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A B S T R A C T

Interferon-inducible transmembrane protein 3 (IFITM3) inhibits influenza virus infection by blocking viral
membrane fusion, but the exact mechanism remains elusive. Here, we investigated the function and key region of
IFITM3 in blocking influenza virus entry mediated by hemagglutinin (HA). The restriction of IFITM3 on HA-
mediated viral entry was confirmed by pseudovirus harboring HA protein from H5 and H7 influenza viruses.
Subcellular co-localization and immunocoprecipitation analyses revealed that IFITM3 partially co-located with
the full-length HA protein and could directly interact with HA2 subunit but not HA1 subunit of H5 and H7 virus.
Truncated analyses showed that the transmembrane domain of the IFITM3 and HA2 subunit might play an
important role in their interaction. Finally, this interaction of IFITM3 was also verified with HA2 subunits from
other subtypes of influenza A virus and influenza B virus. Overall, our data demonstrate for the first time a direct
interaction between IFITM3 and influenza HA protein via the transmembrane domain, providing a new
perspective for further exploring the biological significance of IFITM3 restriction on influenza virus infection or
HA-mediated antagonism or escape.
1. Introduction

Interferon-inducible transmembrane (IFITM) proteins are a family of
small transmembrane proteins that localize in the plasma and endoly-
sosomal membranes and inhibit viral infections by impeding virus entry
and reducing the production of infectious virions (Y�anez et al., 2020;
Marziali and Cimarelli, 2021; Majdoul and Compton, 2022). Among
them, IFITM3 is a conserved cellular transmembrane protein (133 amino
acids) which resides in late endosomes and lysosomes and inhibits fusion
of various enveloped viruses by blocking formation of fusion pores at the
post-hemifusion stage (Coomer et al., 2021; Majdoul and Compton,
2022). Based on the proximity principle of IFITM3 inhibition (Suddala
et al., 2019), the possible mechanisms of IFITM3 that block the viral
membrane fusion include: firstly, IFITM3 might establish a barrier “hand
in hand” to block the entry of the virus (Winkler et al., 2019); secondly,
IFITM3 can incorporate into the nascent viral particles (Compton et al.,
2014; Spence et al., 2019), which results in weakened viral infection, but
-guhong@163.com (S. Du), licha

s by Elsevier B.V. on behalf of KeA
-nd/4.0/).
this remains controversial or divisive (Foster et al., 2016); thirdly,
IFITM3 limits viral fusion by affecting the membrane fluidity and/or
cholesterol transport or biosynthesis (Amini-Bavil-Olyaee et al., 2013;
Lin et al., 2013; Nm et al., 2017), but this also remains controversial.
Even vesicle-associated membrane protein-associated protein A (VAPA)
has shown direct interaction with IFITM3, which is difficult to reveal the
mechanism of its antiviral activity (Amini-Bavil-Olyaee et al., 2013).

Currently, there are four influenza types in nature, influenza viruses A
to D, among which influenza A virus (IAV) is the most virulent pathogen,
causing severe disease in humans, domestic poultries, birds, and animals.
IAVs have evolved into several serotypes based on the surface glyco-
proteins (hemagglutinin, HA) and neuraminidase (NA) (Hay et al., 2001;
Tong et al., 2013). HA protein is the receptor-binding glycoprotein and
exists on the surface of virus particles as trimer. HA protein consists of
HA1 and HA2 subunits. The virus-membrane-distal HA1 head is respon-
sible for receptor binding and HA2 subunit anchors to the viral membrane
to be responsible for the fusion of the viral envelope with the endosomal
ng78@163.com (C. Li).
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membrane (Wagner et al., 2002; Nayak et al., 2004; Floyd et al., 2008;
Hamilton et al., 2012; Boonstra et al., 2018). However, the molecular
mechanism and action mode of IFITM3 to prevent viral fusion mediated
by HA protein are not yet clear.

At present, the importance of the IFITM3-mediated inhibition of IAV
infection in vitro and in vivo has been demonstrated through the associ-
ation of its polymorphism with the severity of IAV disease in human
infection (Everitt et al., 2012; Wellington et al., 2019; Ren et al., 2020)
and the relevance of Ifitm3 knockout with the increased the morbidity
and mortality in mice infection (Bailey C.C. et al., 2012; Kenney et al.,
2019; Sun Q. et al., 2020). Nonetheless, the molecular mechanism of
IFITM3 restricts viral fusion is still under investigation. Recent study
have shown that the incorporation of IFITM3 into influenza virus parti-
cles reduces the HA protein on virus particle surface, making the virus
more sensitive to neutralizing antibodies (Lanz et al., 2021). IAV infec-
tion induces IFITM3 clustering and localization to endosomal vesicles in
primary human airway epithelial cells not just an increase in its abun-
dance, resulting into the formation of IFITM3-coated and IAV-carrying
vesicles, to efficiently block IAV infection (Kummer et al., 2019; Sud-
dala et al., 2019). These studies support the notion that IFITM3 oligomers
inhibit viral-cell fusion by IFITM3-IFITM3 interaction or promoting
membrane rigidity (Winkler et al., 2019; Rahman et al., 2020; Guo et al.,
2021). And zoonotic H5N1 and H7N9 viruses escape IFITM3 restriction
with a relatively high pH optimum of fusion in endothelial cells,
providing a correlation between the IFITM3 inhibition and HA stability
(Hensen et al., 2019). In addition, post-translational modifications of the
conserved residues and some important motifs on IFITM3 such as
N-terminal YEML motif, a GxxxG motif, the conserved cysteine residues,
F75 and F78, are the prerequisites for its antiviral activity (Chesarino
N.M. et al., 2017; Mcmichael et al., 2017; Huang D. L. et al., 2020;
Rahman et al., 2020).

