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Abstract

The interferon-induced transmembrane proteins (IFITM) are impli-
cated in several biological processes, including antiviral defense, but
their modes of action remain debated. Here, taking advantage of pseu-
dotyped viral entry assays and replicating viruses, we uncover the
requirement of host co-factors for endosomal antiviral inhibition
through high-throughput proteomics and lipidomics in cellular models
of IFITM restriction. Unlike plasma membrane (PM)-localized IFITM
restriction that targets infectious SARS-CoV2 and other PM-fusing viral
envelopes, inhibition of endosomal viral entry depends on lysines
within the conserved IFITM intracellular loop. These residues recruit
Phosphatidylinositol 3,4,5-trisphosphate (PIP3) that we show here to
be required for endosomal IFITM activity. We identify PIP3 as an
interferon-inducible phospholipid that acts as a rheostat for endo-
somal antiviral immunity. PIP3 levels correlated with the potency of
endosomal IFITM restriction and exogenous PIP3 enhanced inhibition
of endocytic viruses, including the recent SARS-CoV2 Omicron variant.
Together, our results identify PIP3 as a critical regulator of endosomal
IFITM restriction linking it to the Pi3K/Akt/mTORC pathway and eluci-
date cell-compartment-specific antiviral mechanisms with potential
relevance for the development of broadly acting antiviral strategies.
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Introduction

The interferon-induced transmembrane proteins (IFITM) are a fam-
ily of small proteins that are involved in the inhibition of a wide
spectrum of viruses (Bailey et al, 2014; Zhao et al, 2018a). IFITM
are also gaining relevance in the context of several biological pro-
cesses as they have been implicated in cancer progression (Liu
et al, 2019; Lee et al, 2020; Rajapaksa et al, 2020) placental abnor-
malities (Buchrieser et al, 2019) and we have recently shown that
IFITM3 potently blocks viral gene therapy vectors in hematopoietic
stem cells (Petrillo et al, 2018).

Although our understanding of IFITM antiviral activity has greatly
improved, there is still no consensus regarding their precise mecha-
nisms of action that may differ depending on the target cell and virus.
IFITM inhibit infection at early stages, impeding viral entry into the
host cells (Bailey et al, 2014; Smith et al, 2014). This is thought to
occur via IFITM-mediated changes in the physical properties of the
host cell membranes that include increasing curvature, decreasing flu-
idity and altering membrane composition, thus inhibiting virus-cell
membrane fusion (Lu et al, 2011; Amini-Bavil-Olyaee et al, 2013; Li
et al, 2013; Tartour et al, 2017; Suddala et al, 2019). Incorporation of
IFITM proteins into viral particles may also amplify restriction (Comp-
ton et al, 2014; Yu et al, 2015; Tartour et al, 2017), and IFITM1-3
expression reduces viral particle production from cells (Tartour
et al, 2017; Zhao et al, 2018a). In addition, IFITM have been described
to suppress HIV-1 protein synthesis by impeding viral mRNA tran-
scription in the polysomes (Lee et al, 2018).

Several studies suggest a type IV transmembrane protein topology
for IFITM3, consisting of five domains: a N-terminal domain facing
the cytoplasm, an intramembrane domain (IMD), a conserved
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intracellular loop (CIL), a transmembrane domain (TMD), and a C
terminus domain (Bailey et al, 2013; Chesarino et al, 2014b; Ling
et al, 2016). IMD and CIL comprise the most evolutionarily con-
served domain, known as CD225, in which amino acidic modifica-
tions have been associated with altered IFITM3 restriction activity
(John et al, 2013; Shi et al, 2021).The identification of several post-
translational modifications involved in the regulation of IFITM3 anti-
viral mechanisms further support this IFITM3 topology (Chesarino
et al, 2014b). In mammalian cells, IFITM2 and IFITM3 are mostly
present in the early and late endocytic vesicles and on lysosomes
(Chesarino et al, 2014a, 2014b; Spence et al, 2019) whereas IFITM1
lacks the endolysosomal sorting motif (YXX®) present in both
IFITM2 and IFITM3 and is mainly confined at the plasma membrane
and early endosomes (Perreira et al, 2013; Bailey et al, 2014).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
an enveloped, positive-sense, single-stranded RNA virus, causative
agent of COVID-19. Viral entry within the host cell is promoted by
the surface spike protein (S) that engages the human receptor ACE2
through its receptor binding domain (RBD). Entry via direct fusion at
the plasma membrane or through endocytosis is dictated by the pro-
teolytic cleavage steps imposed by TMPRSS2 or cathepsin L, follow-
ing ACE2 binding. S protein activation occurs at the plasma
membrane when TMPRSS2 is present at the cell surface, whereas
endolysosomal S activation occurs when cathepsin L mediates the
cleavage (Jackson et al, 2022). Since the first SARS-CoV2 variant
was sampled and identified in Wuhan, the emergence of a series of
variants, including the most notable lineages B.1.1.7, B.1.351, P1,
B.1.617.2, and B1.1.529, denominated variants of concern, arise due
to different mutations within the spike sequence (Aleem et al, 2022).

Controversial observations regarding the impact of IFITM on
SARS-CoV2 have been reported. Human IFITM2 and IFITM3, but
not IFITM1, were shown to inhibit SARS-CoV-2 Spike-pseudotyped
vesicular stomatitis virus in HEK293T artificially overexpressing
ACE2 (Zang et al, 2020). In contrast, all IFITMs, in particular
IFITM1, were linked to inhibition of SARS-CoV2 envelope-mediated
entry and infection in the same cells (Shi et al, 2021). Moreover,
IFITM2, and to some extent IFITM1 but not IFITM3, was observed
to block SARS-CoV2 infection in lung epithelial A549 cells overex-
pressing human ACE2 (Winstone et al, 2021). In addition, endoge-
nous IFITM, in particular IFITM2 and IFITM3, have been suggested
to act as entry co-factors for SARS-CoV2 in lung epithelial Calu3 and
gut organoids (Prelli Bozzo et al, 2021). Overall, the molecular
mechanisms of IFITM-mediated restriction and their role in SARS-
CoV2 entry and replication are still debated.

Here, we have investigated the molecular determinants of IFITM-
mediated inhibition of plasma membrane versus endosomal viral
entry. Our work uncovers distinct mechanisms governing IFITM
restriction depending on their cellular localization and identifies a
novel IFITM3 interaction interface and cell-type-specific co-factors
required for its endosomal antiviral activity.

Results
Cellular localization dictates IFITM restriction preferences

To study IFITM restriction in different cell compartments, we took
advantage of pseudotyped lentiviral vectors (LV) to model different
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viral entry pathways. IFITM3 has been reported to impede viral
egress from the endolysosomal compartments (Perreira et al, 2013).
In agreement, LV pseudotyped with VSV-g glycoprotein (VSV-gp)
that fuses with the endolysosomal membranes (Cureton et al, 2009)
was severely restricted by IFITM3 overexpression in THP1 but was
not affected by IFITM1 that predominantly localizes to the plasma
membrane (PM; Brass et al, 2009; Bailey et al, 2014; Sun et al, 2020;
Fig EV1IA-C). In contrast, LV pseudotyped with the measles enve-
lope glycoproteins that mediate fusion directly at the plasma mem-
brane (PM; Plattet et al, 2016) were sensitive to IFITM1 but not
affected by IFITM3 (Fig EV1A-C). Noteworthy, plasma membrane
confined IFITM3 Y20 phosphomutants that we have previously
shown to lose antiviral activity against VSV-gp-pseudotyped LV
(Petrillo et al, 2018), inhibited BaEV envelope-, RD114 envelope-,
and measles envelope glycoprotein-pseudotyped LV (Fig EV1C)
mimicking the antiviral phenotype of IFITM1. Interestingly, also the
PM-bound IFITM3-A21 isoform that potentially mimics an IFITM3
variant predicted to be encoded by the human SNP rs-1225-C
(Everitt et al, 2012; Compton et al, 2016; Allen et al, 2017) lost anti-
viral activity against the endosomal entry of VSV glycoprotein but
gained restriction against PM-fusing viral entry mediated by the
measles glycoproteins (Fig EV1D).

These results indicate that cellular localization of IFITM proteins
orients their antiviral activity according to the viral entry route and
that our pseudotyped LV transduction assay readily tracks this
restriction specificity.

Distinct mechanisms mediate plasma membrane versus
endosomal restriction by IFITM3

We took advantage of the pseudotyped LV assay to further dissect
IFITM mechanisms of action and made an unexpected observation.
IFITM-mediated restriction is proposed to be mainly based on their
capacity to alter membrane stiffness or curvature unfavoring viral
fusion with cellular membranes (Li et al, 2013; Rahman et al, 2020;
Guo et al, 2021). In agreement, Amphotericin B has been shown to
abrogate IFITM-mediated restriction of several viruses due to its
capacity to bind several lipids including cholesterols and ergosterols
altering membrane stability (Lin et al, 2013; Suddala et al, 2019;
Rahman et al, 2020). However, Amphotericin B had only a modest
impact on IFITM3 restriction of endosomal VSV-gp mediated entry
in THP1 cells (Fig 1A) while it fully rescued the antiviral activity of
PM-bound mutants of IFITM3 against vectors pseudotyped with the
measles virus glycoprotein (Fig 1B). This suggests that distinct
mechanisms are involved in plasma membrane versus endosomal
[FITM restriction.

To further dissect these mechanistic differences, we leveraged on
our observation that the four lysine residues of IFITM3 (Figs 1C and
EV1E), conserved across species (Fig 1D), are required for its endo-
somal antiviral activity against VSV-gp-pseudotyped LV entry (pre-
print: Unali et al, 2021) to investigate whether these residues would
be required also for PM-targeted IFITM restriction. We first con-
firmed that both the quadruple (4KR) and triple (3KR) lysine to argi-
nine mutants of IFITM3 reduced significantly antiviral activity
against endosomal viral entry of VSV-gp-pseudotyped LV (Figs 1E
and F, and EV1F). Of note, single lysine mutants did not affect
IFITM3 endosomal restriction (Fig EV1G). Interestingly, the three
lysine residues within the CIL were not required for antiviral activity
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Figure 1. Endosomal and PM-bound IFITM3 restrict viral entry and infection through distinct mechanisms.

A, B THP1 overexpressing IFITM3, IFITM3-Y20F, IFITM3-A21, or control were pretreated or not with Amphotericin B for 1 h and then transduced with a VSV-gp (A)

or

measles-gp (B) pseudotyped LV. Transduction efficiencies were evaluated at FACS 5 days later. Fold rescue of transduction over the DMSO control was calculated.

Data are shown as mean + SEM (n = 5-8 biological replicates run in technical duplicate). P-values are for one-sample t-test versus Oe-Luc DMSO = 1, ** for
P < 0.01, *** for P < 0.001.

@ Schematic representation of IFITM3 protein. Lysine residues (K) are highlighted in red.
Alignment of IFITM3 orthologs in vertebrates. Conserved lysine residues are marked in yellow.

E,F THP1 overexpressing IFITM3, IFITM3 lysine-less mutant (4KR) (E), IFITM3 CIL-lysine mutant (3KR) (F), or control were transduced with VSV-gp-pseudotyped LV.
Transduction efficiencies were evaluated by flow cytometry 5-day post-TD. Data represent the mean + SEM (n = 9-6 biological replicates run in technical dupli-

cate). P-values are for one-sample t-test verso Oe-Luc DMSO = 1. * for P < 0.05, ** for P < 0.01, **** for P < 0.0001 and ns for not significant.

