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ABSTRACT The interferon-induced transmembrane proteins (IFITMs) are a family of
highly related antiviral factors that affect numerous viruses at two steps: in target
cells by sequestering incoming viruses in endosomes and in producing cells by lead-
ing to the production of virions that package IFITMs and exhibit decreased infectiv-
ity. While most studies have focused on the former, little is known about the regula-
tion of the negative imprinting of virion particle infectivity by IFITMs and about its
relationship with target cell protection. Using a panel of IFITM3 mutants against
HIV-1, we have explored these issues as well as others related to the biology of
IFITM3, in particular virion packaging, stability, the relation to CD63/multivesicular
bodies (MVBs), the modulation of cholesterol levels, and the relationship between
negative imprinting of virions and target cell protection. The results that we have
obtained exclude a role for cholesterol and indicate that CD63 accumulation does
not directly relate to an antiviral behavior. We have defined regions that modulate
the two antiviral properties of IFITM3 as well as novel domains that modulate pro-
tein stability and that, in so doing, influence the extent of its packaging into virions.

The results that we have obtained, however, indicate that, even in the context of an Citation Appourchaux R, Delpeuch M, Zhong
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thus advance our comprehension of how this class of broad antiviral restriction fac-
tors acts.

KEYWORDS IFITM, IFITM3, interferon, restriction factor, human immunodeficiency
virus, viral resistance

he interferon-induced transmembrane proteins (IFITMs) are a family of highly

related proteins characterized by the presence of two hydrophobic transmembrane
domains (TM1 and TM2) separated by a conserved intracellular loop (CIL) and variable
N- and C-terminal domains (NTD and CTD, respectively) (1, 2). In humans, this family is
composed of five expressed members (IFITM1, -2, -3, -5, and -10), three of which are
interferon regulated and endowed with broad antiviral properties (IFITM1, -2, and -3
[collectively referred to as IFITMs in the present manuscript]) (3-5).

A number of studies have firmly established that IFITMs target a large spectrum of
distinct viral families (5-33), although viruses that resist IFITMs, or use them as cofac-
tors, such as human coronavirus OC43, have been identified (6, 34-36).

For viruses, such as HIV-1, that are susceptible to these restriction factors, IFITMs
appear to act according to a bimodal inhibition mode, with which they are able to
target two different steps of the viral life cycle (15, 36, 37).

The first and most studied antiviral mechanism described for IFITMs takes place in
target cells, where IFITMs arrest incoming virion particles in endosomes, leading to their
subsequent degradation (6, 11, 12, 16, 18, 20-22, 24, 26, 31, 38). This inhibition mode
targets pH-dependent viruses that undergo viral-to-cellular membrane fusion after
endosomal internalization but also pH-independent viruses that either fuse directly at
the plasma membrane or, as for HIV-1, appear to use endosomes as an additional,
nonmandatory entry pathway. The second mechanism, first described for HIV-1 by our
and other laboratories (15, 23, 37) and more recently extended to other viruses (36),
occurs in virion-producing cells. In this setting, IFITMs coalesce with viral structural
proteins at sites of assembly, leading to the production of virion particles that package
IFITMs and display reduced infectivity. We refer to the latter property as the negative
imprinting of virion particle infectivity by IFITMs (23, 36).

At present, it is unknown whether this decrease in infectivity is due to the physical
incorporation of IFITMs in virion particles or if it is the result of an action of IFITMs on
unknown cellular functions that in turn influence virion assembly. Over the years,
several studies raised the possibility that IFITM3 could act by either modulating the
intracellular content of cholesterol (during target cell protection) (39) or commandeer-
ing a decrease in the amount of mature envelope glycoproteins incorporated into HIV-1
virions (37). However, both of these findings remain debated, as further studies failed
to obtain evidence of changes in either intracellular cholesterol levels (31, 40) or
glycoprotein incorporation upon IFITM expression (16, 23, 36, 41, 42).

Despite the fact that the exact molecular mechanism through which IFITMs act
remains unclear, virions produced in the presence of IFITMs exhibit an impaired ability
to undergo fusion with cellular membranes, the same step that hinders fusion between
the membranes of incoming virions and IFITM-decorated endosomes during target cell
infection (15, 23, 37, 40, 43-45). In the case of HIV-1, partial to complete resistance to
this antiviral effect has been shown to be conferred by R5-tropic envelope proteins that
use the CCR5 chemokine receptor to access target cells (16, 46, 47). It appears,
therefore, that the antiviral effects that IFITMs have on membrane fusion can be
countered through the use of specific envelope glycoproteins or through the engage-
ment of specific coreceptors on target cells.

A number of studies have revealed domains that have important regulatory func-
tions on the antiviral properties of the different IFITM members, influencing their ability
to recruit multiple cellular partners and to mediate protection of target cells from viral
challenge (19, 33, 43, 48-55). However, little is known about domains that specify the
negative imprinting properties of IFITMs.

In this study, we have directly addressed this question by analyzing the behavior of
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FIG 1 IFITM3 mutants used here. (A) IFITM3 mutants used in this study. Mutants that could not be reliably detected upon transient DNA transfection of HEK293T
cells were excluded from our study and are not presented here. FACS, fluorescence-activated cell sorter. (B) The intracellular localization of these mutants was
analyzed by confocal microscopy, and representative pictures are displayed. Of note, this analysis is meant to provide a qualitative assessment of the
intracellular distribution of the different IFITM3 mutants and does not reflect their relative expression levels, which instead were quantified by WB.

a panel of 16 different mutants spanning the entire length of IFITM3 against HIV-1 (19).
The relatively large number of mutants examined allowed us to also explore the
functional relationship between antiviral behavior and several parameters that have
been associated with the biology of IFITM3, including their incorporation into virions,
their stability, their reported ability to increase the levels of formation of CD63-positive
vesicles and multivesicular bodies (MVBs) in the cell, as well as their ability to affect
cholesterol levels. To complete these analyses, we have also determined the antiviral
activities of these mutants during target cell protection, establishing for the first time
a comprehensive analysis of the relationship between these two antiviral properties.

