N
N

N

HAL

open science

Interference with the production of infectious viral
particles and bimodal inhibition of replication are
broadly conserved antiviral properties of IFITMs

Kevin Tartour, Xuan-Nhi Nguyen, Romain Appourchaux, Sonia Assil,

Véronique Barateau, Louis-Marie Bloyet, Julien Burlaud Gaillard, Marie

Confort, Beatriz Escudero-Perez, Henri Gruffat, et al.

» To cite this version:

Kevin Tartour, Xuan-Nhi Nguyen, Romain Appourchaux, Sonia Assil, Véronique Barateau, et al..
Interference with the production of infectious viral particles and bimodal inhibition of replication
are broadly conserved antiviral properties of IFITMs. PLoS Pathogens, 2017, 13 (9), pp.e1006610.
10.1371 /journal.ppat.1006610 . hal-01774659

HAL Id: hal-01774659
https://univ-tours.hal.science/hal-01774659
Submitted on 24 Apr 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://univ-tours.hal.science/hal-01774659
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

@'PLOS | PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Tartour K, Nguyen X-N, Appourchaux R,
Assil S, Barateau V, Bloyet L-M, et al. (2017)
Interference with the production of infectious viral
particles and bimodal inhibition of replication are
broadly conserved antiviral properties of IFITMs.
PLoS Pathog 13(9): €1006610. https://doi.org/
10.1371/journal.ppat.1006610

Editor: David T. Evans, University of Wisconsin,
UNITED STATES

Received: April 27,2017
Accepted: August 28, 2017
Published: September 28, 2017

Copyright: © 2017 Tartour et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: Work in the laboratory of AC is supported
by grants from Sidaction, the ANRS, Finovi, as well
as from an internal grant from the ENS-L. Work in
the laboratory of FA was partly funded by the Ecole
Pratique des Hautes Etudes, the Institut National de
la Recherche Agronomique, the University of Lyon
1. Work in the laboratory of VV was supported by

RESEARCH ARTICLE

Interference with the production of infectious
viral particles and bimodal inhibition of
replication are broadly conserved antiviral
properties of IFITMs

Kevin Tartour'-234%6%* Xyan-Nhi Nguyen'-22456%* Romain Appourchaux'23456%

Sonia Assil#3%%5% Véronique Barateau'>**°>®* Louis-Marie Bloyet'?34>6%

Julien Burlaud Gaillard”-®¥, Marie-Pierre Confort®, Beatriz Escudero-Perez"%4%6%

Henri Gruffat'>3%5%* Saw See Hong®¥, Marie Moroso'>%*5%1% QOlivier Reynard'>%%56%
Stéphanie Reynard'23%5611¥ E|odie Decembre'-?>34%5 Najate Ftaich®,

Axel Rossi'>%%%6 Nannan Wu'>3%%6:12 Frédérick Arnaud®, Sylvain Baize'>3456:11
Marléne Dreux'->%%%€ Denis Gerlier'">*%%8, Glaucia Paranhos-Baccala'->%%%%1°,

Viktor Volchkov">%%%8, Philippe Roingeard”®, Andrea Cimarelli'-*3*>°x

1 CIRI, Centre International de Recherche en Infectiologie, Lyon, France, 2 INSERM, U1111, Lyon, France,
3 Université Claude Bernard Lyon1, Lyon, France, 4 CNRS, UMR5308, Lyon, France, 5 Ecole Normale
Supérieure de Lyon, Lyon, France, 6 Univ Lyon, Lyon, France, Lyon, France, 7 Plateforme IBiSA de
Microscopie Electronique, Université F. Rabelais et CHRU de Tours, Tours, France, 8 INSERM U966,
Université F. Rabelais et CHRU de Tours, Tours, France, 9 IVPC UMR754, INRA, Univ Lyon, Université
Claude Bernard Lyon1, EPHE, Lyon, France, 10 Fondation Mérieux, Lyon, France, 11 Institut Pasteur, Lyon,
France, 12 Institute of BioMedical Science (IBMS), East China Normal University (ECNU), Shanghai, China

@® These authors contributed equally to this work.

F KT and XNN share first authorship on this work. RA, SA, VB, LMB, JBG, MPC, BEP, HG, SSH, MM, OR, SR
also contributed equally to this work and share second authorship.