G, H THP1 overexpressing IFITM1, IFITM1-3KR (G), IFITM3, IFITM3-Y20F, IFITM3-Y20F-3KR (H) or control were transduced with measles-gp-pseudotyped LV. Transduction
efficiencies were evaluated by flow cytometry 5-day post-TD. Data represent the mean + SEM (n = 4-9 biological replicates run in technical duplicate). P-values

are for one-sample t-test verso Oe-Luc DMSO = 1. * for P < 0.05, ** for P < 0.01, **** for P < 0.0001.

| THP1 overexpressing IFITM3-Y20F-3KR mutant or control were exposed or not to Amphotericin B for 1 h and then transduced with measles-gp-pseudotyped LV.
Transduction levels were measured by flow cytometry 5-day post-TD (mean + SEM, n = 8 biological replicates run in technical duplicate). P-values are for one-

sample t-test versus Oe-Luc DMSO = 1 or Mann-Whitney test for Ampho B versus DMSO in Oe-Y20F-3KR. * for P < 0.05, ** for P < 0.01.
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of IFITM1 against measles-gp-pseudotyped LV (Fig 1G). A similar
behavior was observed for the PM-bound IFITM3 mutant Y20F that
remained restriction competent and sensitive to Amphotericin B
(Figs 1H and I, and EV1H).

Together, these results suggest that different mechanisms of
action are involved in plasma membrane versus endosomal restric-
tion by IFITM proteins and identify novel residues within IFITM3
critical for its endosomal antiviral activity.

The lysine residues within the CIL region of IFITM3 mediate
interactions with cell-type-specific co-factors required for its
endosomal antiviral activity

To investigate why the three lysines within the IFITM3 CIL domain
are critical for its endosomal antiviral activity, we first evaluated the
impact of the 4KR and 3KR mutations on IFITM3 localization in
THP1 as residues within the CD225 domain of IFITM3 have been
shown to impact its subcellular trafficking (preprint: Zhong
et al, 2021). Differently from the Y20F mutant that confined at the
plasma membrane, both lysine mutants colocalized mainly with the
LAMP1-positive endosomal compartment similarly to IFITM3-WT
(Fig 2A and C). In agreement, only IFITM3-3KR-Y20F mutant but
not IFITM3-3KR blocked measles-gp-pseudotyped LV (Fig EV2A).
The capacity of IFITM3-3KR to traffic to the lysosome was further
confirmed in monocyte-derived macrophages (Fig 2B and C),
excluding cellular mislocalization as the cause of lost antiviral activ-
ity for the lysine mutant forms of IFITM3. Other amino acidic
changes in the CD225 domain have been shown to potentially affect
IFITM3 dimerization and consequently antiviral activity (John
et al, 2013; Zhao et al, 2018b; Rahman et al, 2020). To investigate
impact of the 3KR mutation on IFITM3 homodimerization, we set
up a proximity ligation assay (PLA) in THP1 cells knockout (KO) for
endogenous IFITM3. IFITM3 KO cells were transduced with two
lentiviral vectors encoding for HA or His-tagged WT or IFITM3-3KR
at limiting doses to achieve a single copy/vector per cell (Fig EV2B
and C) and preserved antiviral activity of the tagged IFITM3 proteins
was confirmed against VSV-gp-pseudotyped LV (Fig EV2D). PLA
foci generated upon proximity of HA and His-tagged proteins were
quantified. In contrast to a previously described dimerization
mutant (Rahman et al, 2020) that we confirmed to no longer inhibit
VSV-gp-pseudotyped LV entry in THP1 (Fig EV2E), no difference in
dimerization capacity of WT versus IFITM3-3KR was observed
(Fig 2D and E). The capacity of HA/His-IFITM3 and HA/His-3KR to
traffic to the endolysosomes was verified by immunofluorescence,
and no differences in colocalization were detected (Fig EV2F). In
addition, we observed by native electrophoresis that the lysine
mutant [FITM3 maintained dimerization capacity as opposed to the
dimerization mutant (Figs 2F and EV2G). Together, these results
exclude lack of dimerization as the mechanism behind the loss of
antiviral activity of the lysine mutant IFITM3.

However, native electrophoresis revealed differences in higher-
order protein complex formation with increased ratio of IFITM3
dimers over higher molecular weight complexes for the mutant
forms (Fig 2F), suggesting potential loss of co-factor interactions
necessary for IFITM3 antiviral activity. In addition, overexpression
of IFITM3 (Fig EV2H) was not sufficient to restrict VSV-gp-
pseudotyped LV transduction in the myeloid cell line K562 (Fig 3A),
indicating the involvement of host factors that are not ubiquitously
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expressed across different cell types. Of note, also type I interferon
(IFNa) failed to inhibit VSV-gp-pseudotyped LV entry in these cells
despite readily inducing expression of IFN-stimulated genes (ISGs),
including endogenous IFITM3 (Fig 3B and C). In agreement with a
proficient type I IFN response, measles-gp-pseudotyped LV trans-
duction and ZIKA virus infection were significantly hampered in
IFNo-stimulated K562, indicating an IFITM3-specific loss of restric-
tion in these cells (Fig 3D and E). Furthermore, despite being incom-
petent for endosomal IFITM3 restriction, measles-gp LV was readily
restricted by both WT and the 3KR lysine mutant IFITM1 (Fig 3F) as
well as different PM-bound IFITM3 mutants in K562 in an Ampho-
tericin B-sensitive manner (Fig 3G-I). IFITM3 competence for endo-
lysosomal trafficking was confirmed by IF analysis in K562 (Fig 3J),
and Pearson’s colocalization coefficients for IFITM3 and LAMP1
were similar in THP1 and K562 (Figs 2C and 3J).

Taken together, our data suggest that the lysine residues within
the CIL region of IFITM3 mediate interactions with host factors that
are likely absent from K562 cells and required for its antiviral activ-
ity within the endosomal compartment but not at the plasma mem-
brane, further supporting the existence of distinct antiviral
mechanisms of actions for IFITM depending on their cellular
localization.

PIP3 is required for endosomal IFITM3 antiviral activity

To identify host factors required for endosomal IFITM3 antiviral
activity, we performed mass spectrometry analysis to define interac-
tomes of WT and 4KR mutant IFITM3 in THP1 cells (Fig EV3A).
From a total of 168 proteins pulled down, we identified 74 interac-
tors with higher affinity for lysine-competent IFITM3 (IFITM3-WT),
some of which displayed a direct or indirect link with endosomal
and lysosomal activities or localization as highlighted in red (Fig 4A
and B). Crossing the lysine-competent IFITM3-specific binding pro-
teins with other matching innate immune-related published data-
sets, we detected an enrichment of proteins interacting
with Interferon-stimulated genes (ISG), including IFITM3 (Hubel
et al, 2019), with viral immune-modulatory open reading frames
(vORFs; Pichlmair et al, 2012), and with the previously described
IFITM3-sensitive virus binding proteins (Mairiang et al, 2013;
Tripathi et al, 2015; Ammari et al, 2016; Wang et al, 2017; Batra
et al, 2018; Coyaud et al, 2018; Gurumayum et al, 2018; Li
et al, 2019a; Fig 4C). These results point toward a dynamic interac-
tion between IFITM3 and other potential antiviral protein partners
likely explaining the diverse mechanisms of action described so far
for this restriction factor.

Among the proteins specifically binding to the lysine-competent
form of IFITM3, we identified proteins involved in viral entry and
transport, regulation of viral life cycle, endosomal transport, toll-
like receptor and intracellular signaling pathways (Fig 4D). In agree-
ment with the absence of lysine residues, the 4KR IFITM3 mutant
failed to interact with proteins implicated in ubiquitin ligase binding
and K63-linked ubiquitination, key modifications required for the
regulation of innate immunity (Madiraju et al, 2022; Fig 4B and E).
Moreover, we identified interactions with phosphatidylinositol bind-
ing proteins that were specific for the lysine-competent IFITM3-WT
(Fig 4E).

This interaction of the lysine-competent IFITM3 with several
phosphatidylinositol binding proteins caught our attention as

© 2023 The Authors
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phosphatidylinositol is directly linked to the regulation of innate
immune signal transduction in several contexts (Barnett &
Kagan, 2020). We performed proximity ligation assays to investigate
IFITM3 interaction with Phosphatidylinositol 3,4,5-trisphosphate
(PIP3) in our experimental setting and probed the role of the CIL

A

THP1 ZOOM
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domain lysines in it. Interestingly, the 3KR-IFITM3 mutant inter-
acted significantly less with PIP3 compared with IFITM3-WT
(Figs 5A and EV3B) supporting a role of these residues in IFITM3
interaction with PIP3. Immunofluorescence analysis showed similar
colocalization of the tagged IFITM3-3KR, PIP3, and LAMPI1 in
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Figure 2. Conserved lysine residues and cell-type-specific co-factors are required for endosomal IFITM3 restriction.

A, B Immunofluorescence images were performed using TCS SP5 Leica confocal microscope, 60x with oil on THP1 overexpressing IFITM3-WT, IFITM3-4KR, IFITM3-3KR,
or IFITM3-Y20F (A) (n = 22 images acquired from three biological replicates) and primary monocyte-derived macrophages (MDM) overexpressing IFITM3-WT,
IFITM3-4KR, IFITM3-3KR (B) (n = 12 images acquired from three independent donors). Colocalization (purple areas) of IFITM3 (in red) with the lysosome-associated
membrane protein 1 (LAMP1) marker (in blue) was evaluated. Representative zoomed images are shown, scale bar 100 pm.

C Quantification of Pearson’s colocalization coefficient was performed on Oe-THP1 and MDM (n = 22-12 images acquired from three biological replicates).

D IFITM3-IFITM3 interactions (red dots) were evaluated by proximity ligation assay (PLA) in THP1 knockout for endogenous IFITM3 and expressing either HA-IFITM3
and His-IFITM3, HA-3KR and His-3KR or His-dimer mutant IFITM3 (D.M) and HA-dimer mutant. Images were acquired on TCS SP5 Leica confocal microscope 60x
with oil. Representative images are shown (n = 8 images of four biological replicates), scale bar 40 pum.

E Number of foci and PLA foci intensity were measured on Image) and normalized over the number of nuclei (mean & SEM, n = 4 biological replicates).

F IFITM3 dimerization was assessed by native PAGE followed by WB analysis in THP1. IFITM3 higher-order protein complex bands are highlighted by the asterisk.
IFITM3 dimers and higher molecular weight complexes were quantified over the normalizer using ImageJ (mean + SEM, n = 7 biological replicates). P-values are

for Mann—-Whitney test. * for P < 0.05, ** for P < 0.01.

Source data are available online for this figure.

comparison with the tagged IFITM3-WTs further, indicating that
loss of interaction with PIP3 is not determined by altered IFITM3-
3KR localization (Fig EV3C). In addition, quantification of PIP3 in
both 3KR-IFITM3 mutant and IFITM3-WT overexpressing THP1 was
performed to exclude differences of PIP3 levels in the two cell lines
(Figs 5B and EV3D).

Among the different downstream effectors of PIP3 signaling, we
focused on mTOR as mTOR inhibitors were previously reported to
counteract IFITM3 antiviral activity against Influenza A and VSV-
gp-pseudotyped LV in Hela cells and human hematopoietic stem
cells (HSC; Shi et al, 2018; Ozog et al, 2019). We confirmed that
mTOR inhibition counteracts IFITM3-mediated restriction of VSV-
gp-pseudotyped LV entry also in THP1 overexpressing IFITM3
(Fig 5C). The beneficial effect of Rapamycin on VSV-gp-
pseudotyped LV transduction was IFITM3-dependent as IFNo-
induced IFITM3 antiviral activity and Rapamycin-mediated rescue
of transduction were lost in THP1 knockout for IFITM3 (Fig EV3E).
Of note, Rapamycin did not improve transduction of measles-gp-
pseudotyped LV in THP1 overexpressing the PM-bound IFITM3-3KR
mutant (Fig 5D), suggesting it acts specifically at the level of endo-
somal restriction. In agreement, Rapamycin enhanced VSV-gp-
pseudotyped LV transduction in human hematopoietic cells (HSC;
Petrillo et al, 2015) that express high basal levels of IFITM3 (Petrillo
et al, 2018) but did not improve measles-gp-pseudotyped LV trans-
duction in these cells (Fig SE).