The data that we have obtained in our study highlight novel regions of IFITM3 that
modulate the negative imprinting properties of IFITM3, its ability to mediate target cell
protection, as well as its stability in the cell. The latter parameter seems to be the main
driver of IFITM3 incorporation into virions, as most mutants were found to be incor-
porated into virions proportionally to their level of expression in the cell. The extent of
IFITM3 incorporation into virions, however, does not correlate with the antiviral phe-
notype, allowing us to conclude that IFITM3 virion packaging is not sufficient for its
antiviral functions. Finally, we noted that mutations throughout IFITM3 exerted a
concomitant modulation of both target cell protection and negative imprinting of
virions. Only two domains made an exception to this rule, the first located in the CIL
that we believe to be a novel gain-of-function IFITM3 mutant and the second located
in the CTD that may represent a region involved in the differential regulation of the two
antiviral properties ascribed to IFITM3.

RESULTS

Presentation of the IFITM3 mutants used in this study. To comprehensively
identify domains regulating the negative effects of IFITM3 against HIV-1, we took
advantage of a collection of mutants spanning the entire length of IFITM3 (6 amino
acids changed to alanines per mutant, named by the number of the first and last
substituted residues) (19) (Fig. TA). A few mutants were excluded from the analysis due
to unreliable expression or a lack of detection with the antibodies used here, leaving a
total of 16 mutants. Given that only seven of these mutants had been previously
examined by confocal microscopy (19), a complete qualitative analysis was carried out
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FIG 2 Effects of the expression of the different IFITM3 mutants on the production and infectivity of HIV-1 virion particles. (A) Experimental
scheme used to further characterize the antiviral effects of IFITM3 mutants during the negative imprinting of virion particle infectivity.
Briefly, HIV-1 virion particles were produced by transient DNA transfection of HEK293T cells with DNAs coding for the different IFITM3
mutants along with the NL4-3 proviral clone and an HIV-1-based miniviral genome bearing a self-inactivating LTR and an expression
cassette for GFP. Two days afterwards, cells were lysed, and virion particles were purified by ultracentrifugation through a 25% sucrose
cushion, prior to normalization by exo-RT activity and further analyses. (B) Western blot panels presenting typical results obtained for both
cell and viral lysates. Mutant 19-24 was the sole mutant whose detection required hybridization with a distinct anti-IFITM3 antibody
compared to the remaining mutants. (C) Quantification of the amounts of virion particles produced in the presence of the different IFITM3
mutants by exo-RT. The graph presents data obtained from 6 experiments. *, P < 0.05 as determined by a Student t test upon comparison
to WT IFITM3 (two tailed, unpaired). (D) Normalized amounts of virions were used to challenge target HeLaP4 cells, and the extent of
infection was measured 2 to 3 days afterwards by flow cytometry. The graph presents data obtained with 4 to 8 independent experiments.
*, P <0.05 as determined by a Student t test for comparisons between the indicated mutant and WT IFITM3 (two tailed, unpaired). All
mutants displayed statistically significant differences over the control according to the same test (not displayed on the graph for
simplicity).

for all of them (Fig. 1B). Several of the IFITM3 mutants were found to exhibit a more
peripheral (mutants 8-13 and 19-24) or a more internal (mutants 79-84, 85-90, 103-108,
115-120, and 127-132) distribution than the wild type (WT) after confocal microscopy
analysis. A more restricted analysis of the colocalization of relevant IFITM3 mutants with
the endosomal marker CD63 is provided below.

Identification of mutations that modulate the ability of IFITM3 to negatively
imprint the infectivity of HIV-1 virion particles. In previous studies, we determined
that the effects of IFITMs on the infectivity of virion particles derived from HIV-1, but
also from many other viruses, are apparent in all cell types tested, ranging from primary
macrophages and blood lymphocytes to established cell lines (23, 36). As such, we used
HEK293T cells as a validated model cell line in which to comprehend the roles of
distinct regions of IFITM3 in HIV-1 infectivity. IFITM3 mutants were expressed tran-
siently at levels that we have previously shown to be comparable to those observed in
primary dendritic cells stimulated with interferon alpha (IFN-«) (as schematically pre-
sented in Fig. 2A) (23, 36). Cells were cotransfected with DNAs encoding the IFITM3
variants, the NL4-3 proviral clone, and a miniviral HIV-1-based genome bearing the
green fluorescent protein (GFP) reporter and a self-inactivating long terminal repeat
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(LTR). This setup allowed us to examine replication-competent HIV-1 virions (in which
all viral proteins are expressed at natural levels from their cognate promoter) on the
basis of a single round of infection, as the GFP-bearing viral genome can be mobilized
only once during infection, from virus-producing cells to target ones. Virion particles
were purified by ultracentrifugation through a 25% sucrose cushion and then normal-
ized by the exogenous reverse transcriptase (exo-RT) activity, which in our hands
provides results identical to those of p24-based normalization (23). Cellular and viral
lysates were then analyzed by Western blotting (WB), and the amounts of Gag, Env, and
IFITM3 proteins were quantified by densitometry (see Fig. 2B for a representative
example). All IFITM3 mutants were detectable in cell lysates albeit with notable
variations that required enhancement of the signal in the case of the most drastically
affected mutant (8-13 [this mutant was retained due to its interesting phenotype {see
below}]). The structural viral proteins Gag p55 and Env gp160 were also detected at
similar levels, although small variations could be observed across experiments. Upon
purification, the amounts of virion particles produced under the different conditions
varied little in comparison to the control, with the exception of a small yet significant
decrease upon the expression of the IFITM3 mutants 79-84, 85-90, and 103-108 (55 to
56% of the total) (Fig. 2C). Given that virions were normalized for further analyses, these
differences were not investigated further. When exo-RT-normalized virion particles
were analyzed by WB, no major variations were observed in the levels of mature Env
gp120 incorporated in virions produced in the presence of the different IFITM3 mu-
tants, with the exception of mutant 85-90, whose expression resulted in a near loss of
Env detection (Fig. 2B). The expression of WT IFITM3 had been previously associated
with the loss of mature Env incorporation in HIV (37). However, this finding remains
controversial, as other studies have not observed such changes in the HIV-1 glycopro-
tein (16, 23, 41, 42) or for other viral glycoproteins (36), so at present, the reasons for
this discrepancy remain unclear. Given that under the experimental conditions used
here, no major changes were observed in the amounts of mature Env incorporated into
HIV-1 virions upon the expression of the WT or of most IFITM3 mutants, we believe that
85-90 most likely represents a gain-of-function mutant.