* acimarel @ ens-lyon.fr

Abstract

IFITMs are broad antiviral factors that block incoming virions in endosomal vesicles, protect-
ing target cells from infection. In the case of HIV-1, we and others reported the existence of
an additional antiviral mechanism through which IFITMs lead to the production of virions of
reduced infectivity. However, whether this second mechanism of inhibition is unique to HIV
or extends to other viruses is currently unknown. To address this question, we have ana-
lyzed the susceptibility of a broad spectrum of viruses to the negative imprinting of the virion
particles infectivity by IFITMs. The results we have gathered indicate that this second antivi-
ral property of IFITMs extends well beyond HIV and we were able to identify viruses suscep-
tible to the three IFITMs altogether (HIV-1, SIV, MLV, MPMV, VSV, MeV, EBOV, WNV), as
well as viruses that displayed a member-specific susceptibility (EBV, DUGV), or were resis-
tant to all IFITMs (HCV, RVFV, MOPV, AAV). The swapping of genetic elements between
resistant and susceptible viruses allowed us to point to specificities in the viral mode of
assembly, rather than glycoproteins as dominant factors of susceptibility. However, we also
show that, contrarily to X4-, R5-tropic HIV-1 envelopes confer resistance against IFITM3,
suggesting that viral receptors add an additional layer of complexity in the IFITMs-HIV inter-
play. Lastly, we show that the overall antiviral effects ascribed to IFITMs during spreading
infections, are the result of a bimodal inhibition in which IFITMs act both by protecting target
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cells from incoming viruses and in driving the production of virions of reduced infectivity.
Overall, our study reports for the first time that the negative imprinting of the virion particles
infectivity is a conserved antiviral property of IFITMs and establishes IFITMs as a paradigm
of restriction factor capable of interfering with two distinct phases of a virus life cycle.

Author summary

IFITMs are interferon-regulated proteins that inhibit a broad range of viruses. Until
recently, IFITMs had been described to arrest incoming viral particles in target cells, by
inducing their retention in endosomal vesicles. More recently in the case of HIV-1, ours
and other laboratories have highlighted the existence of an additional antiviral mechanism
with which IFITMs could act in virus-producing cells, leading to the production of virion
particles of reduced infectivity. In the present study, we assessed whether the negative
imprinting of the virion particles infectivity was a conserved antiviral property of IFITMs
by examining a panel of fourteen different DNA or RNA viruses. Our results indicate that
a wide spectrum of viruses is susceptible to this antiviral mechanism of inhibition,
although some are able to resist it. Swapping of elements between susceptible and resistant
viruses strongly suggests that specificities in the mode of virion assembly and not the viral
glycoprotein are the dominant factor in the susceptibility of a given virus to this inhibi-
tion. However, we also show that HIV-1 strains that engage the CCR5 co-receptor display
a notable resistance towards IFITM3, indicating that at least in the case of HIV-1, co-
receptor usage is likely to add an additional layer of complexity in the relationship estab-
lished between IFITMs and the virus, that may or may not extend to other viral families as
well. In the context of spreading infections, the results of this study highlight that the over-
all antiviral effect of IFITMs is mechanistically caused by a previously unappreciated dual
mode of action in which they act both in target cells and in virus-producing cells, by
respectively forcing endosome trapping of incoming viruses and by commandeering the
formation of new virion particles of reduced infectivity. Overall, the results presented here
indicate that the negative imprinting of viral particles is a largely conserved antiviral fea-
ture of IFITMs and point to IFITMs as a novel paradigm of innate defense proteins capa-
ble of interfering with viral replication at two distinct steps of a virus life cycle.

Introduction

The interferon-induced transmembrane proteins (IFITMs) are a family of highly related pro-
teins that present two transmembrane domains (TM) connected by a short linker region and
an N and C-termini of variable length [1, 2]. In humans, this family is composed of five
expressed members: IFITM1, 2 and 3 that are bona fide interferon-regulated genes [3],
IFITM5 mainly expressed in bone tissue and genetically linked to Osteogenesis Imperfecta [4,
5], and IFITM10 that remains poorly characterized. Following their initial identification as
antiviral modulators of Influenza virus infection in a functional genomic screen [6], several
studies have concurred in establishing IFITM1, 2 and 3 (hereafter referred to as IFITMs) as
key components of cellular innate defenses with large antiviral spectrum (acting against Influ-
enza virus, Filoviruses, Coronaviruses, HIV etc. [6-15, 16, 17, 18, 19, 20, 21, 22-28] [29-33]
The first and most studied mechanism through which IFITMs interfere with viral replica-
tion takes place in target cells. In this setting, IFITMs sequester incoming virion particles in
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endosomes by preventing viral-to-cellular membrane fusion, a phenomenon that first impedes
the access of the virus to the cell cytoplasm and subsequently leads to its degradation [6, 8, 9,
12, 14, 16, 20, 23-25, 34-39]. It is interesting to note that this mechanism of inhibition, albeit
with efficacies that depend on both the IFITM and the virus considered, targets viruses for
which the passage through the acidic pH of endosomes is mandatory to trigger viral-to-cellular
membranes fusion, as well as those for which this passage is not obligatory, as HIV-1 [23, 40,
41, 42].

While all studies concur in indicating a strong effect of IFITMs on the fusogenic properties
of membranes, the precise phase affected by IFITMs remains debated, given that IFITMs have
been described to block hemifusion (the process whereby the outer, but not the inner, leaflet of
the viral and cellular membranes merge [35], or the transition from hemifusion to pore forma-
tion [43]). Similarly, the exact molecular mechanism by which IFITMs modify the biophysical
properties of membranes remains unclear, having been controversially linked in the past to
changes in membrane cholesterol levels [44, 45], or more recently to interactions with other
cellular co-factors [46].