Binding with PIP3 has been described to cause phosphorylation
and subsequent activation of Akt (Czech, 2000; Denley et al, 2009;
Gan et al, 2011; Liu et al, 2015). To probe the role of Akt in PIP3-
mediated IFITM3 endosomal antiviral activity, we tested the Akt
inhibitor MK2206 in THP1 overexpressing cells and HSC. Like Rapa-
mycin, MK2206 counteracted IFITM3-mediated inhibition of VSV-
gp-pseudotyped LV transduction in THP1 and HSC (Fig 5F and G).
Phosphoinositide 3-kinase (PI3K) acts upstream of the Akt-mTOR
pathway and is responsible for PIP2 conversion into PIP3 (Vanhae-
sebroeck et al, 2010). To investigate the involvement of PI3K in
IFITM3 endosomal restriction, we treated THP1 overexpressing
IFITM3, KO-IFITM3 or controls with the PI3K inhibitor LY294002
for 24 h. In line with a lower synthesis of PIP3 upon PI3K blockage,
LY294002 partly alleviated IFITM3 restriction on VSV-gp-
pseudotyped LV (Fig 5H). A modest although not significant effect
was observed also in the Oe-Luc control that expresses IFITM3
endogenously but not in IFITM3 KO THP1 in which endogenous
IFITM3 was depleted. These results indicate that the potency of
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IFITM3 antiviral activity may correlate with PIP3 levels and point
toward a mechanism of action that is PI3K-Akt-mTOR dependent as
depicted in the model in Fig 5I.

Together, these data identify host factors specifically interacting
with the endosomal restriction-competent IFITM3 and define PIP3
as a critical host factor required for endosomal IFITM3 restriction
linking it to the PI3K/Akt/mTOR pathway.

Low cellular PIP3 content tracks with impaired endosomal
IFITM3 restriction

Given our observation regarding the key role of PIP3 in IFITM3
restriction, we investigated whether altered phospholipid metabo-
lism could explain the lack of IFITM3 antiviral activity in K562 cells.
To this end, we performed transcriptomic and lipidomic analysis
comparing the IFITM3 restriction-competent THP1 and HSPC to
KS62. Comparative transcriptomics revealed that phosphatidylinosi-
tol’s binding together with antiviral responses, including defense to
virus and regulation of viral entry and release from the host, were
among the top enriched pathways in HSPC and THP1 in comparison
with K562 (Fig 6A). In agreement, lower levels of PI3K genes and
genes involved in phosphatidylinositol phosphate binding were
detected in K562 in comparison with THP1 and HSPC (Fig 6B). In
addition, lipidomic profiling revealed that K562 cells have signifi-
cantly lower basal levels of different phosphatidylinositol (PI) spe-
cies (Fig EV4A), including PIP3 precursors, when compared to
THP1 and HSPC (Fig 6C and D). Immunofluorescence analysis con-
firmed that K562 overexpressing IFITM3 harbor significantly
reduced amounts of PIP3 than THP1 overexpressing IFITM3
(Figs 6E and EV4B). Consistent with their lower PIP3 content, a sig-
nificantly lower number of PLA foci between PIP3 and IFITM3 as
well as a reduced PLA foci intensity were detected in K562 cells
compared with THP1 as measured by proximity ligation assays
(Fig 6F).

Interestingly, while IFNa induced both IFITM3 and PIP3 levels in
restriction-competent THP1 cells, only IFITM3 levels increased in
K562 (Figs 6G and EV4C). These data suggest that sufficient levels
of both IFITM3 and PIP3 are required to achieve efficient endosomal
antiviral restriction. In agreement, primary CD34" HSPC that are
highly refractory to endosomal viral entry (Petrillo et al, 2018) har-
bor high endogenous levels of both IFITM3 and PIP3 (Figs 6H and
EV4D) that can be achieved by IFNa stimulation in other primary
human blood cells such as monocyte-derived macrophages (Figs 61

© 2023 The Authors
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and EV4E). Importantly, endosomal IFITM3 restriction against VSV-
gp-pseudotyped LV was restored by providing exogenous PIP3 to
K562 (Figs 6J and EV4F). This rescue was lower in cells knockout
for IFITM3 (Fig 6J) and specific for endosomal restriction as PIP3
addition did not affect entry of the PM-fusing measles-gp-
pseudotyped LV (Fig EV4G). Noteworthy, exogenous delivery of
PIP3 significantly potentiated endosomal antiviral activity also in
HSPC further suggesting a positive correlation between PIP3 content
and viral inhibition (Fig 6K).

Overall, our data indicate that sufficient PIP3 and IFITM3 levels
are required for effective endosomal restriction that can be restored

The EMBO Journal

and potentiated by modulating levels of intracellular PIP3, rendering
it an attractive target to boost antiviral immunity against viral path-
ogens that enter through endocytosis.

Lysine-dependent PIP3 scaffolding is required for IFITM
endosomal restriction and can be harnessed to potentiate viral

inhibition

To test this hypothesis, we investigated the novel mechanisms of
plasma membrane versus endosomal restriction of IFITM proteins
against replicating viral pathogens, including SARS-CoV2. As SARS-
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Figure 3. K562 respond to type | IFN but are insensitive to IFITM3 restriction.

A K562 overexpressing IFITM3 or control were transduced with VSV-gp-pseudotyped LV (mean & SEM, n = 6 biological replicates run in technical duplicate). Transduc-
tion levels were calculated at FACS 5-day post-TD measuring the % of BFP expression within Oe-cells. Data are represented as Folds over the Oe-Luc control. P-
values are for one-sample t-test versus Oe-Luc = 1. ns for not significant.

B K562 were prestimulated with IFNa and then transduced with VSV-gp-pseudotyped LV. Transduction was evaluated 5 days after TD (mean + SEM, n = 4 biological
replicates run in technical duplicate). Data are represented as Folds over the Oe-Luc control. P-values are for one-sample t-test versus -IFNo = 1. ns for not
significant.

C Interferon-stimulated genes (ISGs) mRNA expression were measured 24-h post-IFNo stimulation by RT-gPCR in K562 (mean & SEM, n = 3 biological replicates run
in technical duplicate).

D K562 were prestimulated with IFNo and then transduced with measles-gp-pseudotyped LV. Transduction was measured 5-day post-TD (mean + SEM, n = 3 biologi-
cal replicates run in technical duplicate). P-values are for one-sample t-test versus -IFNo. = 1. *** for P < 0.001.

E K562 were prestimulated or not with IFNa for 24 h and then inoculated with the infectious ZIKV (mean 4 SEM, n = 3 biological replicates run in technical
triplicates). Viral supernatant was collected at different time points and titered on Vero E6 cells. P-values are for Mann—Whitney test. ** for P < 0.01, *** for
P < 0.001.

F K562 overexpressing IFITM1, IFITM1-3KR, or control were transduced with measles-gp-pseudotyped LV. Transduction efficiency was evaluated 5-day post-TD
(mean + SEM, n = 4 biological replicates run in technical duplicate). P-values are for one-sample t-test versus Oe-Luc = 1. **** for P < 0.0001.

G-I K562 overexpressing IFITM3, IFITM3-Y20F, IFITM3-Y20F-3KR, or control were pre-exposed or not to Ampho B and then transduced with measles-gp (G), BaEV-gp (H)

or RD114-gp (1) pseudotyped LV. Transduction efficiencies were measured by flow cytometry 5 days after TD (mean + SEM, n = 5-4-4 biological replicates run in
technical duplicate). P-values are for one-sample t-test versus Oe-Luc DMSO = 1 or unpaired t-test for Ampho B versus DMSO. * for P < 0.05, ** for P < 0.01, *** for
P < 0.001, **** for P < 0.0001.

IFITM3 localization was analyzed by IF in K562, a representative zoomed image is shown (n = 12 images of three biological replicates), scale bar 100 um. Pearson’s

Giulia Unali et al

colocalization coefficient was measured with Image).

CoV2 has been described to utilize both plasma membrane and endo-
somal entry routes depending on the expression of entry co-factors
such as TMPRSS2 (Jackson et al, 2022), we first investigated to the
role of IFITM in restricting its entry into relevant target cells. To this
end, we tested the impact of IFITM on entry mediated by the SARS-
CoV2 Spike protein isolated from the original Wuhan strain in human
lung epithelial Calu3 cells using the pseudotyped LV entry assay or a
replicating Wuhan SARS-CoV2 isolate (Figs 7A and B, and EV5A).
Only overexpression of IFITM1 led to a significant reduction of SARS-
CoV2 entry and viral replication in Calu3, while IFITM2 and IFITM3
overexpression slightly promoted it (Fig 7A and B), suggesting that
this Spike variant enters mainly via the plasma membrane. Interest-
ingly, also the PM-confined IFITM3 phosphomutant Y20A gained
antiviral activity against SARS-CoV2 Spike-gp-pseudotyped vectors
(Fig 7A) and replicating virus (Figs 7C and EV5A) that was also
restricted by the PM-bound putative IFITM3-A21 isoform that has
been predicted to potentially mimic an IFITM3 variant to be encoded
by the human SNP rs-1225-C (Everitt et al, 2012; Compton
et al, 2016; Allen et al, 2017; Figs 7D and EV5B), further supporting a
PM-dependent entry mechanism for SARS-CoV2 Wuhan variant in
Calu3 cells. This pattern of restriction was confirmed across Spike
proteins belonging to pre-Omicron variants of concern (Fig EV5C),
and similar results were obtained also in the pro-monocytic THP1
cells (Figs 7E and F, and EV5D) that we found to express unusually
high levels of ACE2 and TMPRSS2 (Fig EVSE-G) and efficiently sup-
port SARS-CoV2 replication (Fig 7E). In agreement with a recently
proposed endosomal entry mechanism for the recent SARS-CoV2
Omicron variant (Pia & Rowland-Jones, 2022; Zhao et al, 2022), Omi-
cron Spike-gp-pseudotyped LV were susceptible to both IFITM1 and
IFITM3 in Calu3 cells (Fig 7G), and replicating SARS-CoV2 Omicron
was mostly restricted by the endosomal IFITM2 and IFITM3 but
remained susceptible also to IFITM1 and the PM-bound IFITM3
mutant (Fig 7H and I).

Of note, in cellular systems overexpressing the SARS-CoV2 recep-
tor ACE2 (Scialo et al, 2020) such as the lung epithelial cell line
AS549 (Fig EVSH and I) or nonhuman cell lines such as the African
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Green monkey kidney Vero cells (Fig EV5J), all three antiviral IFITM
reduced SARS-CoV2 replication with IFITM1 remaining the strongest
inhibitor (Fig EV5K and L), indicating that careful selection of physi-
ological systems and human cell lines are required to study antiviral
defenses against SARS-CoV2 entry.

In agreement with a role in endosomal antiviral immunity, the
three lysine residues within the IFITM3 CIL were necessary against
endocytosis-dependent viruses such as VSV and ZIKV (Fig 8A and
B) and requirement for cell-type-specific factors was confirmed as
FITM3-WT failed to restrict these endocytic viruses in K562 cells
(Fig 8C and D). Conversely, these lysines were not required for
IFITM3 antiviral activity at the plasma membrane as the PM-bound
IFITM3 mutant Y20F maintained restriction against infectious
Wuhan SARS-CoV2 isolate in THP1 and Calu3 even when these
lysines were mutated (Figs 8E and F, and EV5M). Interestingly
instead, endosomal IFITM3 restriction against replicating SARS-
CoV2 Omicron was completely abrogated when the lysines of the
CIL domain were mutated while all PM-confined IFITM3 mutants
maintained antiviral activity regardless of the presence or not of
these lysines (Fig 8G), further highlighting that the CIL domain
lysine residues are required exclusively for IFITM3 endosomal anti-
viral activity.