All IFITM3 mutants copurified with HIV-1 virions, although to widely different
extents (including mutant 13-18 after enhancement of the WB signal), indicating that
none of the mutations analyzed here prevented the incorporation of IFITM3 into HIV-1
virions.

The infectivity of normalized virion particles was then measured upon viral chal-
lenge of target HeLaP4 cells, prior to flow cytometry analysis 2 to 3 days afterwards (Fig.
2D). Under conditions in which the expression of wild-type IFITM3 resulted in a 55%
decrease in infectivity in single-round infection assays, all IFITM3 mutants tested
exerted measurable and variable effects on the infectivity of virion particles with
respect to the control, and four exhibited substantially distinct behaviors with respect
to the WT (Fig. 2D). Specifically, the 19-24 and the 85-90 IFITM3 mutants imparted
greater infectivity defects (70% and 85% lower infectivity than the control, respectively),
while the 73-78 and the 109-114 mutants displayed less infectivity defects (29% and
25%). Among these four mutants, the infectivity defect of IFITM3 mutant 85-90 was
expected in light of the major impairment in gp120 incorporation observed upon its
expression, and the one of the 19-24 mutant was also expected due to previous studies
(41). In search of mutants that could completely relieve the antiviral effects of IFITM3
on the production of infectious virion particles, the two relevant mutations were
combined (73-78/109-114) (Fig. 3). However, this double mutant was still proficient in
altering virion infectivity (exhibiting wild-type antiviral activities rather than decreased
ones), indicating that the effects of these mutations cannot be functionally combined
into a single IFITM3 molecule. The reasons why the combination of two relieving
mutations in TM1 and TM2 result in the reacquisition of the antiviral phenotype remain
unclear.
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FIG 3 Two mutations that individually relieve the negative imprinting properties of IFITM3 on virion
particles fail to cooperatively alleviate the antiviral phenotype. The antiviral activity of the double IFITM3
mutant 73-78/109-114 was assessed as described in the legend to Fig. 2. The graph presents the
infectivity of normalized amounts of virion particles produced in the presence of this mutant during the
challenge of target HeLaP4 cells (averages and standard errors of the means [SEM] from two independent
experiments).

Several conserved domains in IFITM3 influence the protein’s stability. Differ-
ently from an approach based on stable expression and selection of IFITM3-expressing
cells (19), transient transfection allowed us to more directly appreciate differences in
IFITM3 protein levels and therefore to highlight novel domains that affected the
steady-state levels of accumulation of IFITM3 (Fig. 4A). Several mutations led to a
statistically significant decrease in the accumulation of IFITM3 in the cell: in the NTD
(13-18 and 37-42), in TM1 (73-78 and 79-84), and in the CIL (85-90 and 103-108). The
involvement of these amino acid stretches in the stability of IFITM3 has not been
appreciated previously, with the exception of mutant 13-18 (;5NSGQPP, ) adjacent to
the region ;,PPNYEML,;, which acts as a docking site for E3 ubiquitin ligase neural
precursor cell expressed developmentally downregulated protein 4 (NEDD4), adaptor
protein 2 (AP2), as well as the Fyn kinase (10, 18, 51, 54, 55). Mining of public databases
for “immune IFITMs” (i.e., IFITM1, -2, and -3) indicated that the TM1-CIL region and in
particular amino acids 72 to 91 and 103 to 108, which affect the protein’s stability, have
been strictly conserved during million years of primate evolution (Fig. 4B), while, as
expected from previous studies, the NTD exhibited higher variability (30, 41, 56-58). In
contrast to mutants 72-91 and 103-108, the evolutionary history of the domains
spanning residues 13 to 18 and 37 to 42 (both contained within the NTD and affecting
protein stability) shows signs of divergence within different primate clades, given that
the region spanning residues 37 to 42 is well conserved among New and Old World
monkeys, while the one spanning residues 13 to 18 has undergone more-drastic
diversification.

Determinants of IFITM3 incorporation into virion particles. Our mutagenesis
study failed to reveal a single mutation that completely abrogated the ability of IFITM3
to be incorporated into virion particles. However, several mutations were identified that
decreased the absolute levels of IFITM3 molecules incorporated into normalized
amounts of virion particles, in particular 13-18, 37-42, 73-78, 79-84, and 127-132 (Fig.
4C). To determine whether this decrease was due to the loss of a specific virion-
packaging signal, or whether it was linked to lower levels of expression in the cell, we
compared the levels of accumulation of the different IFITM3 mutants in cells and in
purified virions (Fig. 4D [the normalized protein levels in virions and cells as well as their
ratio, defined here as an IFITM3 virion incorporation index, are displayed]). This analysis
strongly indicated that IFITM3 mutants were incorporated into virions proportionally to
their levels of expression in the cell. The sole exception was represented by mutant
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FIG 4 Identification of conserved IFITM3 domains that influence the intracellular levels of accumulation of IFITM3 and modulate the extent
of IFITM3 incorporation into virions. (A) Domains influencing the intracellular levels of accumulation of IFITM3. The amounts of IFITM3
mutants present in intracellular lysates were determined after WB analysis following densitometry-based quantification and normalization
to WT values. (B) Evolutionary conservation of domains influencing IFITM3 levels. Shown are primate IFITM1, -2, and -3 with sequence
logos showing amino acids (probability is plotted on the y axis) corresponding to the different domains of interest for each primate gene
clade. The number of sequences used for the analysis is indicated (seq, sequences) (see Materials and Methods for details). Color-coding
is the default in WebLogo3. (C) Domains influencing IFITM3 incorporation into virion particles (as in panel A), after quantification of the
levels of IFITM3 mutants present in exo-RT-normalized virion particles. (D) Comparison between the intracellular levels of expression and
virion incorporation of the different IFITM3 mutants (log scale) following densitometry-based quantification and normalization to WT
values. The graph also displays the ratio of the amount of IFITM3 protein incorporated into virion particles with respect to their
intracellular levels of expression as a virion incorporation index, after normalization to WT IFITM3. *, P < 0.05 as determined by a Student
t test for comparison between the indicated mutant and the WT (two tailed, unpaired).