In this study, the mechanism of IFITM3 restriction on HA-mediated
viral entry was further explored. Also, whether IFITM3 had direct
interaction with HA proteins derived from representative isolates of
different serotypes was investigated. The HA subunit and domains, which
involved in IFITM3-mediated restriction of influenza virus were further
determined. The key domain of IFITM3 interacts with the HA was also
verified. In addition, the interaction between IFITM3 and other subtypes
of influenza was also investigated. Our data provide important insights
into the function of IFITM3 against influenza infection.

2. Materials and methods

2.1. Cells

HEK293 (GNHu 43), HEK293T (SCSP-502), HeLa (TCHu187) and
MDCK (ATCC: CCL-34) cells were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum. A549 cells (SCSP-503) were maintained in Ham's F-12K
(Kaighn's) medium (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, USA) and 1% penicillin-streptomycin (Solarbio,
China), and used to generate the IFITM3-knockdown cells by the tar-
geting short hairpin RNA (shRNA). HEK293, HEK293T, HeLa and A549
cells were donated by Stem Cell Bank, the Chinese Academy of Sciences.
MDCK cells were kindly donated by Professor Ningyi Jin. The inducible
IFITM3-expressing MDCK and HEK293 cells (MDCK-Tet3G-IFITM3 and
HEK293-Tet3G-IFITM3) were generated based on the Tet-On3G system
as described previously (Cao et al., 2017).

2.2. Plasmid construction

For preparing the HA-pseudotyped virus, the full-length HA gene
fragments were amplified from the viral cDNA of avian influenza virus
H5N1 (A/chicken/Jilin/9/2004 strain) and influenza virus H7N9 (A/
Shanghai/4664T/2013) and then inserted into the eukaryotic expression
vector pcDNA3.1 (þ) (ThermoFisher Scientific, USA).
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For intracellular localization and interaction analysis, the human
IFITM3 gene and its truncated domains NTD, IMD-CIL, and CIL-TMD that
were fused with EGFP at the C-terminus were cloned into the pEGFP-N1
vector, and the IFITM3 that was fused with either mCherry or Flag tag at
the C-terminus was cloned into the pmCherry-N1 or pVAX1 vector. The
full-length HA (H5 and H7) gene and their truncated fragments encoding
HA1 (H51 and H71) subunits fused with an EGFP at the C-terminus were
cloned into the pEGFP-N1 vector. Also, the HA gene fragments encoding
HA2 (H52 and H72) subunits and the truncated domains ΔFP_HA2
(lacking the fusion peptide), ΔTM_HA2 (without the transmembrane
domain), and stalk region (including a three-fold axis without FP and TM
domains) fused with a mCherry tag at the C-terminus were constructed
based on the pmCherry-N1 vector. All plasmids were verified by DNA
sequencing.
2.3. Pseudotyped virus production and infection

To generate influenza A virus HA pseudotyped virus, HEK293T cells
were transfected with a three-plasmid mix of the luciferase reporter
vector pLentiCMV-Luc2, pCMV-dR8.2-dvpr packaging vector, and
pcDNA3.1-H5 or H7 encoding influenza virus envelope glycoproteins or
VSV-G protein expression plasmid to produce pseudotype viruses. Ac-
cording to the protocol, the pseudoviruses were then harvested for 48 h
after transfection and titrated with the Lenti-X qRT-PCR Titration Kit
(Takara, Japan). For HA-pseudotyped virus entry assays, Dox or DMSO
pre-treated MDCK- or HEK293-Tet3G-IFITM3 cells were infected with
the pseudoviruses (MOI ¼ 1.0) for 48 h and then were washed and lysed
for detecting luciferase signal (relative luciferase units or RLU) with
ONE-Glo™ luciferase assay system (Promega, USA) according to the
instructions.
2.4. Membrane Protein Isolation

The plasma membrane protein was isolated using the Minute Plasma
Membrane Isolation kit according to the manufacture's instructions (In-
vent Biotechnologies, USA). In brief, the cells were collected and resus-
pended with lysis buffer A supplemented with Complete™ EDTA-free
Protease Inhibitor Cocktail (Roche, #4693116001, Switzerland). The
total membrane proteins, including organelles and plasma membrane,
were isolated by centrifugation and further analyzed by Western blotting
with the indicated antibodies.
2.5. Western blotting

The PBS-washed cells were lysed by Cell lysis buffer (Beyotime,
China) with 1% Complete™ EDTA-free protease inhibitor cocktail
(Roche, #4693116001, Switzerland) and 1 mmol/L PMSF (Beyotime,
China) on ice for 15 min. A certain amount of cell lysates was separated
by SDS-polyacrylamide gel electrophoresis and then transferred onto
nitrocellulose membranes (Millipore, Germany). The membranes were
probed with appropriate primary antibodies and horseradish peroxidase-
conjugated goat anti-rabbit or mouse IgG (Beyotime, China). The protein
bands were detected by Western blotting HPR substrate (Millipore,
Germany) using the FluorChem imagers (Protein-simple, USA).