Finally, and in line with the hypothesis that low cellular PIP3
levels impair endosomal IFITM3 restriction in K562, exogenous PIP3
delivery restored IFITM3 antiviral activity against infectious VSV in
these cells (Fig 8H). Importantly, addition of PIP3 significantly
boosted IFITM3 restriction against the Omicron SARS-CoV2 variant
of concern (Fig 8I). This effect was IFITM3-dependent as PIP3 deliv-
ery did not block infection in K562 or Calu3 cells KO for IFITM3
(Fig 8H and I). In addition, both IFITM3 and PIP3 levels were signif-
icantly upregulated upon Omicron infection in Calu3 cells (Fig 8J),
further supporting a coordinated antiviral role of IFITM3 and PIP3.

Together, these data indicate that manipulating cellular PIP3
levels can be exploited to potentiate IFITM3 restriction against
endocytosis-dependent viruses including Omicron and potentially
other novel emerging SARS-CoV2 variants of concern.

© 2023 The Authors



Giulia Unali et al

The EMBO Journal

A THP1 B IFITM3-WT  IFITM3-4KR C
i IFITM3  4KR ISG- interactors Virus-interactors
+
2
£
<o 442
cs
Sa
t N
o
2
£, M 22 177
Weak E
Z-scores
4
2 "
0 WT-IFITM3 VORF-
] 2 interactors targets
-4
%-_
D FLI ARPC4
ZYX ACTR2
ACTR2 PDIA3 I::; ARFS
:TOM RET TeMi  GRos
) DCBP UBB TPMS.  TIN
intracellular receptor  Stress-activated zZYx PPP1CA &SN
signaling pathwa ;' MAPKoascad' GSN  YWHAZ
positive regulaﬁcnof P
- endosomal trans,
s 2 - i positive regulation of  positive regulation of
sennellhreomne = % wg"‘gm?;:zr e Prmemreg-comamw protein
kinasgieciiiy A S ! P ety complex assembl polymerization
& XK immune -
1otk feConon JNK casca% response-regulating By A
signaling m‘ =% phagocytic vesi cell surface receptor ”s"’c‘;mg“m" ot
RPS18  NPEPPS  IFITM1 s‘sf!ﬂ"nlsvgg'lh organization
SDCBP  RPL13A  IFITM2 o Bl a7
RPLS  RPL4 GSN . WA primary anizati
YWHAZ STOM \TCH -rﬁraeelb;lqrnsanspon" % Fanaartot U ysowt org: 0.
RPS8  UBB WWP2 gy ‘ rb
RPL7  RPS27A  PABPC1 1 = n 0 —
HGS usc  uBEANL | o b s Phosphatidyl-inositol binding
RPL17  UBAS52 UBE2N ligase bindi membrane . phosphatidylinositol
RET phosphate hlndln.
peotbin forels i e se to type | phai
ubiquitin-like protein b movemefitinhost Gresponseitolype binding bi te bindi
ligase binding ‘ < envkonmemr. interferon . & Tsvhosrj phé,,r u‘
'vug:hitlinaﬁo‘ e mw“ viral entry into host - i .
pol uitin: = entry e
cell response to
. mrferon—gcmn‘
ASS1 cellular amino acid rotein Ke3-linked regulation of viral g
CTPS1 metabolic WDWSO P ub‘qumnmn. process . & negat_iglgﬂoewmliemat. FLII
PAICS iRk Cyp GSN
[ tivi
FARSB gt requiation of vial Ife socee
VARS1 carbon-i nnrow ligase activi cycle GSDMA
SHMT2 '. ITCH TENT
WWP2
UBE2N
ASS1  SYNCRIP
IFITM2 ITCH
IFITM1  GRB2
ZYx  wWwp2
GSN  STOM
ACTR2 PABPC1
RPL13A

Figure 4. Analysis of lysine-competent IFITM3 interactions.

A
B

Venn diagram of IFITM3 interactors (gray marking, 74 proteins) ISG interactors (turquoise marking, 1,371

Venn diagram of wild-type (WT) IFITM3 (gray marking) and 4KR-IFITM3 (green marking) interactors identified by mass spectrometry in THP1.
IFITM3-WT or IFITM3-4KR were immunoprecipitated in THP1, interactors were identified by mass spectrometry. The heatmap shows proteins with significant higher
affinity for IFITM3-WT compared with IFITM3-4KR (Benjamini-Hochberg FDR < 0.05). In red interactors li

inked or localizing in endosomes and lysosomes.
proteins), VORF interactors (yellow marking, 574 proteins),

and viral interactors (green marking, 3,902 proteins). The labels indicate the number of proteins in the overlaps of the dataset.
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IFITM3 interactors protein map and functionally enriched terms (Benjamini-Hochberg FDR < 0.05). Phosphatidylinositol binding is highlighted in yellow.
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Discussion

Our work sheds light on molecular mechanisms of IFITM-mediated
restriction of viral entry revealing cell-compartment-specific mecha-
nisms of action and uncovering the requirement of co-factors for
endosomal antiviral immunity. Among the antiviral IFITM, IFITM3
has been the best characterized for blocking a broad range of
viruses (Brass et al, 2009; Lu et al, 2011; Perreira et al, 2013; Bailey
et al, 2014; Zhao et al, 2018a; Zang et al, 2020; Shi et al, 2021).

Giulia Unali et al

However, a detailed molecular mechanism of action has not been
identified yet. Our work uncovers an unexpected mechanistic differ-
ence between endosomal and plasma membrane IFITM restriction.
IFITM3 restriction has been linked to its capacity to increase mem-
brane stiffness and impede fusion between viral and host mem-
branes (Li et al, 2013; Rahman et al, 2020; Guo et al, 2021). In
agreement, Amphotericin B has been shown to prevent IFITM3-
mediated inhibition of IAV through modulating membrane fluidity
(Lin et al, 2013; Suddala et al, 2019; Rahman et al, 2020). However,
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Figure 5. PIP3 interaction and signaling cascade through the PI3K-mTOR-AKT axes are required for endosomal IFITM3 antiviral activity.

A

Interaction between IFITM3 wild-type or 3KR and Phosphatidynositol-3 phosphate (PIP3; red dots) was evaluated by proximity ligation assay. Images were acquired
using TCS SP5 Leica confocal microscope 60x with oil in THP1 knockout for endogenous IFITM3 and expressing either IFITM3 wild-type or IFITM3-3KR. Number of foci
were counted on Image] and normalized over the number of nuclei (mean £ SEM, n = 5 biological replicates). White arrows indicate foci, scale bar 40 um.
Phosphatidynositol-3 phosphate (PIP3) levels were measured by immunofluorescence in THP1 overexpressing the His-IFITM3/HA-IFITM3 and His-3KR/HA-3KR. PIP3
was quantified via Image) (mean £ SEM, n = 5 biological replicates).

THP1 overexpressing IFITM3 or control were transduced with VSV-gp-pseudotyped LV in the presence or absence of Rapamycin (Rapa). Transduction efficiency was
measured at FACS 5-day post-TD (mean £ SEM, n = 6 biological replicates run in technical duplicate. P-values are for one-sample t-test versus Oe-Luc DMSO = 1 and
Mann-Whitney test for Rapa versus DMSO. ** for P < 0.01, **** for P < 0.0001.

THP1 overexpressing IFITM3-Y20F-3KR or control were exposed or not to Rapamycin and transduced with measles-gp-pseudotyped LV. Transduction efficiency was
evaluated by flow cytometry 5-day post-TD (mean £ SEM, n = 4 biological replicates run in technical duplicate). P-values are for one-sample t-test versus Oe-Luc
DMSO = 1. ** for P < 0.0.

Hematopoietic stem and progenitor cells (HSPC) were transduced with VSV-gp or measles-gp-pseudotyped LV in the presence or absence of Rapamycin. Transduction
was evaluated at FACS 5 days later measuring the % of BFP expression (mean & SEM, n = 4 biological replicates run in technical duplicate). P-values are for Mann—
Whitney test. * for P < 0.05.

THP1 overexpressing IFITM3 or control were transduced with VSV-gp-pseudotyped LV in the presence or absence of MK2206. Transduction efficiency was analyzed 5-
day post-TD (mean & SEM, n = 6 biological replicates run in technical duplicate). P-values are for one-sample t-test versus Oe-Luc DMSO = 1 and for Mann—-Whitney
test for Oe-IFITM3 DMSO versus MK2206, * for P < 0.05, *** for P < 0.001.

Human hematopoietic stem and progenitor cells were pretreated with MK6602 for 1 h and then transduced with VSV-gp-pseudotyped LV (mean £ SEM, n = 4 bio-
logical replicates run in technical duplicate). P-values are for one-sample t-test versus Oe-Luc DMSO = 1. * for P < 0.05.

THP1 overexpressing IFITM3, KO-IFITM3, or control were transduced with VSV-gp-pseudotyped LV after 4 h of pretreatment with LY94002. Transduction efficiency
was analyzed 5-day post-TD (mean + SEM, n = 5 biological replicates run in technical duplicate). P-values are for one-sample t-test versus Oe-Luc DMSO and Mann—
Whitney test for IFITM3 DMSO versus IFITM3 LY294002, KO-IFITM3 DMSO versus KO-IFITM3 LY294002 as well as for fold rescue of transduction. * for P < 0.05, *** for

P < 0.001.

| Schematic representation of IFITM3-PIP3 signaling cascade acting on the PI3K-mTOR-AKT axes, respectively, blocked by Rapamycin and MK2206.

IFITM3 restriction of VSV-gp-pseudotyped LV could not be rescued
by Amphotericin B, suggesting that the mechanism of action does
not rely on membrane stability in this context. Instead, Amphoter-
icin B rescued inhibition of PM-fusing vectors by IFITM3-PM
mutants, indicating that the mechanisms involved in IFITM restric-
tion of PM and endocytosis-dependent viral entry are distinct. In
agreement, the lysine residues within the CIL domain of IFITM3
were required only for its endosomal antiviral activity but dispens-
able for restriction of PM-fusing viruses. A similar lysine-less mutant
IFITM3 has been shown to better control Influenza infection due to
the loss of its ubiquitin-mediated degradation (Yount et al, 2012; Shi
et al, 2018). It is possible that the neutral alanine residues used in
these studies in substitution of lysines differently affect IFITM3

conformation compared with the positively charged arginine resi-
dues used here. Interestingly, two lysine residues within the intra-
cellular loop of IFITM1 were also described as important for its
antiviral activity against Flaviviruses (Sun et al, 2020), suggesting
they play a key antiviral role across all antiviral IFITM. However,
these lysines were not necessary for IFITM1 antiviral activity against
PM-fusing LV further underscoring the cell-compartment specificity
of IFITM antiviral mechanisms.

Mutations of the lysine residues of IFITM3 protein have not been
linked to altered protein conformation (Ling et al, 2016), but other
amino acidic modifications within the CIL domain were associated
with dimerization defects (John et al, 2013; Rahman et al, 2020)
and absence of antiviral activity. Our data indicate that the IFITM3

Figure 6. PIP3 is an interferon-regulated phospholipid required for IFITM3 antiviral activity.

A RNA sequencing performed in HSPC (CD34), THP1, and K562. Pathways differentially regulated in HSPC and THP1 in comparison with K562 are highlighted.

B Heatmap representation of genes involved in PI3K and phosphatidylinositol phosphate binding pathway. Upregulated genes are shown in red, and downregulated
genes are shown in blue.

C, D Levels of phosphatidylinositol (PI) precursors of PIP3 and PIP2 were measured through lipidomic analysis in THP1, HSPC, and K562. The results are presented as log
plots of the Pl ratio in K562 over THP1 (C) or HSPC (D).