In the case of HIV-1, our laboratory together with others has recently described an addi-
tional mechanism through which IFITMs coalesce with the HIV-1 structural protein Gag dur-
ing virion assembly and are incorporated into newly-produced particles that display a reduced
infectivity when compared to their WT counterparts, due to a decreased ability to fuse with
cellular membranes [18, 19, 22]. This novel antiviral effect that we refer to as a negative
imprinting of the viral particle infectivity is independent of the cell type in which viruses are
produced, as it is observed in established cell lines and in primary cell targets of HIV-1 replica-
tion, such as T cells [19, 22] and macrophages [18]. Altogether, these data along with data in
the literature suggests that, at least in the case of HIV-1, IFITMs bears the ability to inhibit the
virus life cycle at two distinct moments: i) during viral entry in target cells, step in which
IFITMs intervene by trapping incoming virions in endosomal vesicles; ii) during virion parti-
cle assembly, phase in which the presence of IFITMs leads to the production of virions of
reduced infectivity.

However, although the former antiviral property of IFITMs has been firmly established to
target a broad range of viruses, it is entirely unappreciated whether the second is restricted to
HIV or whether it applies to other viruses.

To address this question, we examined fourteen different viruses, encompassing a wide
spectrum of viral families with diverse modes of replication, and in particular: negative-strand
RNA viruses (Vesicular Stomatitis virus, VSV; Measles virus, MeV; Ebolavirus, EBOV; Dugbe
virus, DUGV; Rift Valley fever virus, RVFV and Mopeia virus, MOPV); positive-strand RNA
viruses (West Nile virus, WNV and Hepatitis C virus, HCV); retroviruses (Simian Immunode-
ficiency virus of macaques, SIVyac; Murine Leukemia virus, MLV; Mason-Pfizer monkey
virus, MPMV; in comparison to the already described HIV-1); and DNA viruses (Epstein-Barr
virus, EBV; and Adeno-associated virus, AAV).

For the first time, we show here that IFITMs reduce the infectivity of newly produced virion
particles derived from a large spectrum of viruses, well beyond HIV-1. In addition, we high-
light viruses that are either fully resistant to IFITMs (HCV, RVFV, MOPV along with AAV),
or that display an exquisite IFITM member-specific susceptibility (DUGV, EBV). This hetero-
geneous behavior allowed us to use genetic elements swapping between IFITM-resistant and -
susceptible viruses and to point to the specificities in the mode of virion assembly rather than
to the viral glycoprotein as a dominant factor of susceptibility towards IFITMs. However, in
agreement with recent studies in the literature [23, 47, 48], we also show that, contrarily to
X4-tropic, R5-tropic HIV-1 strains become resistant to IFITM3, likely underlying a novel role
for co-receptors in the interplay between HIV and IFITMs. Finally, we have re-examined the
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effects played by IFITMs during spreading infections and we now reveal that they are mecha-
nistically due to the concurrent action exerted by IFITMs both in target cells protection and in
the production of virions of reduced infectivity. To our knowledge, this provides the first
example of antiviral factor capable of targeting both extremes of a virus life cycle.

Results

Evaluating the effects of the expression of IFITMs on the production of
virion particles derived from a broad panel of viruses

To assess the degree of conservation of the IFITM-mediated negative imprinting on the virion
particles infectivity, we examined a panel of fourteen viruses spanning families distinct in
terms of genome, replication, interaction with their cellular host and more interestingly, pre-
senting different modes of virion assembly (as schematically presented in Fig 1A). This list
included several members of the Retroviridae family and in particular MLV (genus Gammare-
trovirus), MPMV (genus Betaretrovirus) as well as SIVyac and HIV-1 (genus Lentivirus, the
latter of which we had previously characterized with respect to its susceptibility to IFITMs,
[18]); the plus-strand RNA Flaviviridae WNV (genus Flavivirus) and HCV (genus Hepaci-
virus); representative members of different minus-strand RNA virus families such as Rhabdo-
viridae (VSV), Paramyxoviridae (MeV); Filoviridae (EBOV), as well as segmented RNA viruses
belonging to Bunyaviridae (DUGV of the genus Nairovirus and RVFV, of the genus Phlebo-
virus) and Arenaviridae (MOPV). To complete this analysis, two DNA viruses respectively
members of the Herpesviridae (EBV) and Parvoviridae families (AAV) were also included
here. Contrarily to all the viruses examined in this study, AAV is a non-enveloped virus.

To minimize the inevitable variations dictated by the specificities of each one of these
viruses (cellular tropism, availability of cloned genomes, of viral-coded reporters and so forth),
we decided to use an as much as possible homogenous setup to assess the ability of IFITM1, 2
or 3 to interfere with the production of infectious virions (as schematically presented in Fig 1B
and as more specifically detailed in Supplementary S1 Fig).

IFITM:s are expressed in virus-producing cells in conditions and amounts that are compa-
rable to those that can be measured in primary monocyte-derived dendritic cells (MDDCs)
stimulated with type I IFN (Supplementary S2A, S2B, S2C and S2D Fig) and that we had previ-
ously employed to reveal this novel antiviral mechanism in the context of HIV-1 [18]. Due to
cell type specific transfection rates, the intracellular levels of IFITMs measured upon transient
DNA transfection varied among cell lines, although variations were contained within four-fold
in terms of both number of IFITM-positive cells and median fluorescent intensity (MFI, as
measured by flow cytometry, Supplementary S2A and S2B Fig).