The primary antibodies used in this study include Rabbit polyclonal
anti-IFITM3 (Proteintech, Cat# 11714-1-AP, USA), FLAG-tag Polyclonal
Antibody (MultiSciences, Cat# ab30107, China), β-Actin Mouse mAb
(MultiSciences, Cat# ab008, China), Anti-HA (H5N1) (Avian) (Immune
Technology, Cat# IT-003-006, USA), Anti-HA (H7N9) (A/Shanghai/1/
2013) (Immune Technology, Cat# IT-003-0073M1, USA), Anti-EGFP
antibody (F56-6A1.2.3) (Abcam, Cat# ab184601, UK), Anti-mCherry
antibody (Abcam, Cat# ab167453, UK), GAPDH (14C10) Rabbit mAb
(Cell Signaling Technology, Cat# 2118, USA), and Myc-tag Polyclonal
Antibody (MultiSciences, Cat# ab30104, China). The secondary anti-
bodies used in this study include Goat Anti-Rabbit IgG (HRP) (Beyotime,
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Cat# A0208, China) and Goat Anti-Rabbit IgG (HRP) (Beyotime, Cat#
A0216, China).

2.6. Co-immunoprecipitation (Co-IP)

For co-immunoprecipitation, the HEK293T cells were co-transfected
with two expression plasmids of EGFP-fused protein and mCherry-
fused protein or Flag-fused protein for 48 h. The cells were collected
and washed twice with cold 1 � PBS and then lysed in the IP lysis buffer
(Beyotime, China) for 30 min on ice. The lytic supernatants were incu-
bated with agarose beads by covalently coupling to anti-EGFP or anti-
mCherry Alpaca single-molecule nanoantibodies (AlpaLife, China)
overnight at 4 �C to isolate the immune complexes. The beads were then
washed thrice with cold lysis buffer before immunoprecipitation com-
plexes were resuspended with 1 � SDS loading buffer, separated by SDS-
PAGE, and then immunoblotted with specific antibodies.

2.7. Confocal microscopy

The cells were cultured on glass coverslips (Solarbio, China) for the
indicated treatment concentrations, then fixed in 4% paraformaldehyde
and PBS for 30 min, and then permeabilized with 0.25% Triton X-100
according to the specific requirement. The nuclei were stained with DAPI
(Invitrogen, USA). The images were taken under a fluorescence micro-
scope or the Leica TCS SP8 confocal microscope.

2.8. Statistics and reproducibility

All experiments were repeated at least three times unless otherwise
stated. The data were presented as means � standard deviation (SD).
Statistical analyses were performed using the SPSS 13.0 and GraphPad
Prism 9 software. All presented micrographs are representative images of
three representative experiments as indicated in the Fig legends. For
quantitative data of the indicated experiments, the P-values between the
two groups were determined using an unpaired t-test. Furthermore, one-
way ANOVA was used for results encompassing multiple groups. The P
values of less than 0.05 between the two groups were considered
significant.

3. Results

3.1. Hemagglutinin-mediated viral entry is restricted by IFITM3

HA acts as a homotrimer when present on the viral surface that un-
dergoes a conformational change in the low pH environment of the en-
dosome, resulting in the exposure to fusion peptides to trigger the fusion
of the viral envelope and endosomal membrane (Floyd et al., 2008;
Boonstra et al., 2018). In this process, IFITM3 functions as a restriction
(Suddala et al., 2019), but the mechanism remains unclear. To confirm
whether HA-mediated viral entry was restricted by IFITM3,
IFITM3-knockdown A549, IFITM3-overexpressing MDCK or HEK293 cell
lines were infected with H5 or H7 pseudotyped viruses, respectively. As
shown in Fig. 1A, knockdown of IFITM3 markedly increased
H5-mediated virus entry in pseudoviruses infection. And, infection
analysis of H5 or H7 pseudotyped viruses showed that when compared
with DMSO treated cells, luciferase production was inhibited in
Dox-induced IFITM3 expression cells (Fig. 1B and C), indicating that the
induced IFITM3 inhibited the HA-mediated viral entry in MDCK or
HEK293 cells.