E PIP3 levels were measured by immunofluorescence (scale bar 40 pm) and quantified as integrated density with Image) software in THP1 and K562 overexpressing
IFITM3 (mean + SEM, n = 3 biological replicates). P-values are for Mann-Whitney test, * for P < 0.05.

F Interaction between IFITM3 and Phosphatidynositol-3 phosphate (PIP3; red dots) was evaluated by proximity ligation assay using TCS SP5 Leica confocal micro-
scope 60x with oil in THP1 or K562 expressing same levels of IFITM3. Number of foci and PLA foci intensity were measured on Image) and normalized over the
number of nuclei (mean £ SEM, n = 4 biological replicates run in technical duplicate), scale bar 40 pm. P-values are for Mann—Whitney test, ** for P < 0.01, ***
for P < 0.001.).

G-l PIP3 levels were measured by immunofluorescence and quantified as integrated density with Image] software in THP1 and K562 (G), HSPC (H), and MDM (1)
prestimulated or not with IFNa. (mean £ SEM, n = 3 biological replicates. P-values are for Mann—-Whitney test, *** for P < 0.001.

J PIP3 coupled to a specific PIP carrier (PIP3 + Carr Ctrl) or Carr Ctrl alone were delivered to K562 overexpressing IFITM3, control or KO for IFITM3. All conditions were
transduced with VSV-gp-pseudotyped LV. Transduction levels were evaluated 5-day post-TD (mean £ SEM, n = 5 biological replicates run in technical duplicate). P-
values are for one-sample t-test versus Ctrl Carr = 1. * for P < 0.05, ** for P < 0.01. The effect on transduction of exogenous PIP3 in K562 is represented as Fold ver-
sus Carr Ctrl.

K HSPC pretreated with PIP3 coupled to a specific PIP carrier (PIP3 + Carr Ctrl) or Carr Ctrl alone were transduced with VSV-gp-pseudotyped LV. Transduction levels

© 2023 The Authors

were evaluated 5-day post-TD measuring the % of BFP expression (mean £ SEM, n =5 biological replicates run in technical duplicate). P-values are for Mann—
Whitney test, * for P < 0.05.
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Figure 6.

lysine mutant is still capable of forming dimers but loses capacity to
form slower migrating IFITM3 protein complexes. In agreement,
comparative proteomics identified distinct interactomes for WT and
lysine-less IFITM3. Interactors specific to IFITM3-WT were common
to several published datasets related to innate immunity and have
been reported to interact with other ISGs, different IFITM3-sensitive
viruses as well as with viral ORFs (Pichlmair et al, 2012; Mairiang
et al, 2013; Tripathi et al, 2015; Ammari et al, 2016; Wang
et al, 2017; Batra et al, 2018; Coyaud et al, 2018; Gurumayum

12 of 23 The EMBO Journal ~ 42: €112234 | 2023

et al, 2018; Hubel et al, 2019; Li et al, 2019a), strongly supporting
their involvement in antiviral immunity. Accordingly, pathways
related to antiviral responses and viral transport were among the
most significantly enriched. In addition, important mediators of
innate immune signaling such as ubiquitin ligases and phosphatidy-
linositols (PI) binding proteins, such as Gasdermin A, had signifi-
cantly higher binding affinity for IFITM3-WT in comparison with
the 4KR mutant, suggesting that ubiquitination and phospholipid
binding regulate IFITM3 endosomal antiviral activity. In agreement,

© 2023 The Authors
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Figure 7. IFITM1 and plasma membrane mutants IFITM3 inhibit SARS CoV2 entry and infection.
A Calu3 overexpressing IFITM1, IFITM2, IFITM3, PM-mutant IFITM3 Y20A, or control were transduced with SARS-CoV2 Spike-pseudotyped LV (mean + SEM, n > 6 bio-
logical replicates run in technical duplicate). Transduction efficiency was measured by FACS 5 days after transduction, P-values are for one-sample paired t-test ver-
sus Oe-Luc Ctrl = 1, **for P < 0.01.
B, C Calu3 cells overexpressing IFITM1, IFITM2, IFITM3, IFITM3 Y20A, or control were infected with SARS-CoV2. Viral titer was calculated by plaque assay in Vero E6 cells
(mean £ SEM, n = 4 biological replicates run in technical duplicate). P-values are for Mann—-Whitney test, * for P < 0.05, *** for P < 0.001.
D Calu3 overexpressing IFITM3-A21 or control were infected with SARS CoV2 for 3 days. Viral titer was assessed by plaque assay in Vero E6 cells (mean + SEM, n =3
biological replicates run in technical duplicate). P-values are for Mann-Whitney test, * for P < 0.05.
E Calu3 and THP1 were infected with SARS-CoV2 at MOI 1 and 0.01 respectively. Viral supernatant was titered on Vero E6 cells (mean £ SEM, n = 4 biological repli-

cates run in technical triplicate).
THP1 cells overexpressing IFITM1, IFITM2, IFITM3, IFITM3 plasma membrane-confined mutants or control were infected with SARS-CoV2 at MOI 0.01. Titers were

calculated by tittering viral supernatants on Vero E6 cells (mean + SEM, n = 4 biological replicates run in technical triplicate). P-values are for Mann-Whitney test,
* for P < 0.05.

Calu3 overexpressing IFITM1, IFITM3, or control were challenged to SARS-CoV2 Omicron-pseudotyped LV. Transduction efficiency was evaluated 5-day post-
transduction (mean + SEM, n = 7 biological replicates run in technical duplicate). P-values are for one-sample t-test versus Oe-Luc Ctrl = 1, **for P < 0.01, ****for
P < 0.0001.

Calu3 cells overexpressing IFITM1, IFITM2, IFITM3, or control (H) or IFITM3, Y20A, or control (I) were infected with Omicron at MOI 1. Viral supernatants were
collected at different time points and tittered on Vero E6 cells. Data are presented as mean £ SEM (n = 4-4 biological replicates run in technical triplicate). P-

values are for Mann-Whitney test, **for P < 0.01, ***for P < 0.001, ****for P < 0.0001.

I

PIP3 was shown to regulate Gasdermin D during pyroptosis (Santa
Cruz Garcia et al, 2022). Moreover, our results suggest that cellular
PIP3 content affects endosomal IFITM3 restriction as the IFITM3-
insensitive K562 cells harbored lower levels of PIP3 and endosomal
restriction could be restored by exogenous PIP3 delivery. PI3K,
which acts upstream to Akt/mTOR signaling and converts PIP2 to
PIP3 (Vanhaesebroeck et al, 2010), has been shown to be

we identify Phosphatidylinositol 3,4,5-trisphosphate (PIP3) as a key
factor binding the lysine-competent IFITM3 and required for its
endosomal but not PM-bound antiviral activity. Phosphoinositide
phosphates play an important role in regulating innate immune sig-
nal transduction (Barnett & Kagan, 2020). PIP3 and IFITM3 have
been recently linked with amplification of PI3K signaling required
for B cell activation as well as tumorigenesis (Lee et al, 2020) and
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Figure 8. Lysine-dependent PIP3 scaffolding is required for endosomal restriction and can be harnessed to potentiate inhibition of SARS-CoV2 Omicron re-

plication.

A, B VSV (A) or ZIKV (B) viral supernatants were collected 1-day postinfection in THP1 (A) or Calu3 (B) overexpressing IFITM3, IFITM3 lysine-less mutant (4KR), IFITM3
ClIL-lysine mutant (3KR) or control and titered on VERO E6 cells. Data represent the mean + SEM (n = 5-3 biological replicates run in technical duplicate). P-values
are for Mann-Whitney test. * for P < 0.05, ** for P < 0.01.

C, D K562 were inoculated with the infectious VSV (C) or ZIKV (D) (mean £ SEM, n = 3 biological replicates run in technical duplicate). Viral supernatant was collected
at different time points and titered on Vero E6 cells.

E-G THP1 (E) or Calu3 (F, G) overexpressing IFITM3, IFITM3-Y20F mutant, IFITM3-Y20F-3KR mutant or control were inoculated with SARS-CoV2 (E, F) or Omicron (G).
Viral titers were measured on Vero E6 cells. Data are presented as mean + SEM (n = 4-4-3 biological replicates run in technical duplicate). P-values are for Mann—
Whitney test, * for P < 0.05, ** for P < 0.01, ns for not significant.

H K562 overexpressing IFITM3 or KO for IFITM3 were pretreated with PIP3 coupled to a specific PIP carrier (PIP3 + Carr Ctrl) or Carr Ctrl and then infected with VSV.
Infectious supernatant were collected after 3 days and tittered in Vero E6 cells (mean &+ SEM, n = 6 biological replicates run in technical duplicate). P-values are
for Wilcoxon signed-ranked test, * for P < 0.05. The inhibitory effect of exogenous PIP3 on infection is represented as Fold versus Carr Ctrl (mean £ SEM, n = 6 bio-
logical replicates run in technical duplicate). P-values are for Mann—Whitney test, * for P < 0.05.

| IFITM3 and PIP3 levels were measured by immunofluorescence (scale bar 100 um) and quantified as integrated density with Image] software in Calu3 infected or
not with Omicron (n = 3 biological replicates). P-values are for Mann—-Whitney test, ** for P < 0.01.

] PIP3 coupled to a specific PIP carrier (PIP3 + Carr Ctrl) or Carr Ctrl were provided to Calu3 overexpressing IFITM3, control or KO for IFITM3 prior to infection with
SARS-CoV2 Omicron. Infectious supernatants were collected after 3 days and tittered in Vero E6 cells (mean + SEM, n = 4 biological replicates run in technical
duplicate). P-values are for Wilcoxon signed-ranked test, * for P < 0.05. The inhibitory effect of exogenous PIP3 on infection is represented as Fold versus Carr Ctrl
(mean £ SEM, n = 4 biological replicates run in technical duplicate). P-values are for Mann-Whitney test, * for P < 0.05.
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upregulated by type I IFNs (Platanias, 2005). In agreement, we
observed that PIP3 is induced by antiviral type I IFN together with
IFITM3 in cells competent for endosomal restriction while low levels
of either PIP3 or IFITM3 impaired establishment of an effective viral
entry block. This suggests that an efficient antiviral state requires
sufficient levels of both IFITM3 as well as the IFN-inducible PIP3,
establishing a mutual dependency between the two for proficient
endosomal restriction. Moreover, PI3K blockade partly lowered
IFITM3 antiviral activity and PI3K genes were expressed at lower
levels in the IFITM3 insensitive K562 in comparison with THP1 and
HSPC, linking lower expression of PI3K genes with cell-type-
dependent antiviral effects of IFITM3. Of note, similar mechanisms
may apply more broadly to endosomal cargo delivery as increased
PIP3 activity was shown to block endocytosis-dependent delivery of
nanoparticles (Paunovska et al, 2020), potentially due to enhanced
activity of IFITM3 within the endosomal compartment and as IFITM
proteins have recently been shown to assist cellular uptake of
diverse linked chemotypes (DOI: 10.1126/science.abl5829). The
Akt/mTOR pathway is a key regulator of several cellular processes,
including innate immune responses (Jones & Pearce, 2017). mTOR
inhibitors such as Rapamycin were shown to induce IFITM3 degra-
dation and counteract antiviral activity against VSV-gp-pseudotyped
LV and Influenza A in Hela cells (Shi et al, 2018; Ozog et al, 2019),
potentially explaining its capacity to enhance LV transduction in
human hematopoietic stem cells (HSC; Wang et al, 2014; Petrillo
et al, 2015). We confirmed that Rapamycin rescues IFITM3-
mediated antiviral activity of VSV-gp-pseudotyped LV and show that
it targets endosomal but not plasma membrane restriction by
IFITM3. Interestingly, mTORC1 inhibition has been recently shown
to trigger membrane phospholipid trafficking to the lysosome for
catabolism (Hosios et al, 2022), potentially explaining the effects of
Rapamycin on endosomal IFITM3 restriction. In addition, Akt inhi-
bition rescued endosomal IFITM3 restriction, suggesting that the
endosomal antiviral mechanism of IFITM3 converges toward the
Akt/mTOR pathway through the recruitment of PIP3. In agreement,
Akt inhibition has been shown to enhance replication of the
IFITM3-sensitive Reovirus in A549 cells (Tian et al, 2015). Our
results are also in line with emerging links between SARS-CoV2 and
Akt/mTOR signaling pathways as the Akt inhibitor MK-2206
reduces while mTOR overactivation promotes viral replication in
Huh-7 cell line and Vero FM (Appelberg et al, 2020; Fattahi
et al, 2022). It is tempting to speculate that the effect of MK-2206 on
SARS-CoV2 replication is consequent to IFITM3 inhibition and that
mTOR inhibitors could be employed to reduce SARS-CoV2
replication.