When cloned viral genomes that allow efficient viral rescue upon DNA transfection were
available, virion particles were produced by simple co-transfection of viral components along
with DNA coding IFITMs (as for HIV-1, SIVyac, MLV, MPMV, WNV and AAV). Otherwise,
cells transfected with the individual IFITMs were infected shortly after transfection to obtain a
consistent pool of virus-producing IFITMs-expressing cells. Then, viral particles newly-pro-
duced in cell free supernatants were isolated and purified by ultracentrifugation through a
25% sucrose cushion (w/v) and then normalized for protein or genome content (Supplemental
S1 Fig). Normalized amounts of virion particles produced in the presence or absence of
IFITMs were then analyzed by WB or used to challenge target cells to measure their infectivity
and possible effects of IFITMs on this parameter (Supplementary S1, S3A and S3B Figs for a
comprehensive comparison of the infectious titers used).

Few modifications were used to adapt to specific virus features. Hone cells that bear a latent
EBV genome carrying gfp were transfected with IFITMs coding DNA along with an expression
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Fig 1. Experimental overview of the present study. Snapshot presentation of the viruses used in this study and schematic color-coded
representation of the intracellular locations of virion particle assembly (A). Experimental setup used to determine effects of IFITMs on the formation of
infectious viral particles (B). A comprehensive table of the viral systems used is provided in Supplementary S1 Fig.

https://doi.org/10.1371/journal.ppat.1006610.g001

vector coding the EB1 viral transcription factor to stimulate viral reactivation and virion
assembly [49, 50]. Given its assembly in the nucleus, AAV virions were purified from cell
lysates using a well-established procedure that includes freeze-thaw cycles and virion purifica-
tion on a 4 step gradient of iodixanol [51]. For HCV, IFITMs were expressed in hepatocytic
Huh-7.5.1¢2 cells [52] and to circumvent the poor transfection rate of these cells, expression of
IFITMs was obtained by retroviral-mediated transduction.

Finally, while parental viruses were examined in most cases, vectors were used for retrovi-
ruses. This allowed us to pseudotype retroviral particles with the same heterologous envelope
(the VSV G protein, VSVg) to better appreciate potentially subtler differences due to distinct
virion assembly mode existing between Retroviridae. VSV-G pseudotyping is commonly used
in studies on retroviruses and we had previously determined that IFITMs exert similar defects
on the infectivity of HIV-1 viral particles bearing the HIV-1, the VSV-G, the gibbon ape leuke-
mia virus (GALV) or the feline leukemia virus RD114 envelope proteins [18].

When the conditions described above were used, the presence of IFITM:s in virus-produc-
ing cells did not appreciably modify the amount of virion particles produced, although a trend
toward increased viral production was observed for AAV, EBV and MOPYV in the presence of
IFITM3 and a negative one was observed for HIV-1, MLV and HCV (Supplementary S3C
Fig). To focus only on their intrinsic infectivity, all the subsequent assays were performed for
each virus after normalization of virion particles produced in the presence or absence of
IFITMs.
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https://doi.org/10.1371/journal.ppat.1006610.9002

Next, the ability of IFITMs to be incorporated (or to co-fractionate) in normalized viral
preparations was assessed by Western blot (Fig 2A). In line with its non-enveloped characteris-
tics, viral preparations of AAV were devoid of IFITMs even when four times more starting
material than the one used for the other viruses was used (Fig 2A). On the contrary, readily
detectable amounts of IFITM1, 2 and 3 were observed in viral fractions of all enveloped viruses
tested, under the experimental conditions used here. The unique exception was represented by
DUGY in which IFITM1 was undetectable in viral preparations, contrarily to IFITM2 and
IFITM3 and despite comparable intracellular expression levels. These results are not due to
lower viral inputs, because similar amounts of physical DUGV particles were analyzed than
other viruses (as for example MOPV and RVFV, Supplementary S3A and S3B Fig).

Opverall, the data presented here on fourteen different viruses indicates that IFITMs co-frac-
tionate with most enveloped virion particles in a robust manner.
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A direct interaction between the HIV-1 Env and IFITMs has been hypothesized to drive
functional alterations of the amount of Envelope spikes present in virion particles [22],
although this finding has not been confirmed by other studies, including our own [18, 23, 53].
Given these discrepancies, it was important to determine whether IFITMs could modify or not
the extent of mature glycoproteins incorporation in the case of other viruses. To this end, we
examined the extent of mature glycoproteins incorporation in virion particles derived from
viruses for which antibodies were available (Fig 2B). No specific defect in mature glycoproteins
incorporation into virions was observed in the presence of IFITMs, irrespectively of the glyco-
protein intracellular processing/maturation pathway (schematically displayed at the right of
the panels of Fig 2B), refuting the hypothesis of a generalized mechanism through which
IFITMs may interact and/or modify viral glycoproteins maturation and incorporation into
virions.