103-108, which was less stable than the wild type in cells yet was incorporated as well
as WT IFITM3 into virions (therefore displaying a virion incorporation index of 2.25). This
result indicates that mutation of the corresponding amino acid stretch (;,3AKCLNI, og)
at the border between the CIL and TM2 somehow exerts a double effect, by reducing
the protein’s stability on one hand and by leading to higher levels of incorporation into
virions on the other.

Overall, the results obtained here indicate (i) that several regions control the stability
of IFITM3 in the cell that, based on their evolutionary conservation/divergence across
primates, may act by influencing the overall structural conservation of IFITMs (TM1-CIL)
or more-specific regulatory functions (NTD) and (ii) that an important determinant of
IFITM3 incorporation into virions is the intracellular level of its expression.

The levels of incorporation of IFITM3 into virions do not correlate with their
ability to negatively affect HIV-1 virion infectivity. Given that an open question in
the field is to determine whether the physical presence of IFITM3 in virion particles is
instrumental for their ability to decrease virion infectivity, we used our results to
determine the possible existence of a correlation between incorporation levels of
IFITM3 and the potency of the antiviral phenotype (Fig. 5). Overall, the results that we
have obtained indicate no correlation between antiviral properties of virion particle
infectivity and either the extent of IFITM3 incorporation into virions or intracellular
levels of expression. These data therefore suggest that the incorporation of IFITM3 into
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FIG 5 The antiviral activities of the different IFITM3 mutants do not correlate with their intracellular
expression levels or with the extent of their incorporation into virion particles. Shown are correlative
analyses between the levels of accumulation of the different IFITM3 mutants in the cell, their incorpo-
ration into virions, and their antiviral activity in the negative imprinting of HIV-1 virion particles.

HIV-1 particles is not sufficient for the negative imprinting phenotype, as previously
suggested by other studies (16), as well as by the existence of viruses that resist IFITMs
despite robust incorporation (for instance, Rift Valley fever virus) (36). The question of
whether IFITM3 incorporation is necessary for the antiviral phenotype remains open at
present due to the fact that we could not isolate an IFITM3 mutant completely excluded
from virion particles. In light of the fact that approximately one-third of IFITM3 is
composed of transmembrane regions, such a mutant may be difficult to obtain.

The ability of IFITM3 to decrease virion particle infectivity does not correlate
with the accumulation of CD63-positive vesicles in cells, and IFITM3 does not
affect cholesterol homeostasis. A commonly observed phenotype associated with
the expression of IFITM3 is an increase in the levels of the endosomal marker CD63,
which may be indicative of increased vesicular trafficking or multivesicular body (MVB)
formation (11, 20, 38, 39, 48, 59) and, by extension, of higher lysosomal activity, which
may be pertinent for the antiviral effects of IFITM3, at least during viral entry. However,
it is unclear whether this observation is functionally linked to the antiviral functions of
IFITM3. The expression of WT IFITM3 was clearly accompanied by an increase in the
proportion of CD63-positive cells (from 35% to 70%) (Fig. 6A and B), in agreement with
previous studies. When a similar analysis was conducted on a restricted number of
IFITM3 mutants, the proportion of cells displaying higher-level accumulation of CD63+
vesicles varied across mutants. Under the same experimental conditions, IFITM3-
expressing cells displayed higher proportions of discernible MBVs following electron
microscopy than did control cells (from 9% to 25%) (Fig. 6C presents MVBs from WT
IFITM3-expressing cells), and similarly to CD63, this proportion varied among the
different IFITM3 mutants (Fig. 6C, graph). Supporting the notion that higher CD63
positivity relates to higher MVB activity, a near-perfect correlation was observed
between these two parameters for the different mutants analyzed (Fig. 6D). However,
neither correlated with the antiviral behavior of IFITM3 mutants (Fig. 6E [CD63 accu-
mulation]), indicating that this phenotype does not directly relate to the ability of
IFITM3 to decrease virion particle infectivity.

An increase in the intracellular levels of cholesterol in A549 cells was previously
hypothesized to be at the basis of the defect imparted by IFITM3 at membrane fusion.
However, the role of cholesterol homeostasis in IFITM3-mediated restriction remains
controversial (31, 39, 40, 60). To explore this issue, we measured the amount of
cholesterol-laden lipid droplets after Nile Red staining by confocal microscopy in
HEK293T cells expressing or not expressing WT IFITM3 (see Fig. 7A for representative
pictures and Fig. 7B for averages of data from multiple experiments). Given that the
antiviral effects of IFITM3 are manifest in this cell type, changes in cholesterol levels
should also appear here if they are functionally relevant. Cells treated with either
methyl-B-cyclodextrin (mBCD) or oleic acid (OA) presented low to undetectable and
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FIG 6 IFITM3 mutants modulate the extent of accumulation of CD63-positive vesicles as well as MVBs in cells, but these properties do not
correlate with their antiviral behaviors. (A and B) Cells expressing or not expressing a short list of IFITM3 mutants were analyzed by
confocal microscopy using the endosomal marker CD63. (C) Same as above, but cells were analyzed by electron microscopy. A
representative picture of a cell expressing WT IFITM3 is displayed, while the number of scored MVB-positive cell sections in the different
mutants is presented in the graph (please note the different scale). (D and E) Correlative analyses, as indicated. The graphs present data
obtained in 2 independent experiments (electron microscopy) or 3 independent experiments (immunofluorescence analysis) with over
100 scored cells under each condition.

increased intracellular cholesterol levels, respectively, as measured by Nile Red staining
and in agreement with their well-known effects on cholesterol homeostasis.

Instead, when control cells were compared to cells expressing WT IFITM3, no
qualitative or quantitative differences were observed. Similarly, no differences in me-
dian fluorescence intensities (MFls) were observed when the extent of Nile Red accu-
mulation was assessed through a distinct assay (flow cytometry) (Fig. 7C).

While these results indicate that IFITM3 is unlikely to affect cholesterol homeostasis
in the cells tested in this study, they do not formally exclude the possibility that the
infectivity defect of virion particles produced in the presence of IFITM3 could be due to
a specific enrichment of cholesterol in virion particle membranes. To address this issue,
HIV-1 virions were produced and purified by ultracentrifugation through a 25% sucrose
cushion from cells expressing or not expressing IFITM3. The virion preparations were
then normalized by either exo-RT activity or total lipid contents (using R18, a fluores-
cent lipophilic dye that intercalates linearly in membranes and allows their quantifica-
tion, prior to the quantification of cholesterol).