SARS-CoV2 mainly exploits fusion at the plasma membrane but
can enter also through endocytosis (Letko et al, 2020; Scialo
et al, 2020; Jackson et al, 2022). So far, controversial results have
been reported on the role of IFITMs against SARS-CoV2, with some
studies pointing toward a major inhibitory role of IFITM2 (Winstone
et al, 2021) or IFITM3 (Zang et al, 2020), others showing antiviral
activity from all IFITM (Shi et al, 2021) or even promoting SARS-
CoV2 infection (Prelli Bozzo et al, 2021). In our experimental
models, IFITM1 seems the most relevant in restricting pre-Omicron
SARS-CoV2 variants both in the in context of Spike-pseudotyped
vectors as well as infectious viral replication in the naturally permis-
sive lung epithelial Calu3 cells. In addition, IFITM single-nucleotide
polymorphisms (SNPs) have been implicated in disease severity of

© 2023 The Authors
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respiratory infections, including SARS-CoV2 (Everitt et al, 2012; Xu-
Yang et al, 2016; Nikoloudis et al, 2020; Zhang et al, 2020),
supporting their contribution to diseases progression. We observed
that the PM-bound IFITM3-A21 mutant isoform, potentially
predicted to be encoded by the SNP rs-1225-C (Everitt et al, 2012;
Compton et al, 2016; Allen et al, 2017; Randolph et al, 2017;
Makvandi-Nejad et al, 2018; Franz et al, 2021), inhibited entry of
Spike-gp-pseudotyped LV as well as infectious SARS-CoV2 in Calu3
and THP1 mimicking antiviral activities of IFITM1. Of note, IFITM3
SNP 15-1225-C has been associated with severe Influenza outcomes
in Chinese populations (Allen et al, 2017), in line with the endocytic
entry route of Influenza viruses. As the Omicron variant of SARS-
CoV2 has recently been suggested to favor the endosomal entry
route (Pia & Rowland-Jones, 2022; Zhao et al, 2022), it may be dif-
ferently affected by IFITM SNPs as compared to other variants of
concern. Indeed, in line with a localization-dependent antiviral
activity of IFITM and its altered viral entry route, the Omicron vari-
ant of SARS-CoV2 was most susceptible to restriction by the endo-
somal IFITM2 and IFITM3, although remaining susceptible also to
PM-bound IFITM1 and IFITM3 phosphomutants. Importantly, we
observed that exogenous supplementation of PIP3 significantly
boosted IFITM3 antiviral activity against the pandemic Omicron var-
iant of SARS-CoV2, rendering PIP3 modulation an attractive strategy
to potentiate innate antiviral defenses against emerging infectious
pathogens.

Overall, our work uncovers a mechanistic dichotomy between
plasma membrane and endosomal antiviral activities of IFITM pro-
teins. We propose that the lysine residues within the intracellular
loop of IFITM3 serve as an interaction interface for cellular co-
factors with PIP3 playing a central role in its endosomal antiviral
activity. These findings inform the development of broadly acting
antiviral strategies against IFITM-sensitive viruses, including the
current and future pandemic-causing SARS-CoV2 variants. Strate-
gies aimed at modulating cellular PIP3 content have the potential to
boost IFITM3 restriction and provide therapeutic benefits in the con-
text of several infectious diseases. Conversely, lowering PIP3 levels
could help prevent or counteract malignant transformations and
enhance efficacy of several therapeutic strategies that rely on endo-
somal cargo including viral vectors and lipid
nanoparticles.

delivery,

Materials and Methods
Vectors

Third-generation LV stocks were prepared, concentrated, and titered
as previously described (Dull et al, 1998; Follenzi & Naldini, 2002;
Petrillo et al, 2018). Briefly, self-inactivating (SIN) LV vectors were
produced using the transfer vector pCCLsin.cPPT.hPGK.eGFP.Wpre,
the packaging plasmid pMDLg/pRRE, Rev-expressing pCMV-Rev
and the VSV-gp envelope-encoding pMD2.VSV-g plasmids. For pseu-
dotyping LV with the mutant baboon retrovirus envelope, the
endogenous feline viral envelope RD114, measles and SARS-CoV2
Spike envelopes, pMD2.VSV-gp was replaced by the BaEV-TR,
RD114, measles and Spike envelopes encoding plasmids during vec-
tor production as previously described (Frecha et al, 2011; Girard-
Gagnepain et al, 2014). The following plasmids encoding SARS-
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CoV2 Spike variants were used: pcDNA3.1_spike_del19, generated
by deletion of last 19aa of spike starting from pcDNA3.1-SARS2-
Spike (a gift from Fang Li, Addgene plasmid # 145032) and is now
available to the scientific community through Addgene (Addgene
#155297), pcDNA3.1-SARS2-Spike-DEL_D614G was obtained from
pcDNA3.1_spike_del19 by insertion of D614G mutation using Quik-
Change II XL Site-Directed Mutagenesis Kit (Agilent), pcDNA3.1-
SARS2-Spike-B.1.1.7_DEL, pcDNA3.1-SARS2-Spike-B.1.351_DEL,
and pcDNA3.1-SARS2-Spike-B.1.351  were obtained from
pcDNA3.1_spike_dell9 by GeneScript mutagenesis service. The
bidirectional LV (Amendola et al, 2013) were used to overexpress
the coding sequence (CDS) of candidate human genes under the
control of the human phosphoglycerate kinase (PGK) promoter and
the eGFP and the minimal cytomegalovirus (mCMV) promoter
forming the antisense expression unit. Bidirectional transfer plasmid
for overexpression of IFITM3 was made by cloning IFITM3 cDNA
sequence into BamHI and Xmal sites. IFITM3 and IFITM1 mutants
were made either by site-directed mutagenesis PCR or designed and
then synthesized by Twin-Helix (specifically IFITM3-4KR, IFITM3-
3KR, IFITM3-A21, IFITM1-3KR, and IFITM3-dimerization mutant).
KO experiments were performed using lentiCRISPR v2, which
encode both Cas9 and RNA guides against the gene of interest as
previously described (Petrillo et al, 2018).

Cells

Cell lines

The human embryonic kidney 293T (HEK293T) and K562 cells were
maintained in Iscove’s modified Dulbecco’s medium (IMDM; Sigma);
human THP1 cells were maintained in Roswell Park Memorial Institute
medium (RPMI; Lonza). All media were supplemented with 10% fetal
bovine serum (FBS; Gibco), penicillin (100 IU/ml), streptomycin
(100 pg/ml), and 2% glutamine. A549 and Vero E6 cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM, Sigma) supplemented
with 10% fetal bovine serum (FBS; Gibco), 1% Nonessential amino
acid (NEAA, Gibco), 1% Sodium Pyruvate (Gibco). Calu3 were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma) supple-
mented with 20% fetal bovine serum (FBS; Gibco), 1% Nonessential
amino acid (NEAA, Gibco), 1% Sodium Pyruvate (Gibco) and 2%
GlutaMAX (Gibco). All cells were maintained in a 5% CO, humidified
atmosphere at 37°C. A549-hACE2 cell lines were generated by lenti-
viral transduction. Lentiviral vectors were produced following a stan-
dard procedure based on calcium phosphate co-transfection with 3
generation helper and transfer plasmids.

Primary cells

Human CD34" HSPC were isolated through positive magnetic bead
selection according to the manufacturer’s instructions (Milteney)
from umbilical cord blood or from mononuclear cells collected upon
informed consent from healthy volunteers according to the Institu-
tional Ethical Committee approved protocol (TIGETO01). Otherwise,
CB, bone marrow (BM) or G-CSF mPB-CD34" cells were directly
purchased from Lonza or Hemacare. All cells were maintained in a
5% CO, humidified atmosphere at 37°C.

Transduction
All cells were transduced at the indicated multiplicity of infection
(MOI) as calculated by titration of vector stocks on 293T cells and
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expressed as transducing units (TU)/293T cell. Cell lines were
transduced with LV for 16 h, washed, and kept in culture until
reading transduction efficiency by flow cytometry. Human CB-
derived HSPC were cultured in serum-free StemSpan medium
(StemCell Technologies) supplemented with penicillin (100 IU/
ml), streptomycin (100 pg/ml), 100 ng/ml recombinant human
stem cell factor (rhSCF), 20 ng/ml recombinant human thrombo-
poietin (rthTPO), 100 ng/ml recombinant human FIt3 ligand
(rhFlt3), and 20 ng/ml recombinant human IL6 (rhIL6; all from
Peprotech) 16-24 h prior to transduction. HSPC were then trans-
duced at a concentration of 1 x 10° cells per milliliter with VSV-
gp-pseudotyped SINLV for 16 h at the indicated multiplicity of
infection (MOI) in the same medium. G-CSF mobilized peripheral
blood CD34" cells were maintained in culture in CellGro medium
(Cell Genix) containing a cocktail of cytokines: 60 ng/ml IL-3,
100 ng/ml TPO, 300 ng/ml SCF, and 300 ng/ml FLT-3L (all from
Cell Peprotech). Transductions were performed with the indicated
dose of vectors for 16 h in the same cytokine-containing medium.
For single-hit reporter LV transductions, cells were washed and
maintained in serum-free medium supplemented with cytokines as
above until the reading of the percentage of positive cells by
FACS. To perform OE, KD, and KO experiments, cells were trans-
duced with the respective LV and then challenged with a second
transduction with or without drugs. Except for primary cells, KD
and KO cells were selected with Puromycin before the second hit
of transduction.

Transduced cells

GFP or BFP expression was measured 5-day post-transduction in
cells transduced with LV or 16 h after Spike-pseudotyped VSV infec-
tion. Calu3 cells were detached using Trypsin—-EDTA (Sigma),
washed, and resuspended in PBS containing 2% FBS. Cells grown in
suspension were washed and resuspended in PBS containing 2%
FBS. 7-aminoactinomycin D (Sigma-Aldrich) was included during
sample preparation according to the manufacturer’s instructions to
identify dead cells.

Flow cytometry

All cytometric analyses were performed using the FACSCanto III
instrument and Cytoflex S instruments (BD Biosciences) and ana-
lyzed with the FACS Express software (De Novo Software).

Viral infection

All infections with SARS-CoV2 viral strains have been performed
under appropriate BSL3 biosafety level containment by trained per-
sonnel, in agreement with Italian regulations (art. 269 del D. Lgs.
81/80, protocol nr. 39 authorized 11.02.2022).