Two further considerations can also be drawn from the comparison of the migration pat-
terns observed for the different IFITMs after SDS-PAGE gel analysis. First, the IFITM1, 2 and
3 proteins in Huh-7.5.1c2 cells (HCV panels) migrate at distinct apparent molecular weights,
contrarily to the IFITMs expressed in the other cell types. The reasons for these differences are
unclear although both patterns are equally present in the literature and both have been indis-
tinctly linked to an antiviral phenotype [6, 8, 18, 19, 25, 45, 54]. Second, slower migrating
forms of IFITMs, especially of IFITM2, can be in some cases observed in cellular and viral frac-
tions. These bands have been observed before, but at present their identity is unknown,
although we speculate they may represent post translational modifications of IFITMs. The
finding that such forms appear more concentrated in viral preparations of some viruses may
suggest their selective enrichment at the sites of virion assembly, an hypothesis that will require
further studies.

Immuno-gold electron microscopy underscores bona fide virion-
association of IFITMs

To confirm the virion association of IFITMs, several viruses were produced in the presence or
absence of IFITM3 and were then subjected to immuno-gold EM using antibodies specific for
its N-terminal Flag tag. Virion labeling was conducted on fresh viral preparations, prior to fix-
ation, as these conditions yielded more reproducible results in our hands. Under these condi-
tions, IFITM3 was detectable in all virions tested (HIV-1, SIVyac, MLV, MPMV, VSV, MeV
and EBV, Fig 3A and 3B for a quantitative analysis of the number of gold beads per virion par-
ticle). Due to technical limitations (BSL3/BSL4 constraints and/or limited availability of viral
material), this analysis could not be carried out on the remaining viruses.

Opverall, our data showing association of IFITM3 with capsid-containing virion particles
derived from different viruses clearly support the notion that IFITMs are indeed incorporated
in virions, although we cannot exclude the possibility that a portion of virion-associated
IFITMs may derive from non-virion associated material [55].

Evaluation of the infectivity of virions produced in the presence of IFITMs

Next, the impact of IFITMs on the infectivity of virion particles was determined by infecting
cells with normalized amounts of virions (Fig 4). As expected, IFITMs decreased the infectivity
of HIV-1 and SIV ¢ virion particles. The infectivity of MLV and MPMYV was also affected,
albeit more moderately in the case of MPMYV for all three IFITMs and for MLV specifically for
IFITM3 (Fig 4). These results are intriguing because MLV and especially MPMV display
assembly specificities that are distinct from lentiviruses, although they ultimately acquire a
plasma membrane-derived envelope [56, 57, 58].
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Fig 3. IFITM3 is a bona fide virion-associated protein. Virion particles produced as described above were then analyzed by immuno-
gold electron microscopy. Briefly, unfixed viral preparations purified by ultracentrifugation and produced in the presence or absence of
IFITM3 were incubated with anti-Flag antibodies, followed by incubation with a gold-conjugated secondary antibody (arrows).
Representative pictures are shown here. The graph displays the number of gold particles counted on a per virion basis.

https://doi.org/10.1371/journal.ppat.1006610.9003

Viral infectivity was also significantly impaired in the case of VSV, MeV, EBOV, WNV
with no major differences among IFITM members. Instead, DUGV and EBV displayed a
member specific susceptibility to IFITMs and in particular, the infectivity of DUGV was
impaired to a small but statistically significant extent by IFITM1, but not by IFITM2 or
IFITM3, while EBV displayed a reciprocal susceptibility. Lastly, the infectivity of HCV, RVFV,
MOPYV and AAV virions was unaffected by IFITMs.

N-terminal tagged IFITM proteins are widely used in the field, however it was of impor-
tance to ascertain that the presence of the tag was not responsible for the antiviral effects
ascribed to IFITMs. To this end, we compared the effects of tagged and non-tagged IFITMs on

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006610  September 28, 2017 8/30


https://doi.org/10.1371/journal.ppat.1006610.g003
https://doi.org/10.1371/journal.ppat.1006610

o @
@ ’ PLOS | PATHOGENS Bimodal inhibition of viral replication by IFITMs

O- @ IFITM2
O IFITM1 @ IFITM3

140 -
120 -

IR R

0 T " T . T

ok %

HIV- SIVMAC MLV MPMV VSV MeV EBOV WNV?‘ HCV DUGV RVFV MOPV EBV AAV
(Lenti.) (Gamma.) (Beta.) (Flavi.) (Hepaci.) (Nairo.) (Phlebo.)

Particle Infectivity
(normalized)

Retroviridae Flaviviridae Bunyaviridae

Rhabdoviridae

{ Paramyxoviridae
Filoviridae
Arenaviridae
Herpesviridae
Parvoviridae

MONONEGAVIRALES

Fig 4. Effect of IFITMs on the production of fully infectious viral particles. Normalized amounts of virion particles produced in the presence of
absence of IFITMs were used to challenge target cells prior to analysis of their intrinsic infectivity by FACS, FFA or TCID50, according to the
specific virus and as presented in Supplemental S1 Fig. For each virus, infectivity has been normalized to control viruses produced in the absence
of IFITMs. The graph presents averages and SEM of 3 to 6 independent experiments. *, statistically significant upon a Student t test, p<0.05.

https://doi.org/10.1371/journal.ppat.1006610.9004

HIV-1 and VSV, taken here as extremes of viruses susceptible to IFITMs. Under these condi-
tions, both IFITM configurations exerted similar antiviral effects, thereby excluding artefactual
effects due to the presence of the tag (Supplementary S4A Fig).

