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IFITM3 incorporation sensitizes influenza A virus to
antibody-mediated neutralization
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Carles Martinez-Romero®*@®, Eva E. Spieler?®, Sira C. Giinther*?@®, Eva Moritz'@®, Benjamin G. Hale'®, Alexandra Trkola'®,
Adolfo Garcia-Sastre>*78@®, and Silke Stertz!®

The disease severity of influenza is highly variable in humans, and one genetic determinant behind these differences is the
IFITM3 gene. As an effector of the interferon response, IFITM3 potently blocks cytosolic entry of influenza A virus (IAV). Here,
we reveal a novel level of inhibition by IFITM3 in vivo: We show that incorporation of IFITM3 into IAV particles competes
with incorporation of viral hemagglutinin (HA). Decreased virion HA levels did not reduce infectivity, suggesting that high HA
density on IAV virions may be an antagonistic strategy used by the virus to prevent direct inhibition. However, we found that
IFITM3-mediated reduction in HA content sensitizes IAV to antibody-mediated neutralization. Mathematical modeling
predicted that this effect decreases and delays peak IAV titers, and we show that, indeed, IFITM3-mediated sensitization of
IAV to antibody-mediated neutralization impacts infection outcome in an in vivo mouse model. Overall, our data describe a

previously unappreciated interplay between the innate effector IFITM3 and the adaptive immune response.

Introduction

IFN-inducible transmembrane proteins (IFITMs) have been de-
scribed as potent antiviral proteins that block the entry process
of many different viruses, such as influenza A virus (IAV), HIV-
1, Dengue virus, Zika virus, SARS-CoV-2, and others (Brass et al.,
2009; Lu et al., 2011; Savidis et al., 2016; Shi et al., 2021). The
antiviral potential of human IFITM1, IFITM2, and IFITM3 has
been demonstrated ex vivo in tissue culture models for a diverse
set of viruses, and also in vivo in the case of IAV. Human patients
with a nonfunctional allele of IFITM3 or a mutation in the
promoter region of IFITM3 have also been reported to possess an
increased risk for severe IAV infections (Allen et al.,, 2017
Everitt et al.,, 2012). In line with this, Ifitm3 knockout mice
showed increased susceptibility to IAV and West Nile virus in-
fection (Everitt et al., 2012; Gorman et al., 2016), highlighting the
important role of IFITM3 in shaping viral pathogenicity.

The molecular mechanisms of IFITM-mediated viral inhibi-
tion are still under investigation. Current literature agree that
cellular membranes show increased positive curvature and de-
creased membrane fluidity upon incorporation of IFITMs, of-
fering a convincing explanation as to why IFITMs block fusion
between cellular and viral membranes (Li et al., 2013; Lin et al.,

2013; Rahman et al., 2020; Yount et al., 2012). In addition to their
biophysical properties, IFITMs also rely on appropriate subcel-
lular localization to exert their antiviral function. The presence
of an N-terminal endocytosis motif in IFITM2 and -3 is re-
sponsible for endo-lysosomal targeting and is necessary for
specifying antiviral activity against viruses that fuse in these
compartments (Everitt et al., 2012; Jia et al., 2012; Jia et al., 2014;
Spence et al., 2019; Suddala et al., 2019). Posttranslational pal-
mitoylation of conserved cysteine residues is required for the
clustering of IFITM3 in membranes, which, in turn, is a pre-
requisite for antiviral activity (McMichael et al., 2017; Yount
et al., 2010).

While the inhibitory effect on viral entry exerted by IFITMs
in target cells has been studied in detail, the consequences of
IFITM activity in virus-producing cells is less well understood.
Initially, it was observed that IFITM proteins become incorpo-
rated into budding HIV-1 virions and that this incorporation can
be associated with a decrease in HIV-1 entry capacity (Compton
et al,, 2014; Tartour et al., 2014; Yu et al., 2015). In subsequent
studies, it was demonstrated that this mode of action is not
specific for HIV-1, but affects a diverse range of viruses,
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including Ebola virus, measles virus, West Nile virus, and mu-
rine leukemia virus (MLV; Ahi et al., 2020; Tartour et al., 2017).
The mode of virus assembly, as well as the type of viral glyco-
protein, were found to impact virus sensitivity to this second
antiviral function of IFITM3 (Appourchaux et al., 2019; Tartour
etal., 2017; Yu et al., 2015). While the mechanism of inhibition is
not resolved, it is assumed that IFITMs reduce the fusogenicity of
virions, possibly by decreasing membrane fluidity. Moreover, a
reduction in viral glycoprotein content by IFITMs has been
suggested for HIV-1and MLV, but, at least for HIV-1, these effects
are discussed controversially (Ahi et al., 2020; Yu et al., 2015).
Viruses thus need to be assessed individually for their suscep-
tibility to IFITM-mediated inhibition in virus producer cells. A
prominent example for which this information on IFITM action
is missing is IAV.

Here, we investigated the incorporation of IFITM3 into IAVs
and its impact on viral infectivity. We show that IFITM3 can be
incorporated into IAV particles, which causes a reduction in the
amounts of the viral glycoprotein hemagglutinin (HA) in virions.
While artificial IAV virus-like particles (VLPs) with lower levels of
glycoproteins displayed a decrease in infectivity, WT influenza
viruses were found to be resistant to this mode of IFITM3-mediated
viral inhibition. This suggests that high glycoprotein density is a
viral strategy to evade this antiviral activity of IFITM3. Impor-
tantly, WT virus’ sensitivity to antibody-mediated neutralization
in vitro was increased upon incorporation of IFITM3. Mathemat-
ical modeling predicted that this leads to a substantial decrease and
delay of peak viral titers in vivo. Verifying this prediction exper-
imentally in an in vivo mouse model, we found that, indeed, pro-
tection by an HA-specific monoclonal antibody was diminished
significantly in the absence of IFITM3. Thus, our data reveal a
novel functional interplay between a host innate immune antiviral
factor and the acquired antibody response, which is highly relevant
for the outcome of influenza virus infection in vivo.

Results

IFITM3 present in producer cells restricts the entry capacity of
pseudoviruses carrying IAV HA/neuraminidase (NA) or HIV-

1 envelopes

We employed a pseudovirus (PV) system based on HIV-1 to
address whether the presence of IFITM3 in producer cells leads
to a reduction in the entry capacity of particles pseudotyped
with IAV HA/NA (PV'2V), similar to what has been described for
viruses pseudotyped with HIV-1 Env (PVH!Y; Fig. 1 a; Compton
et al., 2014; Tartour et al., 2014). We transfected HEK 293T cells
with pNL-LucAM, a plasmid encoding the HIV-1 strain NL4-3
genome in which the envelope gene is replaced by a luciferase
gene (Pugach et al., 2007), together with plasmids encoding the
envelope genes from HIV-1 strain JRFL, IAV A/WSN/33 or ve-
sicular stomatitis virus (VSV), or an empty vector plasmid as a
no-envelope control, in the presence or absence of Flag-tagged
IFITM3. PVs produced under these conditions were purified and
analyzed for IFITM3 incorporation by Western blotting for the
Flag epitope, as previous studies had shown that copurification
of IFITM3 with HIV-1 particles correlates with virion incorpo-
ration of IFITM3 (Compton et al., 2014; Tartour et al., 2014;
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Tartour et al.,, 2017). All PVs exhibited a strong Flag signal,
suggesting that IFITM3 was indeed incorporated and that in-
corporation occurred independently of any envelope (Fig. 1 b).
Of note, the presence of IFITM3 did not impact the amount of
p24 detected, suggesting that VLP release efficiency is not af-
fected by IFITM3 (Fig. 1 b). PVs produced in the absence of
IFITM3 were subsequently tested for their infectivity on A549
human lung epithelial cells or TZM-bl cells, which are HeLa cells
engineered to express the HIV-1 receptors (CD4 and CCRS5) and
an LTR-driven luciferase reporter (Montefiori, 2005; Platt et al.,
1998; Wei et al., 2002). While A549 cells could only be infected
with PVIAY and PVVSV (Fig. S1 a), TZM-bl cells were susceptible
to PVHIV and PVVSV (Fig. S1 b). Thus, A549 cells were selected
to test the impact of incorporated IFITM3 on PV'4V, whereas
TZM-bl cells were suitable for PV, We then compared the
infectivity of PVs produced in the presence or absence of IFITM3
by infecting cells with p24-normalized amounts of PV. PVIAV and
PVHIV were restricted in their infectivity when produced in cells
expressing IFITM3, while PVVSV was not affected by the pres-
ence of IFITM3 in producer cells (Fig. 1, c and d). This effect was
specific to IFITM3 expression, as overexpression of the epider-
mal growth factor receptor (EGFR) to represent a control
membrane-localized protein did not result in inhibition of PVIAY
infection (Fig. 1 e). Thus, we conclude that incorporation of
IFITM3 into PV particles possessing IAV envelopes leads to de-
creased infectivity, similar to what has been observed for HIV-1.