Under these conditions, no changes were observed in the amounts of cholesterol
under the two conditions (Fig. 7D). Despite the fact that this purification procedure
cannot separate bona fide virion particles from exosomal vesicles, these data, in
addition to the lack of changes in cholesterol levels in cells, strongly suggest that the
membrane fusion defect ascribed to IFITM3 does not involve cholesterol changes. Due
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FIG 7 IFITM3 does not affect cholesterol levels in cells or in purified virion particles. (A and B) HEK293T
cells were analyzed by confocal fluorescence microscopy following staining of intracellular lipid droplets
by Nile Red (0.25 pg/ml). Control cells were treated with either methyl-B-cyclodextrin (1 mM) or oleic acid
(100 uM), well known to either deplete or increase the intracellular levels of cholesterol. Representative
pictures are presented in panel A, while the number of lipid droplets per cell is presented in panel B for
over 75 cells analyzed under each condition. (C) Same as panel A, but the accumulation of Nile Red was
quantified by flow cytometry. (D) Virions produced in the presence or absence of WT IFITM3 were
produced and purified as described above. In this case, viral preparations were normalized by their
membrane content upon R18 labeling. Cholesterol levels were measured according to the cholesterol/
cholesteryl ester quantification kit (Abcam). The graph presents averages and SEM of data from three
independent experiments.

to these results, the extent of cholesterol modification for the different mutants was not
explored further.

Identification of mutations that modulate the ability of IFITM3 to protect
target cells from HIV-1 infection. Although the IFITM3 mutants used in this study
have been analyzed against other viruses during target cell protection (19), their
activities against HIV-1 have not been explored. To directly compare the antiviral
activities of IFITM3 mutants at entry and in virion particle imprinting, HEK293T cells
were transiently transfected with the different IFITM3 mutants along with CD4 and
CXCR4, and their respective expression levels were assessed by WB and flow cytometry,
respectively (as schematically presented in Fig. 8A, with typical results shown in Fig. 8B).
No notable differences were observed in the cell surface expression of both CD4 and
CXCR4 in the presence of the different IFITM3 mutants (Fig. 8B). These cells were used
as targets for viral challenge (NL4-3-pseudotyped HIV-1 encoding GFP used at multi-
plicities of infection [MOIs] of between 0.1 and 0.5), and the extent of infection was
measured 2 to 3 days afterwards by flow cytometry (Fig. 8C). As expected, cells
expressing WT IFITM3 displayed increased resistance to viral challenge (70% decrease
in infection rates, compared to control cells). The susceptibility of cells expressing the
different IFITM3 mutants varied from 85 to 15% (all statistically significant compared to
control cells [not marked in Fig. 8]), but despite variations in target cell susceptibility,
only two mutants significantly relieved the antiviral properties of IFITM3 compared to
the wild type, mutant 13-18 and mutant 37-42, both located in the protein N terminus
(Fig. 8C). The partial loss of the antiviral activity of these mutants may be related to their
lower expression levels than the WT, although on a more global scale, the intracellular
levels of expression of the different IFITM3 mutants did not correlate with their antiviral
activity in target cell protection (Fig. 8D).
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FIG 8 Behaviors of the different IFITM3 mutants during target cell protection. (A) Experimental scheme used here
to evaluate the abilities of the different IFITM3 mutants to protect target cells from HIV-1 infection. HEK293T cells
were used as target cells due to their efficient transfection rates, following transient transfection with DNAs coding
for the different IFITM3 mutants along with CD4 and CXCR4. (B) Two days after transfection, cells were analyzed
by either WB or flow cytometry to determine the levels of expression of the different proteins. (C) Cells were then
challenged with an equal dose of GFP-encoding HIV-1 (NL4-3 at an MOI of between 0.1 and 0.5), prior to flow
cytometry analysis 2 to 3 days afterwards. The panels present typical results obtained, while the graph presents
averages and SEM obtained from 5 to 7 independent experiments. *, P < 0.05 as determined by a Student t test
for comparisons between the indicated mutant and WT IFITM3 (two tailed, unpaired). All mutants display P values
of <0.05 when the same test is carried out in comparison to control cells (asterisks are not displayed for simplicity).
(D) Correlative analysis between the extent of incorporation of the different IFITM3 mutants into virion particles and
their levels of expression in cells.

Overall comparison of the behaviors of IFITM3 mutants with respect to their
ability to mediate negative imprinting of virion particles and target cell protec-
tion and to affect protein stability. To reveal potential links between the abilities of
the different IFITM3 mutants to act at both steps of the viral life cycle, as well as to
appreciate the relationship between these antiviral properties and IFITM3 stability, the
effects of individual mutations on these three parameters were normalized to those of
the WT and compared (Fig. 9), as indicated.

On a general level, with two exceptions that are discussed in more detail below,
most mutants presented similar trends in their ability to influence negative imprinting
of virion particles and target cell protection. The magnitudes of such variations were
generally similar for both antiviral phenotypes, with the exception of mutants 13-18
and 37-42, in which target cell protection was relieved 2-fold more than negative
imprinting. These two IFITM3 mutants are less stable than the WT, which would suggest
that target cell protection is more sensitive than negative imprinting to the intracellular
levels of IFITM3. However, although protein stability can influence the behavior of
specific mutants, this parameter does not simply explain the protein’s phenotypes,
because no correlation could be drawn between the protein levels of the different
IFITM3 mutants and their antiviral phenotypes.

Although the concomitant variations observed for most IFITM3 mutants in their two
antiviral properties could suggest a common antiviral mechanism, mutants 85-90 and
127-132 display a divergent behavior, a finding that may support a model in which two

January 2019 Volume 93 Issue 2 e01716-18

Journal of Virology

jviasm.org 11


https://jvi.asm.org

Appourchaux et al.