While the behavior of AAV is not surprising given its non-enveloped features, the resistance
of HCV, RVFV and MOPYV could be in principle due to insufficient levels of expression of
IFITMs in virus-producing cells. We do not believe this to be the case, because RVFV, MOPV
and AAV were produced in HEK293T cells in conditions similar to Retroviruses and WNV
that are instead susceptible to IFITMs (see Supplementary S1 Fig for a comparison of the viral
systems used). Similarly, while IFITMs in Huh-7.5.1c2 did not modify the infectivity of HCV
particles, they did affect the one of VSV (tested here against IFITM1, Supplementary S4B Fig).

Therefore, we believe that the resistance phenotype described here for HCV, RVFV, MOPV
and AAV reflects a true behavior of the virus, rather than limiting amounts of IFITMs in
virus-producing cells.

In principle, the lower plasma membrane distribution of IFITM2 and 3 could have been
predicted to induce a more moderate infectivity defect for viruses assembling at this location,
when compared to IFITM1. However, the cell surface staining of non-permabilized cells (Sup-
plementary S2C and S2D Fig) indicated that IFITM2/3 are clearly present at detectable levels
at the plasma membrane, suggesting that membrane dynamics may contribute to flatten differ-
ences between individual IFITM members in terms of access to viral assembly sites and antivi-
ral effects.

CD45-depletion experiments of viral supernatants exclude a
confounding role of exosomes in the negative effects of IFITMs on virion
infectivity

IFITMs have been shown to be incorporated into virion particles of HIV-1 (and of other
viruses in this study), but have also been found to be present in exosomes [55]. To exclude a
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possible influence of exosomal-associated IFITM proteins in our infectivity assays, we took
advantage of a previous study that identified CD45 as a cellular protein specifically excluded
from HIV-1 viruses due to a long cytoplasmic tail, but freely present in exosomes [59]. SupT1
cells stably expressing IFITM1, 2 or 3 were infected with HIV-1 and VSV for prolonged peri-
ods of time to obtain sufficient amounts of released virion particles produced in the presence
of IFITM proteins. Viral preparations were then separated in two and either subjected to
CD45 depletion or not. After CD45-magnetic beads removal, virions were purified by ultra-
centrifugation and upon normalization, they were analyzed by WB and infectivity (Fig 5).
CD45 depletion worked efficiently and as our laboratory published before in the case of HIV-1
most of the virion-associated IFITMs signal persisted in the viral fractions, even after CD45
depletion [18]. These results however extend our previous findings indicating that even in the
case of VSV, IFITMs become essentially virion-associated in cells undergoing active viral bud-
ding. When the infectivity of non-depleted and CD45-depleted virions was analyzed no differ-
ences were observed, thereby excluding a possible confounding role of exosomes that may be
present in our viral preparations.

Silencing of endogenous IFITMs increases the basal infectivity of newly-
produced virions and augments EBOV spreading

To assess the role of endogenous IFITMs, we silenced the three IFITMs at the same time fol-
lowing shRNAs-mediated, lentiviral-based transduction of established cell lines (HeLa cells),
or primary blood cells that express them at detectable levels even prior to IFN stimulation
(PHA/IL2-activated primary blood lymphocytes, PBLs, and monocyte-derived macrophages).
IFN-stimulation was not used to further increase the levels of expression of IFITMs, due to its
pleiotropic effects on the cell physiology that would have complicated the analysis of the results
obtained. Knockdown cells were then challenged with the indicated viruses and newly-pro-
duced virion particles assembled in the absence or presence of endogenous IFITMs were then
purified, normalized and their infectivity assessed (according to the scheme provided in Fig
6A). In the case of EBOV infection of primary macrophages silenced for IFITMs, only viral
spread could be analyzed due to the limited amount of material available.
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Fig 5. CD45 depletion excludes a potentially confounding role of exosome-incorporated IFITMs on virion infectivity. SupT1 cells stably
expressing the different IFITMs were infected with HIV-1 and VSV. At a late time after infection of the cell culture, supernatants containing newly-
produced virions were harvested and divided in two fractions that were either incubated with CD45-conjugated microbeads or left untreated.
After the microbeads removal, virion particles were purified by ultracentrifugation, normalized and then used for WB and infectivity analyses. The
WB panels present typical results obtained, while the graph presents averages and SEM obtained in 3 independent experiments. No statistically
significant differences were observed between depleted and non-depleted fractions, after a Student t test.