3.2. IFITM3 partially co-locates with full-length HA and binds HA
conditionally

Previous study showed that IFITM3 hinders fusion pore formation
(Desai et al., 2014). However, whether IFITM3 can interact with HA
protein was unknown. The recombinant plasmids encoding IFITM3
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tagged with C-terminal mCherry (IFITM3-mCherry) and EGFP-fused HA
in C-terminal (H5-EGFP and H7-EGFP) were constructed to investigate
the co-localization and interaction of IFITM3 and HA using laser confocal
microscope and immunoprecipitation analysis. Co-localization analysis
revealed that the fluorescently labeled IFITM3 showed partial co-location
with HA in HEK293T cells (Fig. 1D). In addition, the immunoblotting
analysis showed that in contrast with a single and complete band of
H7-EGFP, H5 fused with EGFP might be cleaved by post-translation in
HEK293T cells (Fig. 1E), and this was probably related to the strength of
the proteolytic cleavage sites (Russell et al., 2018). The interaction of
IFITM3 and HA was further investigated via immunoprecipitation anal-
ysis based on the co-expression of IFITM3-mCherry with H5-EGFP or
H7-EGFP in cells. The results showed that IFITM3-mCherry could capture
H5-EGFP but not H7-EGFP by anti-mCherry antibody-bound beads
(Fig. 1F and G). Altogether, our results demonstrate that IFITM3 partially
co-locates with full-length HA and binds HA conditionally in case of
exogenous expression, which may be related to HA cleavage strength.

3.3. IFITM3 interacts with HA2 subunit of H5 and H7 subtypes

The HA0 protein undergoes post-translation modification during the
virus replication cycle for cleaving into two distinct subunits, HA1 and
HA2 (Fig. 2A), linked by disulfide bonds (Russell et al., 2018). On the
surface of influenza viral particles, HA protein exists in a metastable
state, forming a homotrimer of disulfide-linked heterodimers that was
composed of the receptor-binding subunit (HA1) and the membrane
fusion subunit (HA2) (Fig. 2B). In the late endosomes, the HA protein
undergoes conformational changes, resulting in the exposure of fusion
peptides near the N-terminus of HA2, which will then be inserted into the
endosomal membrane and interact with the transmembrane domain near
the C-terminus of HA2 to facilitate pore formation (Lai and Freed, 2015;
Chang et al., 2008). Therefore, we speculated a possibility of interaction
between IFITM3 and HA2 subunits. To further investigate our hypothesis,
the recombinant expression plasmids encoding Flag-tagged IFITM3
(IFITM3-Flag), EGFP-fused HA1 (H51-EGFP and H71-EGFP), or
mCherry-fused HA2 (H52-mCherry and H72-mCherry) were first con-
structed and identified to express the corresponding target protein. The
location analysis in HeLa cells showed that fluorescent probe fused H52
or H72 subunit was co-localized with Rab7 and LAMP1, almost
completely co-localized with LAMP1 (Fig. 2C), indicating that the
exogenous expressed H52 and H72 subunits are located mainly in the late
endosomal and lysosomal compartments. Moreover, the localization
analysis of IFITM3-EGFP and H52-mCherry or H72-mCherry proteins
showed that the IFITM3 was co-localized with the H52 or H72 subunit
(Fig. 3A).

Next, to evaluate whether direct interaction occurs between IFITM3
and HA2 subunit, the membrane protein mixture of IFITM3-EGFP and
H52-mCherry or H72-mCherry was isolated for immunoprecipitation
with an anti-EGFP tag to avoid the interference of other cytoplasmic
proteins (Fig. 3B). Despite some uncertain protein interference, IFITM3
could capture H52 or H72 subunit in the membrane protein extracts
(Fig. 3C). In contrast, co-immunoprecipitation analysis of IFITM3-Flag
with H51 or H71-EGFP revealed that H51 or H71 could not capture
IFITM3 protein via anti-EGFP tag, demonstrating no direct interaction
between IFITM3 and HA1 subunit (Fig. 3D). Together, the above results
supported that IFITM3 interacts with the HA2 subunit of HA, whichmight
be a novel mechanism of IFITM3 restriction to viral membrane fusion.