Calu-3 infection with SARS-CoV 2

Calu-3 cells were plated at 5 x 10* cell/well in 48-well plates in
DMEM supplemented with 5% fetal bovine serum (FBS; complete
medium). Twenty-four hours later, SARS-CoV-2 isolate (GISAID
accession ID: EPI_ISL,_413489) was added at multiplicity of infection
(MOI) of 1 in a final volume of 150 ul of medium supplemented
with 2% FBS. The cells were inoculated for 1 h, and then the inoculi
were removed. Five hundred microliter of complete medium was
added. Cell culture supernatants were collected at different time
points postinfection and stored at —80°C until determination of the
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viral titers by a plaque-forming assay in Vero E6 cells and
retrotitration.

THP1 infection with SARS-CoV 2

THP1 cells were plated at 1 x 10° cell/well in 48-well plates in
100 ul in RPMI supplemented with 2% fetal bovine serum (com-
plete medium). After seeding, SARS-CoV-2 isolate (GISAID acces-
sion ID: EPI_ISL._413489) was added at a multiplicity of infection
(MOI) of 0.01. The virus was let adsorb for 1 h, and then 400 pl of
RPMI supplemented with 2% serum was added. Cell culture super-
natants were collected at different time points and stored at —80°C
until determination of the viral titers by a plaque-forming assay in
Vero EG cells.

Calu-3 infection with Zika virus (ZIKV)

Calu-3 cells were plated at 5 x 10* cell/well in 48-well plates in
DMEM supplemented with 5% fetal bovine serum (FBS; complete
medium). Twenty-four hours later, Zika virus PRVABC59 strain
(GenBank Accession #KU501215) was added at multiplicity of infec-
tion (MOI) of 0.1 in a final volume of 150 pl of medium supple-
mented with 2% FBS. After 2 h of infection, inoculi were removed
and 500 pl of complete medium was added. Cell culture superna-
tants were collected at 72-h postinfection and stored at —80°C until
determination of the viral titers by a plaque-forming assay in Vero
EG6 cells and retrotitration.

K562 infection with Zika virus (ZIKV)

K562 cells were plated at 1 x 10° cell/well in 48-well plates in
IMDM supplemented with 2% fetal bovine serum (FBS; complete
medium). Twenty-four hours later, Zika virus PRVABC59 strain
(GenBank Accession #KU501215) was added at multiplicity of infec-
tion (MOI) of 0.1 in a final volume of 150 pl of medium supple-
mented with 2% FBS. After 2 h of infection, inoculi were removed
and 500 pl of complete medium was added. Cell culture superna-
tants were collected at 72-h postinfection and stored at —80°C until
determination of the viral titers by a plaque-forming assay in Vero
E6 cells and retrotitration.

Plaque-forming assay

In order to measure the virus titer of viral stocks of SARS-CoV-2
(GISAID accession ID: EPI_ISL_413489) and ZIKV PRVABC59 strain
(GenBank Accession #KU501215), a plaque-forming assay was opti-
mized in Vero E6 cells. Briefly, confluent Vero cells (1.5 x 10° cell/
well) seeded in 6-well plates (Corning) were incubated in duplicate
with 1 ml of EMEM supplemented with 1% FBS containing 10-fold
serial dilutions of SARS-CoV-2 stock. After either 1 h (SARS-CoV-2)
or 2 h (ZIKV) of incubation, the viral inoculum was removed and
methylcellulose (Sigma; 1 ml in EMEM supplemented with 1% FBS)
was overlaid on each well. After 4 or 6 days of SARS-CoV-2 and
ZIKV incubation, respectively, the cells were stained with 1% crys-
tal violet (Sigma) in 70% methanol. The plaques were counted after
examination with a stereoscopic microscope (SMZ-1500; Nikon
Instruments) and the virus titer was calculated in terms of plaque-
forming units (PFU)/ml.

In order to determine the viral titers of the supernatants collected
from Calu-3 and THP1 cells, confluent Vero cells (2.5 x 10° cell/
well) were seeded in 24-well plates (Corning) 24 h prior to infec-
tion. Then, cells were incubated with 300 pl of EMEM supplemented
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with 1% FBS containing serially diluted (1:10) virus-containing
supernatants. The plaque-forming assay was performed as described
above.

Compounds

Rapamycin (Sigma-Aldrich), MK2206 (SelleckChem), LY294002
(Cell signaling), and Amphotericin B (Sigma-Aldrich) were resus-
pended and stored following the manufacturer’s instructions. Rapa-
mycin was added to the transduction medium at concentration of 8
and 10 uM concomitantly with transduction, MK2206 was added
1 h prior transduction at concentration of 2 uM, LY294002 was
added 24 h before transduction at concentration of 25 pM, and
Amphotericin B was added 1 h prior transduction at 1 pM concen-
tration as in (Lin et al, 2013; Rahman et al, 2020). A wash was
performed 16 or 20 h later. Human IFNa (from pbl assay science
11105-1) prestimulation was performed for 24 h at the indicated
concentration.

Exogenous delivery of PIP3

Phosphatidylinositol 3,4,5-trisphosphate diC16 (Echelon Biosciences
117P-3916) was freshly reconstituted with PBS at 2 mM. Unlabelled
shuttle PIP carrier 2 (histone H1) was freshly reconstituted with
water at 2 mM as per manufacturer instructions (Echelon Biosci-
ences 117P-9C2-1ea). 0.75 pl of PIP3 was mixed to 0.25 pl of PIP
carrier and incubated at room temperature for 10 min. 5 x 10* K562
cells concentrated at 1 x 10°/ml were exposed to 1 pl of PIP3-carrier
complex for 30 min prior to transduction.

RNA extraction, qPCR and gene expression analysis

RNA extraction from cells was performed using the RNeasy micro
Kit or RNeasy Plus micro Kit (QIAGEN) or ReliaPrep RNA Cell Mini-
prep System (Promega). Briefly, cells were lysed in Buffer RLT plus,
supplemented with beta-mercaptoethanol. RNA was then extracted
according to manufacturer’s instructions. The extracted mRNAs
were reverse transcribed (RT) using the SuperScript Vilo kit (11754-
250; Invitrogen). RT-qPCR analyses were performed using TagMan
probes from Applied Biosystems to detect endogenous mRNA levels.
Otherwise, we designed specific primers to quantify the overexpres-
sion of the coding sequence of human IFITM2 and IFITM3 genes
(see table). Q-PCR was run for 40 cycles using the Viia 7 instru-
ment, while the Viia 7 software was then used to extract the raw
data (Ct). To determine gene expression, the difference (ACt)
between the threshold cycle (Ct) of each gene and that of the refer-
ence gene was calculated by applying an equal threshold. Relative
quantification values were calculated as the fold-change expression
of the gene of interest over its expression in the reference sample,
by the formula 242!, The expression was normalized using the
housekeeping gene HPRT1 or GAPDH. Human Tagman probes from
Applied Biosystems were used and reported in Key resource table.

Western blot

Whole-cell extracts were prepared as previously described (Kajaste-
Rudnitski et al, 2006, 2011). Samples were subjected to SDS-PAGE
using Bolt 4-12% Bis-Tris Plus Gels (Thermo Fisher Scientific),
transferred to PVDF membrane by electroblotting, and blotted with
rabbit anti-IFITM3 polyclonal Ab (1:1,000 dilution, proteintech Cat#
11714-1-AP); rabbit anti-IFITM2 polyclonal Ab (1:2,500, proteintech
Cat# 12769-1-AP); mouse anti-IFITM1 monoclonal Ab (1:5,000,
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proteintech Cat# 60074-1-Ig), rabbit anti-ACE2 (1:1,000, Cell Signal-
ing Technology 4355S), rabbit anti-HA tag antibody—ChIP Grade
(1:10,000 Abcam Cat# ab9110), mouse anti-his (1:10,000 Millipore
Cat# 05-909). A mouse monoclonal anti-beta-actin Ab (1:10,000
dilution, Sigma-Aldrich Cat# A2228) was used as a normalizer. After
the incubation with primary antibodies, PVDF membranes were
washed three times with tris-buffered saline (TBS) 0.1% tween 20
for 5 min and then incubated for 1 h with rabbit or mouse IgG sec-
ondary antibodies (1:10,000; GE Healthcare Cat# NA934, GE Health-
care Cat# NA931).

Native PAGE

For native protein extraction, 3 x 10°cells were pelleted for each
condition. Cells were lysed in Native Lysis Buffer (50 mM Tris—
HCl pH 7.5, 150 nM NaCl, 1 mM EDTA, 1% NP-40) in the pres-
ence of Protease cocktail inhibitor (cOmplete™, EDTA-free Prote-
ase Inhibitor  Cocktail, Sigma-Aldrich, catalog number
11873580001). Protein lysates were left rotating on-wheel at 4°C
for 15 min and cleared by 15 min of centrifugation at 4°C at
13,200 (max speed). Protein supernatants were transferred in new
empty tube and quantified as previously described (Kajaste-
Rudnitski et al, 2006, 2011). For Native PAGE, 7% Running
native gel and 4% Stacking native gel were prepared. Before run-
ning the native protein samples, the inner electrophoretic cham-
ber was filled with fresh Native Running Buffer (25 mM Tris,
192 mM Glycin, pH 8.4) with 1% of Deoxycholate (DOC) and the
outer chamber with Native Running Buffer without DOC and the
gel was run empty at 4°C for 30 min at 40 mA. 20-40 pg of pro-
tein diluted in native sample buffer 3x (187.5 mM Tris-HCIl, 45%
Glycerol, 3% DOC, and Bromophenol blue) were run at 4°C for
5 h at 15 mA. Samples were transferred to a Nitrocellulose mem-
brane by electroblotting and blotted with rabbit anti-IFITM3 poly-
clonal Ab (1:1,000 dilution, from proteintech catalog number
11714-1-AP), anti-Vinculin (1:20,000 dilution Millipore) or anti-
beta-actin Ab (1:10,000 dilution, Sigma-Aldrich Cat# A2228) were
used as a normalizer. After the incubation with primary anti-
bodies, membranes were washed three times with tris-buffered
saline (TBS) 0.1% tween 20 for 5 min and then incubated for 1 h
with rabbit or mouse IgG secondary antibodies (1:10,000; GE
Healthcare Cat# NA934, GE Healthcare Cat# NA931).

Immunoprecipitation

For immunoprecipitation of IFITM 3.5-10 million cells were lysed
in RIPA-NP-40 buffer with Phosphatase inhibitor cocktail (PHOS-
STOP, Roche, catalog number 04906837001) and protease inhibitor
cocktail (cOmplete™, EDTA-free Protease Inhibitor Cocktail, Sigma-
Aldrich, catalog number 11873580001). Dynabeads™ Protein G for
Immunoprecipitation (Life Technologies catalog number 100007D)
were prepared according to the manufacturer’s instructions. Ten
microgram of rabbit anti-IFITM3 Ab (from proteintech Cat# 11714-
1-AP) or anti-mouse IgG control were added to the beads and left
in incubation for an O/N with rotation. After cross-linking of the
antibody to the Dynabeads (Thermo Fisher reagents Cat# 21580),
1 mg of proteins lysate was mixed to the Dynabeads-Ab complex.
After an O/N incubation in rotation at 4°C, beads were washed
according to the manufacturer’s instructions. IFITM3 and IgG con-
trol were eluted with elution buffer premixed with NuPAGE LDS
Sample Buffer (Thermo Scientific catalog number B0007) and
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NuPAGe samples Reducing Agent (Thermo Scientific catalog num-
ber B0009) and examined with Western blotting by standard
procedures.