To compare the magnitude of inhibition of PV infectivity by
IFITM3 presence in producer cells with the previously described
inhibition of infection by IFITM3 in target cells (Brass et al., 2009;
Feeley et al., 2011), we generated A549 and TZM-bl cells stably
expressing IFITM3. We then infected A549 cell lines with PV
produced in the presence or absence of IFITM3 and observed a
significant reduction in PVIAY entry in A549-IFITM3 cells (Fig. S,
c and d). Intriguingly, a comparable decrease in infectivity was
observed when IFITM3 was present in producer cells only (Fig.
S1 d). Likewise, PVHIV infection was influenced by IFITM3 pres-
ence in both producer and target TZM-bl cells (Fig. S1 e). PVVSV
was significantly inhibited in infectivity when IFITM3 was ex-
pressed in target cells, but the presence of IFITM3 in producer
cells led to no reduction in infectivity (Fig. S f). Thus, in the HIV-
based PV system, incorporation of IFITM3 into particles carrying
an IAV envelope has similar antiviral potency compared with the
known entry inhibition of IAV by IFITM3 in target cells.

IFITM3 in producer cells inhibits the entry capacity of IAV-
VLPs by outcompeting HA incorporation

To verify our findings, we employed an IAV-based VLP system
(Fig. 2 a) in which plasmids encoding a B-lactamase-M1 (BlaM1)
fusion protein, IAV HA, NA, and M2—in the presence or absence
of IFITM3—are transfected into HEK 293T cells to generate IAV-
VLPs (Tscherne et al., 2010). The entry efficiency of these VLPs
can be assessed by loading target cells with CCF2, a fluorogenic
substrate that shifts in emission upon cleavage by the
B-lactamase carried into the cell by the infecting VLP. This
assay directly measures entry without relying on transcription
or other downstream events, as in the HIV-1-based PV system.
IAV-VLPs produced in the absence or presence of IFITM3 were
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Figure 1. IFITM3 present in producer cells restricts the entry capacity of PVs carrying IAV and HIV-1 envelopes. (a) Schematic depiction of the HIV-
1-based PVs carrying IAV envelopes (PV'") produced in the absence or presence of IFITM3. (b) PVs were purified and concentrated by ultracentrifugation
through a 20% sucrose cushion, normalized via p24 ELISA, and analyzed by Western blot. Membrane was stained with anti-Flag and anti-p24 antibodies. (c and
d) A549 cells (c) or TZM-bl cells (d) were infected for 48 h with the indicated PVs produced in the absence or presence of IFITM3. Luciferase was measured and
infectivity was calculated by setting values obtained from PVs produced in the absence of IFITM3 to 100%. (e) A549 cells were infected for 48 h with the
indicated PVs produced in the absence or presence of IFITM3 or EGFR. Luciferase was measured and infectivity was calculated by setting values obtained from
PVs produced in the presence of the vector control (EV) to 100%. (c-e) Mean values from three biological replicates, each performed in triplicates, are shown.

Error bars represent SD. Statistical significance was assessed by a paired two-tailed Student’s t test. **, P < 0.0L, ****, P < 0.0001.

purified and subjected to Western blot analysis. A distinct Flag-
IFITM3 band was detected in IAV-VLPs produced in IFITM3-
expressing cells, suggesting that, similar to PVIAV, IFITM3 also
incorporates into IAV-VLPs (Fig. 2 b). Strikingly, we observed a
26% decrease in HA protein incorporation into IAV-VLPs pro-
duced in the presence of IFITM3 when we quantified HA
levels and normalized to BlaM1 levels (Fig. 2 b). Furthermore,
there was a trend toward a decrease in NA activity in IFITM3-
containing VLPs, suggesting also a reduced incorporation of
NA (Fig. 2 c). This decrease in glycoprotein content was also
evident in IAV PVs (PV!AV), where we observed a 55% re-
duction in HA incorporation—normalized to p24 levels—
when PVs were produced in the presence of IFITM3, but not
another membrane-localized protein (Fig. S2, a-d). Of note,
the levels of VSV-G in PVVSV were not reduced by IFITM3
expression but the levels of envelope in PVHIV seemed to be
reduced, even though this did not reach statistical signifi-
cance, suggesting that IFITM3-mediated reductions in glyco-
protein levels in the virion correlate with a decrease in
infectivity. Importantly, total levels of HA in producer cells
were largely unaffected by IFITM3 expression (Fig. S3 a).
When probing the IAV-VLPs for infectivity in MDCKII cells,
we observed a 60% reduction in entry efficiency for VLPs
produced in the presence of IFITM3 (Fig. 2 d). In contrast to
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the PV'AV system, this reduction in entry efficiency was lower
for IFITM3 expressed in producer cells compared with IFITM3
expression in target cells (Fig. S3 b). From these results, we
hypothesized that IFITM3 may compete with the viral glyco-
proteins for incorporation into viral particles. As localization
to the same plasma membrane areas would be a prerequisite
for competition, we analyzed the distribution of IFITM3 and
HA in transfected A549 and HEK 293T cells by immunofluo-
rescence (IF) staining. While a large fraction of IFITM3 dis-
played the expected endosomal distribution, as previously
reported, we also observed accumulation of IFITM3 and HA in
the same patches of the plasma membrane, suggesting that
competition for incorporation could occur (Fig. 2 e; Compton
et al., 2016; Tartour et al., 2014). Next, we tested whether IAV
HA or NA would outcompete the negative effect of IFITM3 on
IAV-VLP infectivity when present in producer cells. IAV-VLPs
were produced in HEK 293T cells transfected with a constant
amount of IFITM3—or the empty vector as a negative
control—in the presence of increasing amounts of HA or NA.
Western blot analysis of these IAV-VLPs confirmed that
transfecting increasing amounts of HA led to increased
amounts of HA present in IAV-VLPs (Fig. 2 f). Furthermore,
we confirmed our previous observation that IFITM3 reduced
the amount of HA incorporated into IAV-VLPs. Interestingly, in
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Figure 2. IFITM3 in VLP-producing cells restricts the entry capacity of IAV-VLPs by outcompeting HA incorporation. (a) Schematic depiction of IAV-
VLPs produced in the absence or presence of IFITM3. (b) VLPs were purified by ultracentrifugation and analyzed by Western blot using a polyclonal antibody
against A/WSN/33 and an antibody against IFITM3. A representative blot is shown on the left, and the quantification of HA band intensities normalized
to BlaM1 levels from three independent batches of VLPs is shown on the right. Statistical significance was assessed by an unpaired two-tailed Student’s t test.
*, P < 0.05. (c) The NA content of VLPs was determined using the NA-Star Influenza Neuraminidase Inhibitor Resistance Detection Kit. Bars represent the mean
of three biological replicates with the error bars representing SD. Statistical significance was assessed by an unpaired two-tailed Student’s t test. (d) IAV-VLPs
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produced in the presence or absence of IFITM3 were normalized via Western blot for equal M1 levels and used to infect MDCKII cells. VLP entry-positive cells
were assessed by flow cytometry, and infectivity was normalized to the values obtained for VLPs produced in the absence of IFITM3. Bars represent the mean
of three biological replicates, with the error bars representing SD. Statistical significance was assessed by a paired two-tailed Student’s t test. **, P < 0.01.
(e) A549 (top) or 293T cells (bottom) were transfected with HA- and IFITM3-expressing constructs for 24 h, and then fixed and stained for HA (green) and
IFITM3 (red). Samples were analyzed by confocal microscopy. Representative cells are shown with areas of colocalization highlighted at higher magnification.
Scale bars correspond to 15 pm (A549), 5 um (293T), or 1 pm (both zoom images). (f) IAV-VLPs with increasing amounts of HA were produced in the presence
or absence of IFITM3 and analyzed by Western blot. Membrane was stained using a polyclonal antibody against A/WSN/33 proteins and a Flag antibody. HA
and Flag-IFITM3 band intensities were determined and normalized to BlaM1. A quantification of the levels of HA and IFITM3 in relation to the strongest band
are given below the respective Western blots. (g) IAV-VLPs containing increasing amounts of HA were produced in the absence or presence of IFITM3 and were
used to infect MDCKII cells. For each condition, infectivity of VLPs produced in the absence of IFITM3 was set to 100%. Bars represent the mean of three
biological replicates with the error bars representing SD. (h) IAV-VLPs containing increasing amounts of NA were produced in the absence or presence of
IFITM3 and were used to infect MDCKII cells. For each condition, infectivity of VLPs produced in the absence of IFITM3 was set to 100%. Bars represent the

mean of two biological replicates with the error bars representing SD.

the presence of IFITM3, the increase in HA incorporation was
paralleled by a decrease in IFITM3 incorporation (Fig. 2 f). When
we assessed the infectivity of these IAV-VLPs, we found that the
negative effect of IFITM3 on IAV-VLP infectivity was alleviated in
a dose-dependent manner by an increase in HA (Fig. 2 g). In
contrast, increasing the amount of NA did not counteract the in-
hibitory effect of IFITTM3 on IAV-VLP infectivity (Fig. 2 h). Of note,
coexpression of IFITM1 also led to a decrease in IAV-VLP infec-
tivity that could be overcome by higher levels of HA (Fig. S3 c).