3.4. The interaction between IFITM3 and HA2 subunit is mediated by
binding to the transmembrane region of HA

HA2 subunit consists of FP, Hairpin 1 (Hp-1), helix A (H-A), Loop B (L-
B), helix C (H–C), and helix D (H-D), Hairpin 2 (Hp-2), TMD and C-ter-
minal (Fig. 2A) (Skehel andWiley, 2000). To determine which domain of
the HA2 subunit was responsible for interacting with IFITM3, the HA2
chain was then fragmented and cloned into the expression vector
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Fig. 1. Sensitivity of HA-pseudotyped viruses to IFITM3. A Quantitation of H5-pseudoviruses infection by determining luciferase activity in cell lysates. A549-
shIFITM3 or -shNCon cells were infected with pseudoviruses (1 � 105 TCID50/mL) harboring H5 for 48 h. B–C Quantitation of H5N9 or H7N9 pseudoviruses
entry by determining luciferase activity in cell lysates. MDCK-Tet3G-IFITM3 (B) and HEK293-Tet3G-IFITM3 (C) cells (2 � 104 cell/well, 96-well plate) treated with
Dox or DMSO (5 μg/mL) were inoculated with pseudotyped viruses harboring H5 or H7 (MOI ¼ 1.0) for 48 h. The data are presented as means � SD (n ¼ 6). D Co-
localization of IFITM3 and hemagglutinin (HA). The plasmids expressing IFITM3-mCherry and H5-EGFP or H7-EGFP were co-transfected (2 μg/well each plasmid, 6-
well plate) into HEK293T cells for 48 h, and the cells were fixed for imaging analysis by laser confocal microscope (63�, oil). E Western blotting analysis of the
expression of C-terminally EGFP-tagged HA (H5-EGFP and H7-EGFP) using an anti-EGFP antibody, and β-actin acts as the loading control. F-G Interaction analysis of
IFITM3 with H5 (C) or H7 (D) by anti-mCherry co-immunoprecipitation (Co-IP). The HEK293T cells were transfected with the indicated plasmids for 48 h before Co-
IP, and mCherry was used as a negative control. The lysates and immunoprecipitates were detected by Western blotting with the indicated antibodies. The experiments
were repeated twice and yielded similar results. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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pmCherry-N1 to encode various fragments with the C-terminally
mCherry tag (Fig. 4A). The intracellular localization analysis of HA2
fragments in HeLa cells showed that ΔFP_HA2 fragments lacked FP but
included the TM domain that was resided in late endosomal and lyso-
somal organelles by eco-labeling with markers Rab7 and LAMP1 (Fig. 4B,
upper panels), and this was similar to the wild-type HA2 subunit. How-
ever, the absence of the TM domain resulted in the disappearance of this
localization (Fig. 4B, lower panels). Moreover, the fluorescent IFITM3
had almost complete co-localization with ΔFP_H52 or ΔFP_H72 fragment
that lacked the fusion peptide but included TM domain but less
co-location with ΔTM_H52 or ΔTM_H72 fragment lacking TM domain but
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including FP (Fig. 4C), providing a space basis for IFITM3 to kidnap the
TM domain of HA. In immunoprecipitation analysis, IFITM3-EGFP
demonstrated a strong binding affinity to the ΔFP_H52 or ΔFP_H72
fragment lacking fusion peptide, but including the stalk domain trans-
membrane domain, and conversely, EGFP has no binding activity
(Fig. 4D). In addition, IFITM3-EGFP showed a faint binding to ΔTM_H52
or ΔTM_H72 fragment that lacked the transmembrane domain but
included fusion peptide and stalk domain (Fig. 4D). However, the stalk
fragment of the HA2 subunit was not responsible for their interaction
(Fig. 4E). Altogether, these results demonstrated a specific interaction
between IFITM3 and the transmembrane domain of the HA2 subunit.



Fig. 2. Subcellular localization analysis of HA2 subunit in late endosomes. A Schematic diagram of HA. HA precursor is divided into two subunits by proteolytic
cleavage. HA2 contains fusion peptide (FP), stem region (stalk), transmembrane domain (TM), and C-terminus. B Schematic diagram of HA on the surface of influenza
virus particles. C Localization of H52 or H72 subunit. HeLa cells were co-transfected with the plasmids which expressing H52- or H72-mCherry and Rab7-EGFP or
LAMP1-EGFP (2 μg/well each plasmid, 6-well plate), followed by imaging analysis by laser confocal microscope (63�, oil).
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3.5. Transmembrane domain of IFITM3 is responsible for its interaction
with the HA2 subunit

The feature of IFITM3 topology contains five domains: a cytosolic N
terminus (NTD), an intramembrane domain (IMD), a cytosolic conserved
intracellular loop (CIL) domain, a transmembrane domain (TMD) and
extracellular C terminus (CTD) (Fig. 5A) (Y�anez et al., 2020). The IMD
and CIL domains are highly conserved to form the CD225 domain (John
et al., 2013). Each domain and the correct subcellular localization of
IFITM3 are key factors of its antiviral activity (Rahman et al., 2020). So, it
is still a question about which domain is involved in its interaction with
the HA2 subunit. To answer this question, a series of EGFP-tagged
IFITM3-truncated mutants were constructed to encode various frag-
ments with C-terminally EGFP (Fig. 5A). Also, the EGFP-fused NTD and
CIL-TMD fragments were highly expressed, while IMD-CIL-EGFP
expression was slightly lower (Fig. 5B). After that, mCherry-tagged
HA2 subunit with NTD, IMD-CIL, and CIL-TMD fragments was
expressed in HEK293T cells, and the expression of the interest proteins
was detected with anti-mCherry or EGFP antibodies by Western blotting
(Fig. 5C and D). Immunoprecipitation analyses demonstrated that
mCherry-tagged H52 and H72 have efficiently co-precipitated with
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CIL-TMD fragment of IFITM3 but did not interact with the NTD domain
(Fig. 5D). Surprisingly, a weaker interaction between IMD-CIL in IFITM3
with H52 was observed, but not with the H72 subunit (Fig. 5D). Locali-
zation analyses showed that the H52 subunit showed co-localization with
the IFITM3 CIL-TMD fragment but not the IMD-CIL fragment, while the
H72 subunit had partial co-localization (Fig. 5E). These results seemed to
imply that the transmembrane structure of IFITM3 plays an important
role in its interaction with HA.

