EI A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
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|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.




» Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this Imaging data were analyzed by Volocity 6.3 software (Perkin Elmer).
study.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of ~ No restrictions
unigue materials or if these materials are only available
for distribution by a for-profit company.

9. Antibodies
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Describe the antibodies used and how they were validated = Anti-Influenza A Hemagglutinin Antibody [C102] (Abcam ab8262, lot GR93439) was
for use in the system under study (i.e. assay and species).  used for quality control of viral preparations. The antibody was validated by the
manufacturer. For IFITM antibodies, we validated their reactivity with KO cell lines.

10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. All mammalian cell lines were originally from ATCC.

b. Describe the method of cell line authentication used.  The original mammalian cell lines from ATCC were not authenticated, but exhibited
characteristic morphology, growth rates and responded to IFN-stimulation as

expected.
c. Report whether the cell lines were tested for All cell lines used for live imaging and other cell biology were regularly tested and
mycoplasma contamination. confirmed negative for mycoplasma.

d. If any of the cell lines used are listed in the database None
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived NONE
materials used in the study.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population NONE
characteristics of the human research participants.
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