IFITM3 incorporates into IAV particles, but does not directly
impact infectivity

Our experiments so far showed that IFITM3 present in producer
cells negatively affects the infectivity of PVAV and IAV-VLPs,
and that this is dependent on the levels of HA incorporation. To
address whether this was also true for authentic IAV, we in-
fected naive A549 cells or IFITM3-expressing A549 cells with
A/WSN/33 at a multiplicity of infection (MOI) of 0.01 PFU/cell
for 48 h (naive A549 cells) or 72 h (A549-IFITMS3 cells; Fig. 3 a).
Importantly, the levels of ectopic IFITM3 were slightly lower
than the levels of IFITM3 induced by IFN-a, and thus IFITM3
levels were in a physiological range (Fig. S4 a). The chosen in-
fection conditions allowed the virus to grow to similar titers in
naive and IFITM3-expressing cells. When purifying virus from
supernatants and analyzing protein content by Western blot, we
observed an IFITM3 band similar to that observed for PV*AY and
IAV-VLPs, suggesting that IFITM3 is incorporated into authentic
IAV particles (Fig. 3 b). Consistent with our data obtained for
PV!AV and IAV-VLPs, HA levels were reduced by 27% in virus
cultured on IFITM3-expressing cells compared with virus grown
on control cells (Fig. 3 b). Furthermore, colocalization of HA and
IFITM3 in patches at the plasma membrane was observed in
IAV-infected A549-IFITM3 cells (Fig. S4 b), suggesting a plau-
sible mechanism of competition for incorporation. To exclude
that these observations were a strain-specific effect, we also
grew the pandemic HINI strain A/Netherlands/602/2009 in the
presence or absence of IFITM3. We measured a similar reduc-
tion (30%) in HA content for virions grown in the presence of
IFITM3 (Fig. 3 ). To clarify whether IFITM3 indeed incorporates
into IAV particles, we subjected our samples to immunostaining
for IFITM3, followed by electron microscopy. While none of the
particles produced in the absence of IFITM3 had any IFITM3-
specific labeling (n = 13), 15 of 28 imaged virions grown in the
presence of IFITM3 displayed IFITM3-specific labeling of the
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viral membrane (Fig. 3 d). Thus, we conclude that IFITM3 can be
incorporated into authentic IAV particles and compete for HA
incorporation.

To compare the infectivity of IFITM3-positive and -negative
viruses, we performed a sensitive luciferase-based IAV mini-
genome reporter assay using quantitative RT-PCR (RT-qPCR)-
normalized viral inputs. Strikingly, and in contrast to the results
obtained with PV!AV and IAV-VLPs, IAV grown on IFITM3-
expressing cells was not impaired in its infectivity compared
with IAV cultured on control cells (Fig. 3 e). To understand why
this I[FITM3-mediated loss of HA incorporation in authentic IAV
particles did not result in a loss of infectivity, we analyzed
producer cell lysates from IAV, PVAV, and IAV-VLP samples.
The producer cell lysates of PVIAV displayed a 76-fold-higher
IFITM3:HA ratio than the lysates from the IAV-infected cells
(Fig. 3 f). In accordance with our previous results, this higher
ratio of IFITM3:HA led to a stronger reduction in HA content in
the respective viral particle preparations (55% for PVIAV [Fig.
S2 b] versus 27% for IAV [Fig. 3 b]). The lysates of the pro-
ducer cells for IAV-VLPs displayed a threefold-higher ratio of
IFITM3:HA than the lysates of IAV infected cells (Fig. 3 f), but
the reduction in HA content was similar (26% for IAV-VLPs
[Fig. 2 b] versus 27% for IAV [Fig. 3 b]). Of note, the amounts
of HA in relation to M1 levels were four- to sixfold higher in
infected cells compared with IAV-VLP-producing cells (Fig. 3 f),
suggesting that IAV particles display higher levels of HA relative
to their M1 content than the IAV-VLPs, and that this may
counteract the impact of IFITM3 incorporation on infectivity.
Indeed, when we compared the HA:MI ratio in three indepen-
dent batches of purified IAV versus IAV-VLPs, we detected an
approximately fourfold-higher HA content in IAV particles
(Fig. 3 g). These data show that the relative amount of HA is
substantially higher in IAV particles compared with IAV-VLPs,
and this may render IAV relatively resistant to the direct in-
hibitory effect of IFITM3 incorporation.

IFITM3 increases the sensitivity of IAV to HA-directed
antibody-mediated neutralization

While IAV infectivity was not directly impaired by the reduction
of HA incorporation inflicted by IFITM3 expression, we hy-
pothesized that, in vivo, reduced levels of HA may still affect
IAV. A setting in which HA levels may play a substantial role is
during neutralization by HA-targeting antibodies, where a re-
duction of HA on IAV virions by IFITM3 could potentially render
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Figure 3. IFITM3 incorporates into IAV particles, but its antiviral effect is antagonized by high HA density. (a) Schematic depiction of AV produced in
the absence or presence of IFITM3. (b) A549 control or A549-IFITM3 cells were infected with IAV strain A/WSN/33 at MOI 0.01 PFU/cell for 48 h in case of the
control cells or 72 h in case of the IFITM3-expressing cells. Viruses in the supernatants were purified by ultracentrifugation and analyzed by Western blot for
HA, M1, and IFITM3. A representative blot is shown on the left, and the quantification of HA band intensities normalized to M1 levels from six independent
batches of viruses is shown on the right. Statistical significance was assessed by an unpaired two-tailed Student’s t test. ***, P < 0.0005. (c) IAV strain
A/Netherlands/602/2009 (A/Neth/09) was grown on MDCK control or MDCK-IFITIM3 cells, purified by ultracentrifugation, and analyzed by Western blot for
HA, M1, and IFITM3. HA band intensities from four independent sets of virus preparations were measured, normalized to M1 levels, and plotted relative to
normalized HA levels for virus grown in the absence of IFITM3. Error bars represent SD, and statistical significance was assessed by an unpaired two-tailed
Student’s t test. **, P < 0.005. (d) The purified viruses described in panel b were analyzed by immuno-electron microscopy using a polyclonal anti-IFITM3
antibody. Scale bars correspond to 100 nm. (e) HEK 293T cells were transfected with a reporter plasmid encoding firefly luciferase in complementary reverse
orientation flanked by IAV noncoding regions, thus mimicking a viral genome segment. Cells were subsequently infected with the viruses described in panel b,
which were input normalized by RT-qPCR. Luciferase signal was measured as relative light units (RLUs) 48 h after infection. Bars represent the mean of three
biological replicates with the error bars representing SD. (f) A549 control or A549-IFITM3 cells infected with A/WSN/33 (from panel b), PV'AV-producing cells
(from Fig. 1, b and c), and IAV-VLP producer cells (from Fig. 2, b-d) were lysed and analyzed by Western blot using a polyclonal antibody against A/WSN/33
proteins and antibodies against Flag and GAPDH. Relative Flag-IFITM3:HAO and HAO:M1 ratios for each condition are given below the Western blot. (g) IAV-
VLPs produced in the absence or presence of IFITM3 and viruses grown on A549 control or A549-IFITM3 cells were compared side by side in Western blots
stained for HA and M1. The average ratios of HA levels normalized to M1 levels from three independent batches of VLPs or viruses are shown. Statistical
significance was assessed by an unpaired two-tailed Student’s t test. *, P < 0.05.
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the virus more neutralization sensitive. First, we adapted a
mathematical modeling approach for virus entry and neutrali-
zation (Brandenberg et al., 2017) to take into account known
entry stoichiometry data for IAV. The number of HA trimers per
influenza virion had initially been estimated by biochemical
approaches to range from 340 to 400 trimers (Inglis et al., 1976).
A cryo-electron microscopy study refined this range and de-
termined that an average spherical influenza virus particle
contains ~300 trimers of HA (Harris et al., 2006). Furthermore,
the number of HA trimers required for binding has been esti-
mated to be between 20 to 30, while the number of trimers
required for fusion has been determined to be three to four
(Danieli et al., 1996; Floyd et al., 2008; Ivanovic et al., 2013). For
neutralization, stoichiometry ratios of <1 were reported, indi-
cating that only one of three HA subunits needs to be neutralized
for the HA trimer to lose its functionality (Knossow et al., 2002;
Otterstrom et al., 2014). Using these parameters, we established
a model for TAV neutralization and applied this model to probe
the impact of a reduction in the virions’ HA content on antibody-
mediated neutralization. Our model predicted that a reduction
in HA trimer content by 27%, as observed upon IFITM3 incor-
poration into IAV (Fig. 3 b), would lead to an increase in neu-
tralization sensitivity for antibodies that interfere with viral
binding to the host cell (Fig. 4 a).