Mass spectrometry

The entire lanes were excised from the SDS-gel and cut into small
pieces. Proteins’ disulfide bridges were reduced by using 10 mM
DTT in 100 mM NH4HCO; at 56°C for 55 min and successively
alkylated by using 55 mM iodoacetamide in 100 mM NH4HCO; for
20 min at the room temperature. Proteins were digested with tryp-
sin (0.1 pg/pl in 100 mM NH,4HCO;) and incubated at 37°C over-
night. After digestion, peptides were extracted from the gel pieces
using 95% acetonitrile and 5% formic acid. Extracted peptides
were dried and purified using the StageTip procedure (Rappsilber
et al, 2003). Digested samples were injected onto a quadrupole
Orbitrap Q-exactive HF mass spectrometer (Thermo Scientific).
Peptide separation was achieved on a linear gradient from 95%
solvent A (2% ACN, 0.1% formic acid) to 55% solvent B (80%
acetonitrile, 0.1% formic acid) over 42 min and from 55 to 100%
solvent B in 3 min at a constant flow rate of 0.25 pl/min on
UHPLC Easy-nLC 1000 (Thermo Scientific) where the LC system
was connected to a 23-cm fused-silica emitter of 75 pm inner
diameter (New Objective, Inc. Woburn, MA, USA), packed in-
house with ReproSil-Pur C18-AQ 1.9 pm beads (Dr Maisch Gmbh,
Ammerbuch, Germany) using a high-pressure bomb loader
(Proxeon, Odense, Denmark). The mass spectrometer was operated
in DDA mode as described previously (Matafora et al, 2017).
Dynamic exclusion enabled (exclusion duration = 15 s), MS1 reso-
lution = 70,000, MS1 automatic gain control target = 3 x 106, MS1
maximum fill time = 60 ms, MS2 resolution = 17,500, MS2 auto-
matic gain control target = 1 x 10°, MS2 maximum fill
time = 60 ms, and MS2 normalized collision energy = 25. For each
cycle, one full MS1 scan range = 300-1,650 m/z was followed by
12 MS2 scans using an isolation window of 2.0 m/z. All raw files
were processed using MaxQuant (Cox & Mann, 2008; Version
1.6.0.16) against a  uniprot-complete  proteome_HomoSa-
piens_2019_database where the sequence of 4KR mutant IFITM3
was added. Carbamidomethylation was set as fixed modification
while methionine oxidation and N-terminal acetylation were
searched as variable modifications. Statistical analysis was done in
Perseus (Tyanova et al, 2016) using two-sample t-test with
Benjamini-Hochberg correction set at FDR < 0.05.

Immunofluorescence microscopy

5 x 10* THP1, K562 or CBCD34" cells were seeded in Multitest slide
glass 10-well 8 mm (from MP Biomedicals) precoated with poly-L-
lysine solution (Sigma-Aldrich) for 20 min while Calu3 were seeded
in multitest slide glass 10-well 8 mm (from MP Biomedicals) 1 day
before fixation. Cells were fixed with 4% paraformaldehyde (in 1x
PBS) for 20 min at room temperature, washed with 1x PBS, and
permeabilized with 0.1% Triton X-100 for 20 min at room tempera-
ture. For blocking nonspecific sites cells were incubated 30 min in
PBG (5% BSA, 2% gelatin from cold water fish skin, from Sigma-
Aldrich) and then stained for 2 h at room temperature or 16 h at
4°C with rabbit anti-IFITM3 polyclonal antibody (1:200 dilution
from proteintech catalog number 11714-1-AP), rabbit anti-IFITM2
polyclonal Ab (1:200, proteintech Cat# 12769-1-AP); mouse anti-
IFITM1 monoclonal Ab (1:100, proteintech Cat# 60074-1-Ig), rabbit
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anti-ACE2 (1:100, Cell Signaling Technology 4355S), rabbit anti
hTMPRSS2 (1:200, Sino Biological Cat#204314-T08), mouse anti-
LAMP1 monoclonal antibody (1:100 dilution from Abcam [H4A3]
(ab25630)), goat anti-LAMP1(1:100 dilution from Abcam
cat#ab2245). After three washes with 1x PBS, cells were incubated
with donkey anti-Rabbit IgG, AlexaFluor 488 or 555 (1:500 dilution
from ThermoFisher Scientific Cat# A-21206, A-31572), anti-mouse
IgG, AlexaFluor 647 (1:500 dilution from Thermo Fisher Scientific
catalog number A-31573) and anti-goat IgG, AlexaFluor 647 (1:500
dilution from Abcam catalog number Ab150155) for 1-2 h at room
temperature. Nuclei were stained with DAPI (4',6-diamidino-2-
phenylindole; 10236276001, Roche, Basel, Switzerland) for 5 min at
room temperature. Images were recorded using the TCS SPS5 Leica
confocal microscope, 60% with oil.

Proximity ligation assay

Proximity ligation assay was performed using the Duolink PLA Fluo-
rescence protocol following manufacturer’s instructions. In brief,
5 x 10* THP1 or K562 were seeded in Multitest slide glass 10-well
8 mm (from MP Biomedicals) precoated with poly-L-lysine solution
(Sigma-Aldrich) for 20 min. Cells were fixed with 4% paraformalde-
hyde (in 1x PBS) for 20 min at room temperature, washed with 1x
PBS and permeabilized with 0.2% Triton X-100 for 30 min at room
temperature. Blocking was performed for 1 h. After a wash with
PBS cells were incubated for 16 h at 4°C with rabbit anti-HA tag
antibody - ChIP Grade (1:1,000 Abcam Cat# ab9110), mouse anti-his
(1:1,000 Millipore Cat# 05-909), mouse Purified Anti-PtdIns(3,4,5)
P3 IgG (Echelon Cat# Z-P345B-2). A step of PLA probe incubation,
ligation, and amplification were followed according to the manufac-
turer’s instructions. After some washing steps, slide was mounted
and PLA foci were recorded using the TCS SP5 Leica confocal micro-
scope, 60x with oil.

Bioinformatic analysis

IFITM3 sequences alignment

IFITM3 protein sequences from other species were collected from
orthologues of the human IFITM3 gene using gene annotations from
the RefSeq database including representative species from mammals,
birds, and fish. The Refseq protein accessions were used to retrieve
the amino acid sequences of the proteins from the different species
analyzed: NP_001185686.1 (Pan troglodytes), NP_079654.1 (Mus
musculus), NP_001129596.1 (Rattus norvegicus), NP_001188311.1
(Sus scrofa), NP_001071609.1 (Bos taurus), NP_001336988.1 (Gallus
gallus), and NP_001170783.1 (Danio rerio). Alignment of the amino
acid sequences was performed using the Clustal Omega tool (version
1.2.4) with default settings (Sievers et al, 2011). Protein domains
were retrieved using the InterPro database (Hunter et al, 2009). The
multiple sequence alignment and the protein domains were then
viewed and edited using Jalview (version 2) alignment software
(Waterhouse et al, 2009). Residue conservation was calculated as a
numerical index reflecting the conservation of physicochemical
properties for each column of the alignment as previously described
(Livingstone & Barton, 1993). Conservation is visualized on the
alignment or as a histogram giving the score for each column. Con-
served columns have the highest score and are indicated by a “*”,
and columns with mutations where all properties are conserved are
marked with a “+”.
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RNA sequencing

Total RNA was extracted with the RNeasy Plus Micro kit (Qiagen)
according to the manufacturer’s indications. RNA integrity was ana-
lyzed with the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Libraries, prepared starting from 100 ng of total
RNA/sample with the [llumina TruSeq RNA Sample Prep kit v2 pro-
cedure, were quantified by the Qubit BR assay (Life Technologies,
Illkirch, France) and the Agilent 2100 Bioanalyzer. Sequencing was
performed on the Illumina HiSeq 2500 platform using SBS 2x100PE
protocol. Short reads were aligned to hgl9 reference genome using
STAR aligner (v 2.4; Dobin et al, 2013). Genes were quantified using
Rsubread package (Liao et al, 2019) using GENCODE v19 gene defi-
nition (Harrow et al, 2012). Counts were normalized using TMM
approach (Oshlack et al, 2010), and genes with less than 1 count
per million in at least three samples were excluded from the analy-
sis. Differential gene expression analysis was performed by the R/
Bioconductor packages DESeq2 (Love et al, 2014) comparing
responder (CD34" and THP1 cells) versus nonresponder cells (K562
cells). Genes with adjusted P-values < 0.05 were considered differ-
entially expressed. A functional enrichment analysis of Gene Ontol-
ogy (GO) terms was performed on the lists of significantly
upregulated differentially expressed genes using the R/Bioconductor
package clusterProfiler (Wu et al, 2021) version 4.2.1. Enriched
terms with an adjusted P-value < 0.05 were considered statistically
significant. Heatmaps were generated using the R package pheatmap
(https://CRAN.R-project.org/package = pheatmap).

MS analysis

Gene ontology (GO) enrichment analysis was performed on the list
of differentially interacting genes upregulated in IFITM3-WT in com-
parison with 4KR-IFITM3 using the R/Bioconductor package cluster-
Profiler (Wu et al, 2021) version 4.2.1. Enrichment P-values were
corrected for multiple testing using FDR and considered statistically
significant if less than 0.05. Heatmap was generated using R/
Bioconductor package ComplexHeatmap (Gu et al, 2016) version
2.0.0.

The list of FITM3-WT upregulated interactors and their corre-
sponding functional terms identified at the previous step was
imported into Cytoscape (version 3.9.0; http://www.cytoscape.org;
Shannon et al, 2003) for network visualization. The significant
terms were clustered into functional modules, and the connectivity
among related terms was constructed using Jaccard similarity coeffi-
cients; the edge thickness is proportional to the Jaccard coefficient
between one term and all the other terms.

Lipidomics

For untargeted lipidomics analyses, samples were processed as
described, over an ACQUITY HSS T3 column and high-resolution
MS2 analyses via a Vanquish UHPLC coupled to a Q-Exactive orbi-
trap instrument (Thermo Fisher, Bremen, Germany).

Intersecting IFITM3 interactors with public data

IFITM3-WT interactors identified in the previous step were inter-
sected with public datasets considering the following viral interac-
tome datasets: Zika virus (Coyaud et al, 2018; Gurumayum
et al, 2018); Influenza virus (Tripathi et al, 2015; Wang et al, 2017),
West Nile virus (Li et al, 2019b), Hepatitis C virus (HCV; Kwofie
et al, 2011), Dengue virus (Mairiang et al, 2013), and Ebola virus
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(Batra et al, 2018), a curated database for host-pathogen interac-
tions HPIDB version 3.0 (Ammari et al, 2016), ISG interactors
(Hubel et al, 2019) and identified vORF targets (Pichlmair
et al, 2012). Interactors from different datasets were mapped using
ENSEMBL database to the UniProt accession codes of reviewed
human protein sequences. Significance of the overlap between one
of the defined groups and the external sets was determined by Fish-
er’s exact test and against the remaining human proteome back-
ground. Venn diagrams were generated using R package
VennDiagram (Chen & Boutros, 2011) version 1.6.20. Barplot was
produced using R package ggplot2.

Statistical analysis

All statistical analyses were conducted with GraphPad Prism 9 ver-
sion. In all studies, values are expressed as mean =+ standard error
of the mean (SEM) and all n numbers represent biological repeats.
Statistical analyses were performed as indicated in the figure leg-
ends. For WB quantifications, signal was quantified by densitometry
using the ImageJ software and normalized to actin. For IF quantifi-
cation, signal was measured using the ImageJ software and normal-
ized to number of cells. n represents the number of biological
replicates performed. Differences were considered statistically signif-
icant at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, “ns”
represents nonsignificance.

Data availability

RNA-seq data have been deposited to ArrayExpress (https://www.
ebi.ac.uk/biostudies/arrayexpress) with the following accession
number: E-MTAB-6598 (http://www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-6598). Lipidomics datasets have been depos-
ited to Metabolomics Workbench and assigned the study ID
ST002413 (https://www.metabolomicsworkbench.org/data/
DRCCMetadata.php?Mode = Study&StudyID = ST002413). Prote-
omics data have been deposited to the PRIDE repository, pro-
ject accession: PXD038896 (https://www.ebi.ac.uk/pride/
archive?keyword = PXD038896).

Expanded View for this article is available online.
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