Next,ΔFP_H52, ΔTM_H52,ΔFP_H72, or ΔTM_H72 was co-precipitated
with IMD-CIL or CIL-TMD fragment of IFITM3. Co-immunoprecipitation
experiments showed that the FP-deficient H52 subunit was co-
precipitated with IMD-CIL (CD225 domain) and CIL-TMD domain
(Fig. 5F). Similarly, the TM-deficient H52 subunit was also captured by
IMD-CIL (CD225 domain) or CIL-TMD domain, respectively, but the af-
finity between them remained weak (Fig. 5F) and consistent with that
shown in Fig. 5D. Localization analyses showed that TM-deficient or FP-
deficient H52 subunit showed partial co-localization with the IFITM3
IMD-CIL fragment and FP-deficient H52 subunit co-localization with
IFITM3 CIL-TMD fragment, while TM deletion mutation resulted in the
disappearance of this co-localization (Fig. 5H). Meanwhile, the FP-
deficient H72 subunit was co-precipitated with the CIL-TMD domain



Fig. 3. Interaction between IFITM3 and HA2 subunit. A Co-localization of IFITM3 and H52 or H72 subunit in HEK293T as described in Fig. 1D. B Isolation and
identification of the membrane proteins containing IFITM3 and H52 or H72 by Western blotting. β-actin was used as a loading control. C Validation of IFITM3
interaction with H52 or H72 subunit in the isolated membrane proteins as in (B) by anti-EGFP magnetic beads. D IFTM3 protein cannot be captured by the HA1 subunit
of H5 or H7. HEK293T cells (1 � 106 cell/well, 6-well plate) were co-transfected with the plasmids expressing H51-EGFP or H71-EGFP and IFITM3-Flag (2 μg/well
each plasmid) respectively for 48 h before Co-IP with anti-EGFP magnetic beads, the plasmid vector pEGFP-N3 was used as negative control.
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but not with the IMD-CIL domain, and TM deletion mutant (ΔTM_H72)
did not bind with the CIL-TMD domain in IFITM3 (Fig. 5G). In terms of
subcellular localization, TM-deficient or FP-deficient H72 subunit partly
co-localized with IFITM3 IMD-CIL or CIL-TMD domain (Fig. 5H),
providing favorable conditions for the interaction between them. To sum
up, the transmembrane domain of IFITM3 was required for IFITM3-HA2
subunit interaction. According to the above data, the transmembrane
domain of IFITM3 and HA protein is supported to mediate their
interaction.

3.6. IFITM3 interacts with HA2 subunit from other subtypes of influenza A
virus and influenza B virus

To further verify this interaction, the recombinant expression plas-
mids encoding EGFP-fused HA2 from other subtypes of influenza A virus
and influenza B virus, including H1, H2, H3, H9, H10, and HB, were
constructed to express the corresponding target protein. The immuno-
precipitation analysis of IFITM3-mCherry and this HA2-EGFP was per-
formed with anti-mCherry agarose beads. The results showed that
IFITM3 could capture this HA2 subunit of other HA subtypes such as H1,
H2, H3, H9, and H10 and HA of influenza B virus (Fig. 6A and B). To
circumvent the macromolecular tag EGFP, the recombinant plasmids of
HA2 fused C-Myc were constructed for immunoprecipitation with anti-
GFP magnetic beads. As shown in Fig. 6B, IFITM3-EGFP could also
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capture these Myc-tagged HA2 subunits respectively (Fig. 6C–E), indi-
cating the interaction between IFITM3 and HA2 subunit is not affected by
the tagged protein. In addition, we found that the binding ability of HA2
from different subtypes to IFITM3 was different. Whether this difference
is related to the inhibitory ability of IFITM3 to different subtypes of
influenza virus remains to be verified. Altogether, the above results
supported that IFITM3 interacts with the HA2 subunit of HA, whichmight
be a novel mechanism of IFITM3 restriction to viral membrane fusion
(Fig. 6F).

4. Discussion

IFITMs have been confirmed to play an important role in a variety of
physiological or pathological processes. For example, IFITM2 and IFITM3
can participate in the differentiation of Th1/Th2 T cells (Y�anez et al.,
2020), and the host antiviral immune response (Ren et al., 2020), while
IFITM5 regulates the development andmaturation of bone cells and germ
cells (Tanaka et al., 2005; Hanagata et al., 2011). However, little is
known about the molecular mechanism of their antiviral activity. For
IFITM3, previous studies have shown that it shows different degrees of
resistance to different viruses, and even has no inhibitory effect or pro-
motes infection, such as murine leukemia virus (MuLV), Lassa virus
(LASV) and Junin virus (JUNV), lymphocytic choroid plexus meningitis
virus (LCMV), and Crimean-Congo hemorrhagic fever (CCHFV) and some