To test this prediction, the IAV strain A/WSN/33 grown on
naive or IFITM3-expressing cells was normalized by RT-qPCR
for the M segment and preincubated with a dilution series of a
monoclonal anti-A/WSN/33 HA antibody, which possesses he-
magglutination inhibition activity and therefore prevents virus
binding, before being used to infect MDCKII cells. We observed
an increase in neutralization sensitivity for the virus grown on
IFITM3-expressing cells (Fig. 4 b). The same result was observed
when we used a polyclonal rabbit serum raised against IAV
A/WSN/33, which also inhibits virus binding (Fig. 4 c).

Next, we employed our mathematical model to predict the
impact of IFITM3 incorporation on virus neutralization by an-
tibodies targeting the HA-mediated membrane fusion step. For
these antibodies, the model predicts a less pronounced differ-
ence in neutralization sensitivity between viruses with and
without incorporated IFITM3 (Fig. 4 d). We performed a neu-
tralization assay with two different broadly neutralizing HA-
directed antibodies (mAb 1.12; mAb 3.1) that had previously
been shown to target epitopes in the HA stem (Wyrzucki et al.,
2015; Wyrzucki et al., 2014). Both antibodies do not display any
hemagglutination inhibition activity, but potently neutralize
IAV and thus presumably inhibit viral entry by blocking the
fusion process (Wyrzucki et al., 2015). In line with the pre-
dictions from our model, IAV A/WSN/33 produced on IFITM3-
expressing cells did not display an increase in neutralization
sensitivity to either of the two stem-directed antibodies (Fig. 4, e
and f). Next, we tested if the observed increase in neutralization
sensitivity by IFITM3 was also detectable with human sera from
IAV-vaccinated individuals. For this, we performed neutraliza-
tion assays using the 2009 pandemic IAV isolate A/Netherlands/
602/2009 grown in the absence or presence of IFITM3. Similar
to the results for A/WSN/33, we observed an IFITM3-mediated
increase in neutralization sensitivity of A/Netherlands/602/
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2009 to an HA head-targeting monoclonal antibody (Fig. 4 g), as
well as two different human sera from individuals vaccinated
against the pandemic virus (Fig. 4, h and i). We thus conclude
that the incorporation of IFITM3 into authentic IAV particles
increases the virus’ sensitivity to HA-directed monoclonal an-
tibodies and human vaccine sera that interfere with virus
binding to target cells.

IFITM3-mediated enhanced sensitivity of IAV to antibody-
based neutralization impacts viral growth and pathogenicity
in vivo

To determine if IFITM3-mediated enhanced sensitivity to neu-
tralization by antibodies plays a role in vivo, we first employed
our modeling approach and found that a wide range of IFITM3-
mediated reductions in HA trimer content would lead to an in-
crease in neutralization sensitivity for antibodies that interfere
with viral binding to the host cell (Fig. 5 a). Next, we aimed to
compare the effect of neutralization on replicative fitness and
virus dynamics of IAV grown in the presence or absence of
IFITM3. The replicative fitness defines the number of infected
cells that one infected cell produces in a fully susceptible pop-
ulation of host cells. For our model, we used a baseline repro-
ductive fitness of Fy = 10.8 for IAV, which was determined in
previous work (Baccam et al., 2006). This means that, in the
absence of neutralizing antibodies, one cell infected with IAV
will infect, on average, 10.8 other cells. To determine replicative
fitness as a function of antibody concentration, we implemented
a mathematical model based on previous work on HIV-1 neu-
tralization (Magnus et al., 2016). In this framework, antibody
neutralization reduces replicative fitness. Our results suggest
that IFITM3 incorporation leads to a decrease in viral fitness for
antibodies that interfere with binding (Fig. 5 b). Of note, our
model only considers IFITM3-mediated reduction of HA density,
but not IFITM3-mediated entry inhibition in target cells, as we
aimed to assess only the impact of our novel mode of virus in-
hibition. To examine whether these small reductions in viral
fitness could impact virus dynamics in vivo, we extended a
within-host virus dynamics model for IAV (Baccam et al., 2006;
Domingues et al., 2019). This model describes the viral load over
time of infection. First, we determined the antibody concen-
tration at which the effect on viral dynamics is the highest for
antibodies targeting the binding step (c[Ab] = 1.05 x 107°).
Using this concentration and the 27% reduction in HA content
observed, we modeled virus dynamics in vivo and found that for
antibodies acting on virus binding, a 10-fold reduction and a
delay of 4 d for peak viral loads was predicted in the presence of
IFITM3 (Fig. 5 c). This reduction and delay in virus replication
should allow the immune system to better control the infection
and thus result in reduced pathogenicity. When reductions
in HA content of 40% or 60% were used as input, our model
even predicted complete abrogation of viral replication in the
presence of IFITM3 (Fig. 5 c). To enable additional testing of
different parameter modifications, such as reduction in HA
content or stoichiometry of virus binding, we developed an app
(https://magnuscar.shinyapps.io/FluStoich/) where the impact
of multiple parameters can be assessed and predictions can
be visualized. Overall, our modeling results suggest that
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Figure 4. Incorporation of IFITM3 into IAV increases sensitivity to antibody-mediated neutralization. (a) Predicted inhibition curves of antibodies
interfering with 1AV binding to host cells for IAV with regular trimer number (300 trimers/virion, black line) and a trimer number reduced by 27% as observed
upon IFITM3 incorporation (219 trimers/virion, red line). (b and c) IAV A/WSN/33 produced in A549 control or A549-IFITM3 cells was input normalized by RT-
qPCR and incubated with different dilutions of a monoclonal anti-A/WSN/33 HA antibody (b) or a polyclonal rabbit serum raised against IAV strain A/WSN/33
(c) before being used to infect MDCK cells. Cells were fixed 5.5 h after infection, and infectivity was assessed by microscopy-based quantification of NP-positive
cells. Curves are derived from three independent experiments, and error bars represent SD. (d) Predicted inhibition curves of antibodies inhibiting viral fusion
for IAV with regular trimer number (300 trimers/virion, black line) and reduced trimer number (219 trimers/virion, red line). (e and f) IAV A/WSN/33 produced
in A549 control or A549-IFITM3 cells was input normalized by RT-qPCR and incubated with different dilutions of the broadly neutralizing stem-specific
monoclonal antibody mAb 1.12 (e) or the broadly neutralizing stem-specific monoclonal antibody mAb 3.1 (f) before being used for infecting MDCKII cells. Cells
were fixed 5.5 h after infection and infectivity was assessed by microscopy-based quantification of NP-positive cells. Curves are derived from three inde-
pendent experiments, and error bars represent SD. (g-i) IAV strain A/Netherlands/602/2009 (A/Neth/09) produced in MDCK control or MDCK-IFITM3 cells
was input normalized and incubated with different dilutions of a monoclonal anti-A/Neth/09 HA antibody (g) or two different polyclonal human sera from
individuals vaccinated against pandemic 2009 1AV (h and i) before being used to infect MDCK cells. Cells were lysed 7 h after infection and infectivity was
assessed by RT-qPCR for the M segment. Curves are derived from three independent experiments, and error bars represent SD.
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Figure 5. IFITM3 sensitizes IAV to antibody-mediated neutralization in vivo. (a) Predicted inhibition curves of antibodies interfering with IAV binding to
host cells for IAV with regular trimer number (300 trimers/virion, black line) and reduced trimer numbers (reduction to 80%, 73%, 60%, and 40% HA content,
red lines). (b) Predicted replicative fitness of IAV with regular trimer number (300 trimers/virion, black line) and reduced trimer numbers (reduction to 80%,
73%, 60%, and 40% HA content, red lines) as a function of antibody concentrations. Modeling was performed for antibodies inhibiting virus binding to host
cells. (c) Predicted virus dynamics in the presence of antibodies acting on the stage of binding for virus stocks with and without IFITM3 incorporation. The
antibody concentration was chosen such that the fitness difference for virus stocks with and without IFITM3 incorporation is maximal. (d) Morbidity after
lethal challenge with PR8 virus (80 PFU) in the presence of a low dose of a PR8 HA head-specific monoclonal antibody (0.375 mg/kg) or a control antibody.
Error bars represent SD. Statistically significant differences due to the absence of IFITM3 in mice that received PR8 HA head-specific antibody treatment (n =
7-9 mice/group) were assessed by two-way ANOVA with repeated measures. *, P < 0.05; **, P < 0.01. (e) Lung virus titers at 6 d after infection with PR8 virus
are reduced by a low dose of a PR8 HA head-specific monoclonal antibody in WT but not in IFITM3 knockout mice (n = 3-4 mice/group). Error bars represent
SD. Statistical significance was assessed by a one-sided Wilcoxon rank sum test. Note that with sample sizes of three data points per group, the smallest P

value possible in a Wilcoxon rank sum test is P = 0.05.

the IFITM3-mediated reduction in HA content of IAV virions is
relevant in vivo.