https://doi.org/10.1371/journal.ppat.1006610.9005
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Fig 6. Silencing of endogenous IFITMs increases the infectivity of virions of different viruses and increases EBOV spread in primary
macrophages. A) Endogenous IFITM1, 2 and 3 were silenced by shRNA-mediated lentiviral transduction along with shRNA-control silenced
cells and then treated according to the scheme provided. B) Expression and extracellular release properties of endogenously-expressed IFITMs
in the uninfected cell types used here (cells and sup., respectively). The basal expression levels of IFITM proteins were measured in the cell types
mentioned above with a pool of anti-IFITM1, 2 and 3 antibodies in cell lysates and supernatants purified by ultracentrifugation through sucrose, as
viral particles in Fig 2. The same amounts of cells used elsewhere for viral production and in the case of primary cells, the same donors were
used. C) In the case of primary cells, primary blood lymphocytes were stimulated with 1 ug/ml PHA and 150 U/ml of Interleukin 2 (IL2) for twenty-
four hours, then challenged with HIV-1 viral vectors expressing either control (Luciferase), or IFITMs-specific shRNAs and enriched in knockdown
cells following a three-day selection in Puromycin (resistance coded by the shRNA vector). Kd-cells were then challenged with the indicated
viruses at MOI comprised between 0.1 and 0.5 to obtain virus-producing cells, prior to extensive cell washing to remove input virus. Newly
produced virion particles were collected 1 to 2 days afterwards (5 days for HIV-1), purified and normalized prior to WB and infectivity analyses.
The infectivity of virions purified from kd-cells was measured on HeLaP4 (HelLa cells bearing the HIV-1 receptors and an LTR-driven promoter
driving B-galactosidase expression, used for HIV-1 and VSV and analyzed twenty-four and sixteen hours after challenge by 3-gal assay and
FACS, respectively) or Vero/hSLAM (MeV, flow cytometry). Primary macrophages were challenged with shRNA-coding vectors in the presence
of Vpx-containing virion-like particles (VLPs-Vpx) to increase the efficiency of silencing and then challenged with EBOV at an MOI of 0.3. Pictures
of infected cultures were collected with a Leica DM IRB inverted microscope. The graphs present averages and SEM of 4 to 5 independent
experiments with cells obtained from different donors. *, p<0.05 after a Student t test.

https://doi.org/10.1371/journal.ppat.1006610.9006

In the absence of viral infection, endogenous IFITM proteins were not detected in the
supernatant of the cells used here (Fig 6B), further supporting the notion that the major secre-
tion mode for IFITMs under these conditions is their incorporation into virions (as also evi-
dent in the WB panels of Fig 6C). As expected, the intracellular reduction of IFITMs, led to a
concomitant reduction in the amount of virion-associated IFITMs. When newly-produced
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virion particles were normalized and used to challenge target cells, the infectivity of virions
produced in IFITM-knockdown cells reproducibly increased for all the three viruses tested
(VSV, MeV and HIV-1, in this latter case completing the analysis that we had already per-
formed for primary macrophages [18]). Thus, removal of endogenous IFITM proteins results
in an increase in the intrinsic infectivity of virion particles, corroborating the results presented
in Fig 4. In the case of EBOV, silencing of IFITMs in primary macrophages led to a consistent
increase in the replicative capacity of EBOV in the cell culture (Fig 6C displays a single time
point of the complete analysis of viral spread over time presented in Supplementary S5 Fig),
although the limited material available precluded the purification and the subsequent analysis
of the infectivity of newly-produced virions and therefore prevented the assignment, or dis-
missal, of the antiviral effect of IFITMs on EBOV to a specific mechanism (this issue is
addressed in the next figure).

Opverall, the data presented here argue for two important points: endogenous IFITMs are
indeed incorporated in particles issued from different viruses; their presence leads de facto to
virion particles of lower infectivity when compared to virion particles produced in their
absence.

The antiviral effects of IFITMs during spreading infections are the result
of a bimodal inhibition that operates concomitantly in protecting target
cells from infection and in leading to the production of virion particles with
reduced infectivity

The data shown above indicates that IFITMs interfere with the infectivity of newly produced
virion particles in the same broad manner than their previously reported ability to protect tar-
get cells from infection. However, whether the two mechanisms co-exist during spreading
infections, and to what extent they contribute to the overall antiviral properties of IFITMs is
unknown.

To address this issue, replication competent VSV, HIV-1, EBOV, MeV and WNYV viruses
were used at low MOI to challenge dox-inducible cell lines stably expressing IFITM3
(according to the scheme presented in Fig 7A) and viral spread through dox-induced or
uninduced cultures was measured at the indicated time points post infection (Fig 7B). As
expected, induction of IFITM3 reduced the spread of every virus tested, although the magni-
tude of the reduction varied (Fig 7B). To quantify the ability of IFITM3 to protect cells
against incoming viruses, cells were challenged at day 0, at a time when secondary infection
remains negligible. In this case, high viral doses and a short time analysis of infected cells
post challenge were used to appreciate in as much as possible the antiviral effects on a single
cycle basis (Fig 7C). Under these conditions and as expected from data in the field, expres-
sion of IFITM3 was associated to a statistically significant protection of target cells (from 1.3
to 4.3 fold). Very variable inhibition rates have been reported for different viruses across dif-
ferent studies, in some instances higher than what we describe here. We believe these differ-
ences are mainly due to the heterogeneity of the experimental systems used (cell types,
IFITM expression levels, use of pseudovirions versus replication-competent viruses, time of
analysis, etc).