O Negative imprinting of virions
O Target cell protection
M IFITM3 protein levels (in cells)

10 |
2
g . .
y 2 higher relieved
@ ; o (7]
T EE 3
£ = o > ®
ERER =2 8 &
£S¢g g 1 =] as WT=1 g =
= - ) [<Qt
£ E% E g g
£ g< &
= lower accrued
=
=
0,1
e a ® - > R T SO
FITM3: £ ESE9SIRIZSECSS Y
CREERRYSRTSEad vy
AS O =Aaa
- e e e
T™M1 ™2 =-—

FIG 9 Overall comparison of the activities of individual mutants to affect negative imprinting of virion
particles, target cell protection, as well as the intracellular levels of accumulation. (A) The two antiviral
activities of the different IFITM3 mutants as well as their relative stability were normalized to those of WT
and overlaid to highlight the behavior of individual mutants that deviated from the wild type, as
indicated.

distinct antiviral mechanisms are at play. Mutant 85-90 behaves as the WT during target
cell protection, but its expression in virion-producing cells leads to a drastic decrease
in Env incorporation into virions, which readily explains their accrued infectivity defect.

Interference with Env maturation and incorporation has been reported previously
for WT IFITM3. However, this finding remains controversial, and similarly to other
studies, here we have not observed changes in Env incorporation for WT IFITM3 as well
as most mutants. As a consequence, we believe that mutant 85-90 gained a novel
function, and as such, it is unlikely to represent a protein domain that can disconnect
the two antiviral properties. Instead, the behavior of IFITM3 mutant 127-132 in the CTD
may suggest that this region differentially regulates target cell protection and negative
imprinting of virions.

DISCUSSION

In this study, we have systematically examined the behavior of a large panel of
IFITM3 mutants with respect to their ability to interfere with the production of infec-
tious HIV-1 virions. We have done so in a widely used model cell line that reproduces
the infectivity defects imparted by IFITMs on different viruses and in different cell types
(both primary and established). This approach allowed us to gather novel insights into
the mechanisms regulating the negative imprinting properties of IFITM3 as well as to
explore their relationship with other issues of interest in the biology of this antiviral
factor. For the sake of clarity, these topics are described in separate subsections, below.

Novel domains that regulate IFITM3 stability. Making use of stable cell lines, a
previous study identified regions of IFITM3 that strongly influenced protein stability,
and accordingly, these mutants could not be used here (19). However, the use of
transient transfection allowed us to identify additional domains involved in protein
stability: mutants 13-18 and 37-42 in the NTD; 73-78 in TM1; and 79-84, 85-90, and
103-108 in the CIL. The behavior of mutant 13-18 (,5NSGGQPP, ) is not unexpected, as
it overlaps a region that acts as a docking site for several proteins (,,PPNYEML,;): the
E3 ubiquitin ligase Nedd4 (PPNY), AP2 (YEML), and the tyrosine kinase Fyn (Y) (10, 18,
51, 54, 55). Mutation of the two proline residues in mutant 13-18 may favor the
association with AP2, leading to higher levels of internalization of IFITM3 (this mutant
indeed displays an increased intracellular distribution) and higher levels of lysosomal
degradation. Instead, the destabilizing role of mutations in the CIL is of high interest
because this region is extremely conserved among members of the IFITM family, and
its role in the biology of IFITM3 remains relatively less well studied than other regions.
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Our results therefore suggest that the CIL plays a novel regulatory role in IFITM3 protein
stability and/or trafficking that deserves further investigation.

IFITM3 incorporation in and negative imprinting properties on HIV-1 virion
particles. Perhaps unsurprisingly for a protein composed for one-third of transmem-
brane regions, our analysis did not reveal a single 6-amino-acid-stretch mutation
capable of excluding IFITM3 from virions. However, the comparison between IFITM3
levels in cells and in virions allowed us to appreciate that the main driver of the
incorporation of mutant into virion particles seems to be their degree of expression, in
agreement with similar findings obtained with endogenous IFITMs in primary macro-
phages undergoing spreading HIV-1 infection. Under the experimental conditions used
here, differences in the localization of IFITM3 mutants did not have a major influence,
in line with similar findings for IFITM1, -2, and -3, which were also equally well
incorporated into virion particles despite distinct intracellular distributions (15, 16, 23,
36). Although we have extensively determined in previous studies that IFITMs copuri-
fying with viral fractions are packaged into virions and not in exosomes in cells
undergoing active virion assembly (by CD45 depletion and immunogold electron
microscopy [23, 36]), it can be argued that IFITMs could in principle also be incorpo-
rated into virion particles in other cellular vesicles (for instance, CD45-negative cells).

The results obtained here allow us to determine that IFITM3 incorporation is not
sufficient for its effect on virions and that the potency of the antiviral phenotype can
be disconnected from the levels of IFITM3 packaging. Indeed, several mutants endowed
with wild-type antiviral activities are incorporated at low to undetectable levels in virion
particles, as best illustrated by the mutant 13-18, which is barely detectable in HIV-1
virion particles. However, our results do not allow us to determine whether the physical
presence of IFITM3 in virion particles is absolutely necessary for the antiviral phenotype,
because we have not identified a single IFITM3 mutant completely excluded from HIV-1
virions (this mutant may be impossible to obtain without disrupting most of the protein
structure). Hence, two possibilities still exist to explain how IFITM3 may influence virion
infectivity: either very low levels of IFITM3 are sufficient to impart a negative effect on
virion infectivity or the physical presence of IFITM3 in virion particles is not important
for the antiviral phenotype. At present, we favor the latter hypothesis, as it would
explain not only the lack of a correlation between the antiviral activities of several
IFITM3 mutants and their degree of incorporation into particles but also a previous
observation from our laboratory indicating that IFITM1 can decrease the infectivity of
Dugbe virus (DUGV) (@ member of the Bunyaviridae family) without being detectably
incorporated into virion particles (36). An important corollary of this hypothesis would
be that IFITM3 acts on the cell during virion assembly to modify an important
component of virion particles that results in the membrane fusogenicity defect.

Relationship between antiviral phenotypes, accumulation of CD63-positive
vesicles, and cholesterol. In agreement with previous studies, we also found here that
the expression of several IFITM3 mutants leads to higher CD63 and MVB contents (11,
19, 20, 38, 39, 48, 59). However, the analysis of a number of IFITM3 mutants indicated
that this parameter does not correlate with antiviral activities, as, for instance, mutant
43-48 retained robust antiviral activities despite a clear inability to induce CD63 vesicle
accumulation. Therefore, our analysis does not grant a direct functional relevance to
this widely observed phenotype during the antiviral activities of IFITM3, although it
remains possible that qualitative rather than quantitative differences in the induction of
CD63-MVBs may have been missed in our analyses.