To formally evaluate the role of IFITM3-mediated reduction
in IAV HA content and its effects on antibody neutralization, we
employed a mouse model for IAV infection and pathogenesis in
which the direct antiviral activity of IFITM3 on virus entry is not
protective: Upon infection of mice with 80 PFU of IAV strain
A/PR/8/34 (PRS), no reduction in viral titers or protection from
weight loss can be observed in WT mice compared with IFITM3
knockout mice, even though high IFITM3 levels can be observed
in the lungs of infected WT mice (Fig. S5 a; Lange et al., 2008).
When using these conditions in combination with pretreatment
with an irrelevant antibody, IFITM3 knockout and WT mice
similarly succumbed to infection by day 9 (Fig. 5 d, open sym-
bols) and no significant difference in viral titers in the lung was
noted (Fig. 5 e, open symbols). In contrast, when mice were
pretreated with a low dose of a PR8 HA head-specific mono-
clonal antibody, mimicking suboptimal antibody concentrations
from previous infections or vaccinations, we observed a clear
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difference between WT and IFITM3 knockout mice: Viral titers
were reduced 10-fold by the antibody pretreatment in WT ani-
mals (Fig. 5 e, red symbols), but no effect of the antibody was
seen in IFITM3 knockout mice (Fig. 5 e, black symbols). This
resulted in strong antibody-mediated protection from weight
loss in WT animals, but significantly less protection in IFITM3
knockout mice (Fig. 5 d, filled symbols). A control experiment
with a high dose of the same antibody showed that complete
protection was possible in both groups of mice (Fig. S5 b).
While we were unable to purify IAV from infected mouse
lungs to analyze HA levels, our data still validate the modeling
results and show that IFITM3 substantially impacts the out-
come of an JAV infection when suboptimal levels of neutral-
izing antibodies are present, likely through a reduction in
viral HA content. Scenarios where this would be highly rele-
vant would be when antibody titers are waning after vacci-
nation, or when antibodies induced by infections with
previous strains of IAV display low cross-reactivity to a new
strain of IAV.
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Discussion
IFITM proteins are potent antiviral mediators of the IFN re-

sponse that have been identified in many species (Bailey et al.,
2012; Benfield et al., 2015; Brass et al., 2009; Lanz et al., 2015;
Smith et al., 2013). Early on, it was observed that expression of
IFITMs in viral target cells blocks virus entry, but only later was
it established that IFITMs can also become incorporated into
newly budded virus particles and negatively impact virus in-
fectivity (Compton et al., 2014; Feeley et al., 2011; Tartour et al.,
2014; Tartour et al., 2017; Yu et al., 2015). Here, we reveal yet
another mode of viral inhibition by IFITM3 in which incorpo-
ration of human IFITM3 into IAV particles sensitizes the virus to
antibody-mediated neutralization.

Using HIV-1-based PV- and IAV-based VLP systems, we
demonstrate that IFITM3 can compete with IAV glycoproteins
for incorporation and thereby reduce the amount of HA present
in PVs or VLPs, which leads to reduced infectivity. As we also
observed reduced IAV-VLP infectivity when IFITM1 was coex-
pressed in producer cells, we speculate that this antiviral
mechanism could be shared by other IFITM proteins. Given that
proximity of IFITM localization and VLP assembly sites would be
a prerequisite for competition, these data support the model
suggested by Tartour et al. (2017) that the site of virus assembly
determines sensitivity to IFITM-mediated imprinting of virus
infectivity. For HIV and MLV, two mechanisms seem to con-
tribute to the reduction in infectivity when virus particles are
produced in IFITM3-expressing cells, the IFITM3-mediated re-
duction of total envelope protein levels in the producer cell, and
the reduced fusogenicity of the IFITM3-containing particles,
probably due to IFITM3-mediated decreased membrane fluidity
(Ahi et al., 2020; Compton et al., 2014; Tartour et al., 2017). For
authentic IAV particles, we did not observe an IFITM3-mediated
reduction of total HA levels in the producer cell. Instead, the
reduction in HA levels was specific to incorporation into virus
particles. This could either be explained by competition for
space at the budding sites of IAV or by IFITM3-mediated in-
creased membrane rigidity at the budding sites that impacts
incorporation of IAV glycoproteins. Given that ectopic expres-
sion of EGFR did not lead to the same phenotype, a simple
competition with any plasma membrane protein can be ex-
cluded; however, competition for a specific subdomain of the
membrane that can be occupied by both HA and IFITM3, but not
EGFR, is still a possible mechanism. Alternatively, higher
membrane rigidity induced by IFITM3 could affect HA incor-
poration by an unknown mechanism, thereby causing the ob-
served decrease in virion HA levels. The reduction in VLP or PV
infectivity would then result from lower HA levels and possibly
also reduced membrane fluidity during fusion.

Importantly, we also show that authentic IAV incorporates
IFITM3 and displays a reduction in HA levels as observed in the
PV and IAV-VLP system; however, the infectivity of authentic
IAV was not affected. The fact that we observed higher HA:M1
ratios in IAV particles compared with IAV-VLPs suggests that
the high number of HA trimers on IAV renders the virus in-
sensitive to direct IFITM3-mediated loss of infectivity. It is thus
tempting to speculate that IFITM restriction has contributed to
the evolution of the high glycoprotein density on IAV.
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The observation that HA levels are reduced by IFITM3, but
without a consequent direct loss of infectivity, prompted us to
investigate whether the decreased HA levels render the virus
more sensitive to antibody-mediated neutralization. Indeed, our
mathematical modeling results and neutralization analysis re-
vealed that this was the case, uncovering a hitherto unknown
mechanism of virus inhibition supported by IFITM proteins. Of
note, the increased sensitivity was only observed for antibodies
that act on virus binding, but not for HA-stem-directed anti-
bodies that only block viral fusion. This can be explained by the
fact that ~20 to 30 HA trimers are required for virus binding,
whereas three to four trimers are sufficient for fusion (Danieli
et al., 1996; Floyd et al., 2008; Ivanovic et al., 2013). A reduction
in trimer number would therefore affect virus binding sub-
stantially more than the fusion process.

When we employed modeling approaches to assess replica-
tive fitness, we found that the reduction in virion-associated HA
levels was predicted to affect viral fitness. Importantly, the
mathematical modeling for viral dynamics in vivo in the pres-
ence of antibodies targeting virus binding predicted a 10-fold
decrease and a delay of 4 d in peak virus titer. Using a mouse
model and a viral infectious dose in which the direct antiviral
activity of IFITM3 does not significantly protect mice, we show
that, indeed, a low dose of an HA-specific antibody can still
protect WT mice, but not IFITM3 knockout mice. Our results
thus suggest an important role for IFITM3 in secondary influ-
enza virus infections, when antibodies would be present that
can confer some degree of protection. For example, infection
with viruses of the same subtype that are a few influenza sea-
sons apart could provide such a scenario in which antibodies are
present that bind the virus, but only neutralize with low effi-
ciency. Here, it could be particularly relevant that IFITM3 sen-
sitizes IAV for antibody-mediated neutralization, thereby
enhancing the efficiency of the antibody response. As we ob-
served only minor changes in neutralization sensitivity when
using stem-directed antibodies, the IFITM3-triggered enhance-
ment of the antibody activity would probably be less relevant in
infections with IAV subtypes where cross-neutralization is
largely observed for stem-directed antibodies.

Thus far, several studies have reported a link between the
IFITM3 gene and the outcome of influenza virus infection
in vivo. Specifically, it was shown that IFITM3 polymorphism
rs12252-C, which was reported to code for an N-terminally
truncated inactive form of IFITM3, contributes to poor clinical
outcomes in patients infected with the 2009 pandemic HIN1
(Everitt et al., 2012; Zhang et al., 2013); however, this association
could not be confirmed in other cohorts, and evidence has been
presented that the N-terminally truncated version of IFITM3
still possesses antiviral activity (Mills et al., 2014; Randolph
et al., 2017; Williams et al.,, 2014). Furthermore, the single-
nucleotide polymorphism rs34481144, located in the IFITM3
promoter region, was identified as a novel genetic determinant
of severe outcomes of IAV infection in humans (Allen et al.,
2017). In line with a previous study that highlighted a role for
IFITM3 in protecting lung resident memory T cells from IAV
infection in mice, the risk-conferring allele was associated with
lower numbers of CD8* T cells in the airways of IAV-infected
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patients (Allen et al., 2017; Wakim et al., 2013). Moreover, a
recent study identified IFITM3 as a regulator of phosphoinosi-
tide-3-kinase signaling in B cells, which is required for efficient
expansion of B cells with high affinity to antigen (Lee et al,,
2020). Taken together, there is ample support for a protective
role of IFITM3 against IAV infection in vivo, and evidence is
accumulating that IFITM3 is not only part of the early IFN-
mediated response but also shapes the adaptive immune
response.