Fig. 4. IFITM3 interacts with the HA2 subunit based on the transmembrane domain of HA. A The truncated variants of the HA2 subunit are depicted. B Localization of
truncated variants of H52 or H72 subunit. HeLa cells co-transfected with the plasmids which expressing ΔFP_H52-, ΔFP_H72-, ΔTM_H52- or ΔTM_H72-mCherry and
Rab7-EGFP or LAMP1-EGFP respectively (2 μg/well each plasmid, 6-well plate), followed by imaging analysis by laser confocal microscope (63�, oil). C Co-
localization of IFITM3 and the truncated variants of H52 or H72 subunit. D The interaction of IFITM3 with the truncated variants of H52 or H72 subunit by Co-IP
anti-EGFP magnetic beads. E IFTM3 protein was identified for not capturing the stalk region of H52 or H72 subunit in HEK293T cells co-transfected with IFITM3-
fusion expression plasmid and the stalk truncate of H52 or H72 respectively for 48 h by Co-IP with anti-EGFP magnetic beads.
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Fig. 5. Interaction of IFITM3 with HA2 subunit mediated by its transmembrane domain. A The truncated variants of IFITM3 protein are depicted. B The expression of
IFITM3-truncated mutants was detected by Western blotting. C–D The interaction of IFITM3-truncated variants with H52 or H72 subunit. HEK293T cells (1 � 106 cell/
well, 6-well plate) were co-transfected with H52 or H72-fusion expression plasmids and each IFITM3 truncate respectively (2 μg/well each plasmid, 6-well plate) for
48 h before Co-IP with anti-mCherry beads. The lysates (C) and immunoprecipitates (D) were measured with the indicated antibodies by Western blotting. E Co-
localization of IFITM3-truncated mutants (IMD-CIL and CIL-TMD) and H52 or H72 subunit in HeLa cells. (F–G) The interaction of IFITM3-truncated mutants with
the truncated variants of the H52 (F) or H72 (G) subunit was verified by Co-IP with anti-EGFP magnetic beads. H Co-localization of IFITM3-truncated mutants and the
truncated H52 or H72 subunit variants in HeLa cells.
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DNA viruses (Brass et al., 2009; Warren et al., 2014). Furthermore,
endogenous IFITM3 can also promote some viral infections such as
coronavirus OC43 (Zhao et al., 2014), cytomegalovirus (HCMV) (Xie
et al., 2015) and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (Prelli Bozzo et al., 2021) infection. Equally important, its
antiviral activity varies among different types of cells (Narayana et al.,
2015). However, it is unclear what factors mediate the functional dif-
ferences of IFITM3 during virus infection or host defense. In the past,
IFITM3 was thought to work through a universal mechanism due to its
broad antiviral spectrum, including changing the physicochemical
characteristics of the endosomal lumen (Goraya et al., 2020), increasing
the inflexibility of the cellular or endosomal membrane (Chemudupati
et al., 2019), or interacting with host cellular factors such as itself
(Winkler et al., 2019) or VAPA (Amini-Bavil-Olyaee et al., 2013).
Therefore, IFITM3 could play the role of antiviral function through
various mechanisms.