The data that we have obtained here also exclude a role of cholesterol changes in
the antiviral effects of IFITM3, as we have observed no modulation of this lipid in either
cells or virion particles expressing or not expressing this restriction factor using
different techniques. However, cholesterol is only one of the many lipids present in
membranes, and it remains possible that IFITM3 acts by affecting the homeostasis of
other lipids (for instance, phospholipids) that in turn affect the behavior of membranes
in a more functional manner.
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Mechanistic insights into the bimodal inhibitory activity of IFITM3. Our analysis
reveals that two regions in the NTD (spanning residues 13 to 18 and 37 to 42) are
important for the antiviral effects of IFITM3 against HIV-1 during target cell protection.
These regions do not play major roles in the case of influenza A virus (IAV) and dengue
virus (DENV), viruses that are instead influenced by nonoverlapping regions in the NTD
as well as by mutations in TM1 and the CIL (19). The fact that different viruses display
distinct susceptibilities to the same IFITM3 mutant had been noted previously after
comparison of IAV and DENV. If such differences exist in the case of viruses that at least
share a pH-dependent mechanism to enter target cells, it is highly plausible that other
portions of IFITM3 regulate HIV-1 entry, as this virus uses a pH-independent mechanism
to fuse at the plasma membrane and likely also in endosomes (61). In this respect, it will
be of interest to determine whether other pH-independent viruses display susceptibil-
ity to specific mutations in IFITM3 similar to that of HIV-1 or not.

In contrast to target cell protection, no exhaustive study has examined the abilities
of different regions of IFITM3 to modulate virion particle infectivity, so the results that
we have obtained in the case of HIV-1 cannot be directly compared to those of other
studies. Our analysis highlights four modulatory regions in IFITM3: two regions in TM1
and TM2 (residues 73 to 78 and 109 to 114) that partially relieve the infectivity defect
on newly produced virion particles and two in the NTD and CIL that interestingly
increase it (residues 19 to 24 and 85 to 90).

At first sight, therefore, the domains involved in the two antiviral properties of
IFITM3 do not overlap each other. However, when the respective activities of each
mutant are normalized, an interesting link between these antiviral effects becomes
more readily apparent, in that most IFITM3 mutations that alter negative imprinting
concomitantly affect target cell protection albeit with slightly different magnitudes.
This would therefore indicate that the antiviral activities against HIV-1 ascribed to
IFITM3 may be similarly modulated by the same regions. While the decreased stability
of certain IFITM3 mutants could be called into play to explain the behavior of certain
mutants, on a more global scale, IFITM3 stability is not the main parameter influencing
the antiviral activities.

At present, only two mutants diverge from this common trend, and at least one of
them (127-132) may represent a region that differentially controls target cell protection
over negative imprinting. Mutant 85-90 in the CIL represents in our view a gain-of-
function mutant that interferes with the trafficking and/or incorporation of HIV-1
envelope glycoproteins into virions. Env modulation by IFITM3 remains a controversial
subject (16, 23, 36, 37, 41), and it remains possible that the relative expression levels of
both IFITM3 and HIV-1 Env determine whether this effect is observable or not. However,
under the experimental conditions used here, IFITM3 variants exerted their antiviral
effects without modulating the extent of HIV-1 Env incorporation into virions. As such,
the 85-90 mutant should be considered to have a gain-of-function phenotype. How this
unique activity occurs has not been further investigated here, but it is intuitive that this
mechanism would affect more deeply the infectivity of newly produced virion particles
rather than target cell protection.

Instead, mutant 127-132 presents wild-type behavior with respect to virion particle
infectivity but is less active during target cell protection. The CTD underwent strong
diversifying evolution between members of the IFITM family (30, 41, 56-58), and given
that this region has been described to insert into lysosomal membranes where it is
processed (1), it is possible that mutations in this domain affect more strongly their
ability to sequester incoming virion particles in endolysosomal vesicles during target
cell infection rather than the production of infectious virion particles.

In conclusion, the results that we have gathered here provide novel insights into the
regions of IFITM3 that intervene in the production of infectious virion particles, in target
cell protection, as well as in IFITM3 protein stability. More specifically, our study
highlighted the role of two regions of interest supporting the need for further inves-
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tigations on the role of the CIL and CTD in the stability and antiviral inhibition
associated with this broad antiviral restriction factor.

MATERIALS AND METHODS

Cells, plasmids, antibodies, and reagents. HEK293T and HelaP4 cells (stably expressing the
CD4/CXCR4 receptors in addition to an HIV-1-LTR-B-galactosidase reporter cassette) were maintained in
complete Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (both
cell lines were obtained from the Cellulonet repository of SFR Biosciences in Lyon-Gerland). The different
IFITM3 mutants were described previously (19). IFITM3 variants are expressed in the context of the QCXIP
vector (Clontech) in the absence of any epitope tag. Double mutants were engineered in the same
backbone using standard molecular biology techniques. HIV-1 virion particles were produced by
transient DNA cotransfection of HEK293T cells in the presence of IFITM3, the proviral clone NL4-3, and
an HIV-1-based miniviral genome bearing a self-inactivating LTR and coding for GFP (pRRL-CMV-GFP) (23,
36). This allowed us to precisely quantify the infectivity of otherwise replication-competent virion
particles on the basis of a single cycle of infection. CD4- and CXCR4-encoding DNAs were obtained from
the AIDS Reagent and Reference Program of the NIH. Antibodies were as follows: antitubulin (Sigma),
anti-Gag/p24 (clone 183-H12-5C from the AIDS Reagents Program of the NIH), antiserum to HIV-1 gp120
(clone 288 from the AIDS Reagents Program of the NIH), anti-NTD IFITM3 (catalog number AP1153a;
Abgent) or anti-IFITM3 (rabbit polyclonal) (catalog number 11714-1-AP; Proteintech), anti-CD63 (catalog
number 556019; BD biosciences), and anti-CD4 and anti-CXCR4 (catalog numbers 551980 and 551968,
respectively; Becton, Dickinson). Nile Red, methyl-B-cyclodextrin (MBCD), and oleic acid (OA) were
purchased from Sigma (catalog numbers 19123, C4555, and 01008, respectively). The 19-24 mutant did
not cross-react with the anti-NTD antibody, so this mutant was quantified separately using the polyclonal
anti-IFITM3 antibody mentioned above.