Here, we reveal that IFITM3 can also impact the functional
antibody response to IAV. Specifically, we demonstrate that
IFITM3 can compete with the viral glycoproteins for incorpo-
ration into IAV, which leads to reduced levels of HA in viral
particles. As IAV displays high HA density on its surface, the
observed reduction was not sufficient to directly impact IAV
infectivity; however, the IFITM3-induced decrease in viral HA
content sensitizes the virus for antibody-mediated neutraliza-
tion, which can affect the outcome of infection in vivo. This
novel link between the innate restriction factor IFITM3 and the
humoral immune response will be relevant for the development
and efficacy assessment of novel seasonal and pandemic
vaccines.

Materials and methods

Cell lines

HEK 293T, A549, TZM-bl, and MDCKII cells were maintained in
DMEM supplemented with 10% FCS (Thermo Fisher Scientific)
and penicillin-streptomycin (100 U/ml; Thermo Fisher Scientific).
Human IFITM3 was amplified from ¢DNA extracted from IFN-
a-stimulated A549 cells using the following primers: 5'-GACAGA
ATTCATGGACTACAAAGACGATGACGATAAAAATCACACTGT
CCAAA-3' (forward) and 5'-GACACTCGAGCTATCCATAGGCCT
GGAA-3' (reverse). After restriction digest by EcoRI and Xhol, the
IFITM3 PCR product was ligated into the pLVX-IRES-Puromycin
vector plasmid (Clontech) to yield pLVX-Flag-IFITM3. Untagged
human IFITM3 was amplified from pLVX-Flag-IFITM3 and cloned
with EcoRI and Notl into pLVX-IRES-Puromycin (Clontech). To
generate lentiviral particles, 293Ts were cotransfected with
pCMVdR8.91, pMD2.G and pLVX empty vector, pLVX-Flag-
IFITM3, or pLVX-IFITM3 for 48 h before harvesting of super-
natants, filtration through a 0.45-uM filter, and transduction of
cells in the presence of polybrene (final concentration of 8 ug/ml;
Sigma-Aldrich). Two days later, transduced cells were selected
with puromycin (Thermo Fisher Scientific). A549 control, A549-
Flag-IFITM3, TZM-bl control, and TZM-bl-Flag-IFITM3 cells were
subcloned by limiting dilution as expression levels of IFITM3 were
not homogenous after initial transduction. MDCK control and
MDCK-IFITMS3 cells were used as bulk population after transduc-
tion as IFITM3 expression was homogenous.

HIV-1-based PV production, purification, and infection

HIV-1-based PVs with either the HIV-1JRFL, IAV A/WSN/33, or
VSV envelope glycoproteins were generated by transfecting
HEK 293T cells with pNLLuc-AM (Pugach et al., 2007), envelope
expression plasmids, and pCAGGS-Flag-IFITM3 or the empty
vector pCAGGS for the production of PV in the absence of
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IFITM3 or pcDNA6A-myc-EGFR (a kind gift from Mien-Chie
Hung, University of Texas M.D. Anderson Cancer Center,
Houston, TX; Addgene plasmid #42665; Hsu and Hung, 2007).
PVs were harvested 72 h after transfection and their con-
centration was determined by an in-house p24 ELISA. A549 or
TZM-bl cells seeded into 96-well plates were infected with
PVs at an equivalent of 3 ng p24/well for 90 min in the
presence of diethylaminoethyl-dextran (150 pg/ml; Sigma-
Aldrich) before the inoculum was removed and replaced
by DMEM supplemented with 10% FCS and penicillin-
streptomycin (100 U/ml). PV infectivity was measured 48 h
after infection by quantifying firefly luciferase activity using
the ONE-Glo Luciferase Assay System (Promega) according to
the manufacturer’s protocol. For analysis of PVs by Western
blot, PVs were purified as follows: After an initial centrifuga-
tion at 1,500 xg for 5 min to remove cellular debris, PV-
containing supernatant was filtered through a 0.45-um filter.
To achieve a more stringent removal of cellular debris, super-
natant was ultracentrifuged at 10,000 rpm at 4°C for 20 min,
before ultracentrifugation of VLPs through a 20% (wt/vol) su-
crose cushion in NTE buffer (100 mM NaCl, 10 mM Tris-HCI
[pH 7.5], 1 mM EDTA [pH 8]) at 25,000 rpm for 90 min. Su-
pernatant was decanted and the PV pellet dissolved in Opti-
MEM (Gibco) at 4°C overnight.

IAV-VLP production, normalization, and infection

VLPs harboring BlaM1 fusion proteins were produced essentially
as described before (Tscherne et al, 2010). Briefly, HEK
293T cells seeded onto poly-L-lysine-coated (Sigma-Aldrich) 6-
well plates were transfected in Opti-MEM (Gibco) with 2.5 pg
BlaM]1, 500 ng pCAGGS-WSN-HA, 1.125 pug pCAGGS-WSN-NA,
250 ng pCAGGS-WSN-M2, and 300 ng pCAGGS-IFITM3,
pCAGGS-IFITML, or pCAGGS per well using ViaFect (Promega)
as the transfection reagent (2.5 pl ViaFect/ug DNA). Medium
was exchanged 8 h after transfection. VLPs were harvested 72 h
after transfection and treated with 6 pg/ml N-tosyl-L-phenyl-
alanine chloromethyl ketone trypsin (Sigma-Aldrich) for effi-
cient HA cleavage. For infection of MDCKII, MDCK control, or
MDCK-IFITM3 cells, IAV-VLP input was normalized by Western
blotting for BlaM1 using the mouse monoclonal anti-IAV Ml
(HB-64; American Type Culture Collection) antibody. At 4 h
after infection, cells were harvested by trypsinization and in-
cubated with the fluorogenic substrate CCF2-AM (Thermo
Fisher Scientific). Cells were analyzed on a FACSVerse System
(BD Biosciences) and dead cells were excluded by a live/dead
staining (LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit;
Thermo Fisher Scientific).

IAV infections in vitro

Cells were washed with PBS before infection. IAV A/WSN/33
or A/Netherlands/602/2009 was diluted appropriately in PBS
supplemented with 2 mM Mg?*, 1 mM Ca?*, 0.3% BSA, and 1%
penicillin-streptomycin (infection PBS). Infection was per-
formed at 37°C for 1 h. Thereafter, virus inoculum was removed
and cells were washed with PBS before DMEM containing
20 mM Hepes, 0.3% BSA, and 1% penicillin-streptomycin
(postinfection DMEM) was added to the cells. Virus was
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grown in the presence of 1 pg/ml N-tosyl-L-phenylalanine
chloromethyl ketone trypsin (Sigma-Aldrich) for 48-72 h.

To normalize viral input in subsequent infectivity assays,
quantitative PCR (gPCR) on the viral M segment was performed.
Viral RNA was extracted using the QIAamp Viral RNA Kit (Qia-
gen) and cDNA synthesized by the SuperScript III Reverse tran-
scription (Thermo Fisher Scientific) using random primers
(Promega). qPCR for the M segment was performed using Eva-
Green Master Mix for qPCR (Biotium) with the following primers:
5'-GCAGCAGAGGCCATGGATATTG-3' (forward) and 5'-TTTGCT
GCAATGACGAGAGGATC-3' (reverse). Virus grown on control or
IFITM3-expressing A549 cells was diluted according to qPCR re-
sults for all infectivity assays.

Virus infectivity was measured in an IAV reporter assay.
Briefly, HEK 293T cells seeded into 96-well plates were
transfected with 20 ng/well of an IAV reporter plasmid en-
coding firefly luciferase in complementary reverse orienta-
tion, flanked by IAV noncoding regions, thus mimicking an
IAV segment. At 24 h after transfection, cells were infected
with A/WSN/33 at an MOI of 0.3. At 24 h after infection,
luciferase activity was measured using the ONE-Glo lucif-
erase assay substrate (Promega) according to manufacturer’s
protocols.

To assess IFITM incorporation into JAV by Western blotting,
virus was purified as described for PV and subjected to Western
blotting as described below.