Increasing evidence has suggested that IFITM3 inhibits virus entry
and infection by blocking the membrane fusion of many enveloped vi-
ruses. Recent studies have suggested that IFITM3 interacts with Env
Fig. 6. IFITM3 binds the HA2 subunit directly from other subtypes of influenza A an
HA2 subunit of H1, H2, H3, H9, H10, and HB by anti-mCherry Co-IP. The HEK293T
with the indicated antibodies. C–E Validation of IFITM3 binding C-terminally Myc-tag
F Schematic diagram of the interaction of HA2 subunits with IFITM3. The interact
membrane fusion, but its specific biological significance needs to be further explore
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(gp160 or gp120 protein) of human immunodeficiency virus-1 (HIV-1)
strains that IFITM3 inhibits and, in contrast, cannot bind to the Env of
HIV-1 strains that are not inhibited by IFITM3 (Drouin et al., 2020), and
this interaction might occur in the Golgi apparatus. Unlike the HIV-1
virus, the influenza virus enters the endosomes through endocytosis,
which triggers the conformational changes of HA protein at low pH in
late endosomes to initiate membrane fusion (Boonstra et al., 2018). In
addition, IFITMs overexpression could blocks SARS-CoV-2 infection, but
SARS-CoV-2 spike protein has been confirmed to hijack endogenous
IFITMs by binding their N-terminal region to promote virus for efficient
infection (Buchrieser et al., 2021; Peacock et al., 2021; Prelli Bozzo et al.,
2021; Rajah et al., 2021; Shi et al., 2021). In our study, the interaction
between IFITM3 and influenza virus HA protein was further investigated.
We found that IFITM3 inhibited the HA-mediated viral entry and partial
co-localized with HA protein in late endosomes and lysosomes, which
might be a novel mechanism of IFITM3 restriction on viral membrane
fusion. Future studies should focus on whether this mechanism is a
common antiviral mechanism of IFITM3 against enveloped viruses,
which might provide theoretical support for its applied research.
d B viruses. A–B Interaction analysis of IFITM3 with C-terminally EGFP-tagged
cells lysates (A) and immunoprecipitates (B) were detected by Western blotting
ged HA2 subunit of H1, H2, H3, H9, H10, and HB by anti-EGFP magnetic beads.
ion between IFITM3 and HA2 subunit may occur during virus-late endosomal
d.
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Previous study showed that IFITM3 limited the formation and
expansion of the fusion pore of the influenza virus-endosomal membrane
through proximity mechanism rather than inhibiting the lipid-mixing
stage (hemifusion) of viral fusion (Desai et al., 2014). Indeed, in vitro
expression showed that IFITM3 demonstrated partial co-localization with
HA in this study. HA protein was cleaved into two distinct subunits (HA1
and HA2) during viral entry. HA1 subunit is considered responsible for
binding to the host cell membrane to initiate endocytosis, while HA2
controls the fusion between the viral membrane and endosomal mem-
brane (Kim et al., 2011; Hamilton et al., 2012). At the beginning of
membrane fusion, the C-terminal transmembrane domain of HA2 was
anchored to the viral membrane. The fusion peptide signal on N-terminal
regions of HA2 exposes and inserted into the host cell membrane (Kim
et al., 2011; Hamilton et al., 2012). There are several intermediate steps
during the fusion process, and the fusion peptide and transmembrane
domain are co-localized in the same membrane. Also, FP and the trans-
membrane domain interact to facilitate pore formation. Therefore, we
hypothesized that IFITM3 might interact with the HA2 subunit. Impor-
tantly, this hypothesis was confirmed at the cellular level using the
truncations containing the respective major domains of IFITM3 or HA
protein, and this interaction between IFITM3 and HA2 subuint is medi-
ated by their transmembrane domain. However, the biological signifi-
cance of the interaction between IFITM3 and viral envelope proteins
needs to be further explored in host antiviral defense or viral antagonism
or escape, for example, the interaction of N-terminal region of IFITMwith
SARS-CoV-2 S protein has been proved to promote SARS-CoV-2 fusion
predominantly in early endosomes (Prelli Bozzo et al., 2021).

Although the topology structure has not been fully resolved, IFITM3 is
characterized as a single-pass type II membrane protein (Bailey C.C.
et al., 2013) and is divided into five main domains: a variable and hy-
drophobic N-terminal domain (NTD), a conservative and hydrophobic
intramembrane domain (IMD), a conserved intracellular loop (CIL), a
hydrophobic transmembrane domain (TMD), and a short and highly
variable C-terminal domain (CTD) (Weston et al., 2014). NTD and CIL are
distributed in the cytoplasm, and CTD is located in the endosomal lumen
(Sun F. et al., 2020). The internalization and translocation of IFITM3 to
endosomes are mediated through the YEML motif present in the N-ter-
minal (Jia et al., 2014). Palmitoylation on the membrane-proximal cys-
teines of IFITM3 protein is confirmed to control its clustering in
membrane compartments and antiviral activity against the influenza
virus (Yount et al., 2010, 2012). IFITM3 phosphorylation at Y20 prevents
endocytosis and degradation, resulting in loss of antiviral activity
(Chesarino N. M. et al., 2014). More than that, the polymorphisms
associated with IFITM3, such as rs12252 and rs34481144 encoding
different truncated genetic variants, showed association with increased
severity in SARS-CoV-2 (Zhang et al., 2020; Li et al., 2022), IAV (Allen
et al., 2017), hantaan virus (HTNV) (Xu-Yang et al., 2016), chikungunya
virus (CHIKV) (Franz et al., 2021), and HIV-1 (Zhang Y. et al., 2015) and
so on. Therefore, these findings suggest that appropriate subcellular
localization and protein integrity are considered essential for the anti-
viral activity of IFITM3. The truncated analyses in our study revealed that
the transmembrane domain of IFITM3 was responsible for its interaction
with influenza virus HA protein. However, the affinity of IFITM3 to the
HA2 subunit of different serotypes of influenza virus such as H5 or H7 is
also different in our study. Previous study and our data showed the
different inhibition activities of IFITM3 on HA-mediated virus infection
of different serotypes (Huang I. C. et al., 2011). Taken together, these
data suggest that the difference in affinity of IFITM3 to different HA2
subunits may be related to the susceptibility of different serotypes of
influenza virus to IFITM3 inhibition, which needs to be further verified.

5. Conclusions

In summary, the interaction of IFITM3 with the HA2 subunit from H5
and H7 subtypes was reported for the first time. It was showed that the
restriction of IFITM3 on the viral membrane fusion might rely on the
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transmembrane domain. Moreover, the interaction of IFITM3 has been
verified with the HA2 subunit of other HA subtypes such as H1, H2, H3,
H9, and H10, and HA of influenza B virus. Therefore, a new possible
antiviral mechanism or mode of IFITM3 was proposed through our
research that restricts membrane fusion by interacting with the viral
fusion protein. Future studies should focus on whether this mechanism is
a common antiviral mechanism of IFITM3 against enveloped viruses to
provide more theoretical support for its applied research.
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