Quantification of the different proteins analyzed here was carried out after densitometric analysis of
results obtained after WB (ImagelJ software). For IFITM3 mutants expressed at low levels, quantifications
were carried out on overexpressed signals. Pilot comparative experiments were carried out with
digital-fluorescence-based WB quantification (Odyssey CLx imaging system; LiCor), but given the high
level of concordance of the results, Odyssey quantification was not used further.

To measure the amount of cholesterol in virion-associated membranes, supernatants obtained after
transient DNA transfection of HEK293T cells were divided into two aliquots and either left untreated or
incubated with 1 ng/ml of octadecyl rhodamine B chloride (R18; Invitrogen), a fluorescent lipophilic dye
that intercalates linearly in membranes (62). Virions were then purified for both R18-labeled and
unlabeled aliquots by ultracentrifugation through a 25% (wt/vol) sucrose cushion. The R18 fluorescence
incorporated into viral membranes was quantified on a Tecan plate reader and used to normalize for
cholesterol levels measured on the specular aliquot of virion particles (cholesterol/cholesteryl ester
quantification kit, catalog number ab65359; Abcam). Cholesterol levels are therefore normalized here for
the total amount of lipids present in each sample.

Viral production and infection. HIV-1 virion particles were produced by calcium phosphate DNA
transfection of HEK293T cells in the presence of the different IFITM3 mutants or control DNAs with a DNA
ratio of 8:4:3 for NL4-3, pRRL-CMV-GFP, and IFITM3, respectively (for a total of 15 ug of DNA per 10-cm
plate). We had previously determined that these concentrations of IFITM3 were comparable to those
measured in primary dendritic cells stimulated with type | interferons. Forty-eight hours after DNA
transfection, cells were lysed, supernatants were filtered through a 0.45-um syringe filter, and virions
were then purified by ultracentrifugation at 28,000 rpm for 75 min through a 25% (wt/vol) sucrose
cushion. After ultracentrifugation, the pellet was resuspended in 1X phosphate-buffered saline (PBS) and
normalized by exo-RT activity. Viral infectivity was determined 2 to 3 days after challenge of HeLaP4 cells
by flow cytometry. To measure the effects of the different IFITM3 mutants on target cell protection,
HEK293T cells were transiently transfected with DNAs coding for CD4 and CXCR4 along with IFITM3
mutants (ratio of 0.2:0.2:1, respectively, for a total of 1.4 ug DNA per well of a 6-well plate). Two days after
transfection, cells were used as targets for infection with WT GFP-HIV-1, prior to flow cytometry analysis
2 to 3 days afterwards.

Confocal microscopy. HEK293T cells were grown on 0.01% poly-L-lysine-coated coverslips and
analyzed 36 h after transfection with DNAs coding for wild-type IFITM3 or mutants. For DNA transfec-
tions, Lipofectamine 2000 (Invitrogen) was used according to the manufacturer’s instructions. Cells were
fixed with 4% paraformaldehyde for 20 min, quenched with 50 mM NH,Cl for 10 min, and permeabilized
with PBS-0.5% Triton X-100 for 5 min. After a blocking step in PBS-5% milk, cells were incubated with
primary antibodies overnight, followed by incubation for 2 h with a donkey anti-rabbit IgG-Alexa Fluor
594 conjugate (catalog number A-21207; Life Technologies) and/or a donkey anti-mouse IgG-Alexa Fluor
488 conjugate (catalog number A-21202; Life Technologies). A 4',6-diamidino-2-phenylindole (DAPI)-
containing mounting medium was used (Southern Biotech). Images were acquired using a spectral Zeiss
LSM710 confocal microscope and analyzed with Fiji software. Where indicated, Nile Red was added
during the last three 5-min washes with PBS at 0.25 ug/ml before mounting of the coverslips (confocal
microscopy) or added directly to the medium at the same concentration during the last 30 min of culture,
prior to cell harvest.

Electron microscopy. HEK293T cells transfected as described above were fixed for 24 h in 4%
paraformaldehyde (PFA) and 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). Samples were then
washed in PBS and postfixed by incubation with 2% osmium tetroxide for 1 h. Samples were then fully
dehydrated in a graded series of ethanol solutions and propylene oxide. The impregnation step was
performed with a mixture (1:1) of propylene oxide-Epon resin, and the samples were then left overnight
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in pure resin. Cells were then embedded in Epon resin, which was allowed to polymerize for 48 h at 60°C.
Ultrathin sections (90 nm) of these blocks were obtained with an EM UC7 ultramicrotome (Leica
Microsystems, Wetzlar, Germany). Sections were stained with 2% uranyl acetate and 5% lead citrate, and
observations were made with a transmission electron microscope (catalog number 1011; JEOL, Tokyo,
Japan).
Host phylogenetic analyses. Homologous sequences of the primate IFITM1 to -3 genes were
retrieved from publicly available databases using NCBI tBLASTn with human IFITM1 or human IFITM3 as
the query. Multiple duplication events in ancient and recent times during primate evolution make
phylogenetic analyses of the IFITM1 to -3 genes in primates challenging (41). For this study, a conser-
vative approach was used in which all sequences annotated as being noncoding (XR/NR identification)
in the NCBI database were discarded so that the analysis was performed on the following sequences:
29X for IFITM1, corresponding to 24 species; 8X for nonsimian primate IFITM3, corresponding to 4
species; 10X for New World monkey IFITM3, corresponding to 4 species; and 48X for hominoid and New
World monkey (Catarrhini) IFITM2/3, corresponding to 25 species. Amino acid sequences were aligned
with Muscle. The motifs of interest were subsequently isolated and separated according to gene
phylogeny. A sequence logo was then produced for each motif and each group using WebLogo3
(http://weblogo.threeplusone.com/).

Data availability. All relevant data are within the paper.
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