Western blotting

To prepare cell extracts, cells were lysed in 1x Laemmli buffer
(62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2% SDS, 100 mM
dithiothreitol, 0.02% bromophenol blue). Viruses, VLPs, and
lung homogenates were mixed with 5x Laemmli buffer to obtain
1x Laemmli buffer lysates. Samples were run on SDS-PAGE gels
and blotted onto nitrocellulose membranes (Hybond ECL; GE
Healthcare). All stainings were performed in Tris-buffered sa-
line mixed with 0.5% Tween-20 (Sigma-Aldrich) and 3% pow-
dered milk. The following antibodies were used: mouse
monoclonal anti-Flag (clone M2; Sigma-Aldrich), rabbit poly-
clonal anti-IFITM3 (Proteintech), mouse monoclonal anti-f-
actin (Santa Cruz Biotechnology), mouse monoclonal
anti-HIV-1 p24 (ab9071; Abcam), mouse monoclonal anti-IAV
M1 (HB-64; American Type Culture Collection), rabbit poly-
clonal anti-nucleoprotein (NP; a kind gift of A. Nieto, Spanish
National Center for Biotechnology, Madrid, Spain), mouse
monoclonal anti-A/WSN/33 HA (clone H15-B9-22 from Wistar),
rabbit polyclonal anti-A/WSN/33, and mouse monoclonal anti-
A/Netherlands/602/2009 HA clone 31C2 (Manicassamy et al.,
2010). Secondary antibody staining was performed using near-
infrared fluorescent secondary antibodies (Li-Cor) and images
were acquired on an Odissey Fc imaging system. Western blot
signal intensities were quantified using the Image Studio
software (Li-Cor).

NA assay

NA activity was measured using the NA-Star Influenza Neura-
minidase Inhibitor Resistance Detection Kit (Applied Bio-
systems) according to the manufacturer’s instructions.
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IF staining

For IF analysis of HA and IFITM3 localization, A549 or 293T cells
were grown on glass coverslips in 24-well plates. Cells were
either transfected with expression plasmids for HA (A/WSN/33)
and IFITMS3 for 24 h or infected with A/WSN/33 (MOI 1) for 16 h.
Cells were fixed with 3% paraformaldehyde for 15 min, washed,
and permeabilized using IF buffer (PBS supplemented with
50 mM NH,CI, 0.1% saponin, and 2% BSA). Cells were incubated
for 1 h at room temperature with primary antibodies (rabbit
polyclonal anti-IFITM3 and mouse monoclonal anti-A/WSN/33
HA clone H15-B9-22) and washed three times with IF buffer
before secondary antibodies (A-21202 and A10040; Life Tech-
nologies) were added for 1 h at room temperature. Cells were
washed three times with IF buffer, inversely mounted onto glass
microscope slides using DAPI Fluoromount G (#0100-20;
Southern Biotech), and images were acquired with a confocal
laser scanning microscope (Leica SP5).

Transmission electron microscopy of immunogold-labeled

viral particles

Viral particles were purified as described above. Carbon-coated
nickel grids were glow discharged before purified viral particle
solution was applied. Samples were fixed with 4% paraformal-
dehyde in 0.1 M Hepes for 7 min. After one short wash in PBS,
samples were permeabilized with 0.5% Triton X-100 in PBS for
1 min and washed again three times in PBS. Free aldehydes were
quenched with 0.15% glycine in PBS. To prevent unspecific an-
tibody binding, samples were blocked in 1% BSA (Merck) in PBS.
Primary antibody staining was performed using rabbit poly-
clonal anti-IFITM3 antibody (Proteintech) diluted in 1% BSA in
PBS. Samples were washed three times in 1% BSA in PBS, before
secondary antibody staining was performed using a goat anti-
mouse IgG Gold antibody (Sigma-Aldrich) at an OD of 0.15. After
secondary antibody staining, samples were washed in PBS and
fixed in 4% paraformaldehyde in 0.1 M Hepes, before being
negatively stained with 1% uranyl acetate and imaged in a Phi-
lips CMI00 transmission electron microscope operated at
100 kV.

Neutralization assay
The following antibodies/sera were used in neutralization as-
says with A/WSN/33: mouse monoclonal anti-A/WSN/33 HA
(clone H15-B9-22 from Wistar), rabbit polyclonal anti-A/WSN/
33, and the human monoclonal heterosubtypic antibodies mAb
3.1and mAb 112 (Wyrzucki et al., 2015; Wyrzucki et al., 2014), a
kind gift from L. Hangartner (The Scripps Research Institute, La
Jolla, CA). The following antibodies/sera were used in neutrali-
zation assays with A/Netherlands/602/2009: mouse monoclonal
anti-A/Netherlands/602/2009 HA clone 31C2 (Manicassamy
et al., 2010), human convalescent sera to 2009 HIN1 Influenza
A Virus NR-18964 (BEI Resources, National Institute of Allergy
and Infectious Diseases, National Institutes of Health), and NR-
18965 (BEI Resources, National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health).

IAV A/WSN/33 grown on control or IFITM3-expressing A549
cells was diluted in postinfection DMEM to an MOI of 4 and
incubated with different dilutions of antibodies or serum for 1 h
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at 4°C. MDCKII cells seeded in 96-well plates were infected with
the inoculum at 37°C and 5% CO,. At 5.5 h after infection, cells
were washed three times with PBS and fixed using 3% para-
formaldehyde. To permeabilize the fixed cells, 0.5% Triton
X-100 in PBS was added for 5 min at room temperature. Cells
were washed three times with PBS before being incubated for1h
at room temperature with the primary antibody (mouse mon-
oclonal anti-NP antibody). After three washing steps with PBS,
the secondary antibody (A-21202; Life Technologies) was added
to the cells for 1 h at room temperature. The number of NP-
positive cells was quantified using the IncuCyte ZOOM system
(Essen BioScience).

Neutralization assays with IAV A/Netherlands/602/2009
were done by RT-qPCR as described by Teferedegne et al. (2013)
using the matrix (M) gene specific primers M30F2 5'-ATGAGY
CTTYTAACCGAGGTCGAAACG-3' and M264R3 5'-TGGACAAAN
CGTCTACGCTGCAG-3’, recommended by the World Health
Organization. In brief, IAV A/Netherlands/602/2009 was grown
on control or IFITM3-expressing MDCK cells and diluted in
postinfection DMEM to an MOI of 1. Viruses were incubated
with increasing concentrations of antibody or serum for 1 h at
37°C. 30,000 MDCK cells were infected in suspension with the
preincubated virus for 7 h at 37°C. Cells were washed once with
PBS and lysed with 100 pl iScript RT-qPCR Sample Preparation
Reagent (catalog #1708899; Bio-Rad) for 2 min at room tem-
perature. 1 pl of the respective RNA extract was used as input for a
10 ul RT-qPCR reaction using iTaq Universal SYBR Green One-Step
Kit (catalog #1725151; Bio-Rad) according to the manufacturer’s
protocol. Reactions were measured using a 7300 Real-Time PCR
System from Applied Biosystems.

Modeling

Antibody neutralization curves were predicted as described in
Brandenberg et al. (2017), with 300 trimers per virion for IAV
produced in the absence of IFITM3 and 219 trimers per virion for
IAV produced in the presence of IFITM3. The reduction in
trimer content is based on the 27% reduction observed in our
experiments (Fig. 3 b). We set the reaction constant to Kp = 10~°.
The model was implemented in the statistical software R and is
available upon request. We fitted a hill curve to these inhibition
curves using a nonlinear least square algorithm to estimate the
concentration that leads to 50% inhibition (IC50) and slope
values. To predict the effect of varying inhibitory concentrations
for virion populations with and without IFITM3 incorporation
on the replicative fitness, we adapted a framework previously
established for HIV-1 (Magnus et al., 2016). In short, the repli-
cative fitness, F, as a function of varying antibody concen-

trations, cAb, is
cAb\™
F(cAb) = 1—"0/(1+ (ﬁ) ).

We used the previously described replicative fitness for IAV of
Fo = 10.8 as the baseline fitness Fy in absence of antibodies
(Baccam et al., 2006). The virus dynamics of IAV were modeled
according to the target cell-limited model established by Baccam
et al. (2006), which describes the change of uninfected cells, U,
infected cells, I, and virions, V:
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du

Pl
Iy s1
% =pl-cV.

In this system of ordinary differential equations (ODEs), B = 2.7 x
10-° ml/(TCID50 d) is the infection rate, § = 4 d! is the death
rate of infected cells, and P = 1.2 x 10~2 TCID50/(ml d) is the
virion production rate. The infection is started with V, = 9.3 x
1072, and U, = 4 x 108 uninfected target cells. These values are
based on estimates in Baccam et al. (2006). TCID50 was set to
1,000 virions. The replicative fitness F in this model is defined
by the parameters in the system of ODEs F = (ppU,)/(c8).

We model neutralization as increased virion death rate, c, by
transforming the above equation of the replicative fitness to ¢ =
(pBUo,)/(F8). With this parameterization, we numerically cal-
culated the above system of ordinary differential equations us-
ing the function ode() of the R package deSolve.

Mouse experiments

All mouse procedures performed were approved in advance by
the Icahn School of Medicine at Mount Sinai Institutional Ani-
mal Care and Use Committee in accordance with the guidelines
stated in the Guide for the Care and Use of Laboratory Animals.
IFITM3 knockout mice were a kind gift from Dr. Michael Farzan
(Harvard Medical School, Boston, MA). Generation of IFITM3
knockout mice by insertion of the gene encoding eGFP in exon
1 of the IFITM3 gene is described in Lange et al. (2008). Age-
matched female C57BL/6 mice (Charles River Laboratories) were
used as WT controls. Mice were arbitrarily assigned to study
groups and had free access to food and sterilized tap water.

PY102 is a monoclonal antibody of the IgG1 subtype produced
by the Center for Therapeutic Antibody Development at the
Icahn School of Medicine at Mount Sinai. PY102 binds the HA
head of PR8 HIN1 virus (Reale et al., 1986). A low (0.375 mg/kg)
or high (2.5 mg/kg) dose of monoclonal antibody PY102 was
prepared in 100 pl vol/mouse in PBS and injected i.p. 4 h before
influenza virus challenge.

For challenge with influenza PR8 HINI virus, mice were
mildly sedated by i.p. injection of a ketamine/xylazine mixture
and challenged intranasally with 80 PFU of virus diluted in 50 pl
PBS. Body weight was monitored daily for 14 d. Mice that lost
more than 25% of their initial body weight were euthanized.

To determine lung virus titers or analyze IFITM3 expression
levels, lungs were removed aseptically and homogenized in 1 ml
PBS in a Benchmark BeadBlaster24 (Benchmark Scientific). The
homogenates were centrifuged (15 min, 16,100 xg, 4°C) to re-
move cellular debris and stored at -80°C. Titers of infectious
virus were determined by plaque assay. Briefly, 250 ul of 10-fold
dilutions of lungs homogenized in PBS were used to infect
confluent monolayers of MDCK cells. Virus was allowed to at-
tach to MDCK cells for 1 h at 37°C. Cells were washed once with
PBS and overlayed with oxoid agar (Oxoid) prepared using
NaHCOj;-buffered serum-free 2x Minimum Essential Medium
(MEM)/BSA containing diethylaminoethyl-dextran and supple-
mented with tosyl phenylalanyl chloromethyl ketone-treated
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trypsin (Sigma-Aldrich). Cells were incubated at 37°C for 48 h.
PFUs were determined by staining viral antigen with 1/1,000
diluted postchallenge serum followed by incubation with HRP-
labeled sheep anti-mouse serum (1/1,000 dilution; GE Health-
care) and TrueBlue substrate (KPL-Seracare).

Online supplemental material

Fig. S1 shows that IFITM3 reduces PV infectivity at the level of
producer and target cell for IAV and HIV-1but not for VSV in
an HIV-1-based PV system. Fig. S2 illustrates how PVHIV and
PV!AY display decreased glycoprotein levels when produced
in IFITM3-expressing cells but not in EGFR-expressing cells.
Fig. S3 shows that IFITM3 expression does not lead to re-
duced cellular HA levels and that IFITM3 shares the ability to
reduce IAV-VLP infectivity with IFITMI. Fig. S4 illustrates
IFITM3 expression to similar levels in A549-IFITM3 and IFN-
treated A549 cells and colocalization with HA during IAV
infection. Fig. S5 shows how a high dose of an HA head-
specific antibody can protect WT and IFITM3 knockout
mice from disease.
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Figure S1. IFITM3 reduces PV infectivity at the level of producer and target cell for IAV and HIV-1 but not for VSV in an HIV-1-based PV system.
(a and b) A549 cells (a) or TZM-bl cells (b) were infected for 48 h with the indicated PVs produced in the absence of IFITM3. Luciferase expression obtained
after infection with PV e was set to 1 and used to normalize luciferase values. Mean values from at least three independent replicates are shown with error
bars representing SD. (c) Schematic depiction of PV produced in the absence or presence of IFITM3 and the cell lines, which were control transduced or
transduced to stably express IFITM3. (d) A549 control cells or A549-IFITM3 cells were infected for 48 h with PV'AY produced in the absence or presence IFITM3.
Luciferase activity was measured and infectivity calculated by setting values obtained for A549 control cells infected with PV'AY produced in the absence of
IFITM3 to 100%. (e) TZM-bl control cells or TZM-bl-IFITM3 cells were infected for 48 h with PVH produced in the absence or presence IFITM3. Luciferase
activity was measured and infectivity calculated by setting values obtained for TZM-bl control cells infected with PVH" produced in the absence of IFITM3
t0 100%. (f) TZM-bl control cells or TZM-bl-IFITM3 cells were infected for 48 h with PVVS¥ produced in the absence or presence of IFITM3. Luciferase activity
was measured and infectivity calculated by setting values obtained for TZM-bl control cells infected with PVYSV produced in the absence of IFITM3 to 100%.
(d-f) Mean values from three biological replicates, each performed in triplicates, are shown with error bars representing SD. Statistical significance was
assessed by a paired two-tailed Student’s t test (¥, P < 0.05; **, P < 0.01), comparing infectivity in the different conditions with infectivity of PVs produced in
the absence of IFITMs on IFITM3-negative cells.
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Figure S2. PVHV and PV'AY display decreased glycoprotein levels when produced in IFITM3-expressing cells but not in EGFR-expressing cells.
(a and b) The PV samples described in Fig. 1 were analyzed by Western blot using antibodies against p24, Flag, HIV-1 Env, VSV-G, and A/WSN/33 proteins. A
representative blot (a), as well as the quantification of normalized GP120, HA, or VSV-G signal intensities from Western blots performed using three inde-
pendent PV batches (b), are shown. Statistical significance was assessed by a paired two-tailed Student’s t test. *, P < 0.05. The blots for p24 and Flag-IFITM3
are already shown in Fig. 1 b and are shown again here as input controls. (c and d) PVs PV'AY were produced in the presence of IFITM3 or EGFR or a vector
control (EV), purified by ultracentrifugation through a 20% sucrose cushion, and analyzed by Western blot. Membrane was stained with anti-IFITM3, anti-p24,
and anti-HA antibodies. A representative blot is shown in panel ¢, and a quantification of HAO content from three independent batches of PV'AY is depicted in
panel d. Error bars represent SD. Statistical significance was assessed by a paired two-tailed Student’s t test. ***, P < 0.001.
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Figure S3. IFITM3 expression does not lead to reduced cellular HA levels, and IFITM3 shares the ability to reduce IAV-VLP infectivity with IFITM1.
(a) HEK 293T cells were cotransfected with pCAGGS-HA and increasing amounts of pCAGGS-Flag-IFITM3. Whole-cell lysates were analyzed by Western blot
and membrane was stained for HA, Flag, and actin. Expression levels of HAQ in relation to the strongest band are given below the blot. (b) MDCK control and
MDCK-IFITM3 cells were infected with IAV-VLPs produced in the absence of IFITM3. Entry-positive cells relative to MDCK control cells are shown from three
independent biological replicates with error bars representing SD. (c) IAV-VLPs containing increasing amounts of HA were produced in the absence or presence
of IFITM1 and were used to infect MDCKII cells. For each condition, infectivity of IAV-VLPs produced in the absence of IFITM1 was set to 100%. Bars represent
the mean of two biological replicates with the error bars representing SD.
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Figure S4. IFITM3 is expressed to similar levels in A549-IFITM3 and IFN-treated A549 cells and colocalizes with HA during IAV infection. (a) A549
cells were treated with 0, 100, or 1,000 U/ml IFN-a2 for 16 h before cells were lysed. In parallel, lysates of A549 control cells or A549-IFITM3 cells were
prepared, and all lysates were tested for IFITM3 expression by Western blot. Actin staining was included as loading control. (b) A549-IFITM3 cells were
infected with A/WSN/1933 (MOI 1) for 16 h. Cells were fixed and stained for DAPI (blue), HA (green), and IFITM3 (red). Samples were analyzed by confocal
microscopy and a representative cell is shown with the indicated zoom area. Areas of colocalization at the plasma membrane are highlighted by arrows. Scale
bars correspond to 25 um or 1.5 um for the higher magnification.
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Figure S5. A high dose of an HA head-specific antibody can protect WT and IFITM3 knockout mice from disease. (a) Lungs from three IAV-infected WT
and three IAV-infected IFITM3 knockout mice were harvested, homogenized, and analyzed by Western blot for IFITM3 and viral NP levels. (b) Morbidity upon
lethal PR8 challenge (80 PFU) in IFITM3 knockout and WT mice 4 h after administration of a high dose of a PR8 HA head-specific antibody (2.5 mg/kg) or a
control antibody. Error bars represent SD.
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