Finally, the effects played by IFITM3 in the production of infectious virions was assessed by
harvesting cell free supernatants at late time points during spreading infections. Virion parti-
cles were then purified, normalized and their infectivity was assessed on target cells (as in Fig
4) again using high viral doses and short time of analysis after challenge (Fig 7D). Under these
conditions, virion particles produced during spreading infection in cell cultures expressing
IFITM3 displayed a reduced infectivity when compared to viruses produced in its absence
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Fig 7. The overall negative effects played by IFITM3 during viral spread are the result of two concomitant antiviral mechanisms, acting in
the protection of target cells as well as in the production of virion particles of decreased infectivity. A) Scheme of the experimental
approach used here. For simplicity, a detailed time analysis is shown only for VSV. B) Cells stably expressing a dox-inducible IFITM3 were treated
or not with doxycycline (for twenty-four hours) and then challenged with the indicated viruses (MOls comprised between 0.01 and 0.2 depending on
the virus). The panels display a typical induction obtained upon twenty-four hours stimulation with concentrations of doxycycline comprised
between 1.5 and 10 pg/ml depending on the cell type. The extent of viral spreading through the culture was assessed over time (by FACS since
most viruses coded GFP and by exo-RT in the case of HIV-1 that did not). C) The same cells were used to measure the degree of protection offered
by IFITM3 towards WT virus infection. To approximate a single round of infection, infections were carried out with high viral inputs (MOIs comprised
between 0.1 and 0.5) and the proportion of infected cells was determined shortly after viral challenge by FACS. In the case of HIV-1, single round-
competent viruses coding GFP were used to allow flow cytometry-based analysis of the percentage of infection. D) Virion particles retrieved from
infected cell cultures expressing or not IFITM3 at the latest time points were purified and then normalized for protein or genome content. The
infectivity of normalized virions produced in infected cell cultures expressing or not IFITM3 was then assessed as described above on HeLaP4
(VSV and HIV-1), Vero (EBOV and MeV) or Huh-7.5.1c2 cells (WNV). The graph present averages and SEM of 3 independent experiments. *,

p<0.05 after a Student t test.
https://doi.org/10.1371/journal.ppat.1006610.9007

(from 2 to 6 fold), thus confirming in a different experimental system the results presented in

Fig 4.

For the first time, the results presented here indicate that the antiviral effects played by
IFITM3 during viral replication result from its ability to interfere with two very distinct
moments of the viral life cycle and this for viruses as diverse as EBOV and HIV-1.
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The specificity of the virion mode of assembly and not the viral
glycoprotein is a determinant factor in the virus susceptibility to IFITMs

In the case of HIV-1, several studies implicate the Envelope glycoprotein in the modulation of
the viral susceptibility to IFITMs, in particular through their ability to engage distinct co-
receptors during cell entry [23, 47, 48].

To determine whether the virion assembly mode or the identity of the glycoprotein could
be important determinants in the antiviral effect of IFITMs, we tested heterologous combina-
tions between cores and glycoproteins issued from susceptible or resistant viruses and assem-
bled in the presence or absence of IFITMs (Fig 8). To this end, we pseudotyped HIV-1 cores
with the glycoproteins E1-E2 of HCV, system that had been developed before and that is
widely used in the field to study HCV entry [60]. In addition, we developed for this study
VSV-based cores pseudotyped with the GnGce glycoprotein of RVEV.

Cell free virion particles produced in the presence or absence of IFITMs were purified, nor-
malized and then either analyzed by WB, or used for viral challenge prior to flow cytometry
analysis (Fig 8). Under these experimental conditions, IFITMs were well incorporated into
both HIV-1 and VSV-based cores. When the infectivity of these virion particles was deter-
mined, a very important infectivity defect was observed for HIV-1 and VSV cores bearing the
envelope glycoproteins of HCV and RVFV.

Opverall, these results strongly suggest that viral specificities in the mode of assembly, rather
than a specific glycoprotein represent the dominant factor in the susceptibility of a given virus
to IFITMs.

CCRS5 co-receptor usage relieves the negative effects specified by
IFITM3 on HIV-1

Despite the fact that our genetic swapping results indicated that viral glycoproteins were not
dominant determining factors in the susceptibility to IFITMs, several reports have described
how HIV-1 envelope proteins may circumvent the negative effects of IFITMs according to
their ability to use either CXCR4 or CCR5 as co-receptor molecules [23, 47, 48]. In particular,
HIV-1 envelope molecules with R5-tropism have been shown to display near complete resis-
tance to IFITM3 [23, 47, 48]. To determine whether this was the case here, we introduced
CCR5 by retroviral-mediated gene transduction in the IFITM3-stable SupT1 cells used in Fig
7 and we challenged these cells with the following R5-tropic HIV-1 strains: NL-ADS that con-
tains an R5-tropic envelope in the context of an otherwise NL4-3 proviral clone; three trans-
mitted founder viruses that have been obtained by single-genome amplification in [61]. The
four viruses tested replicated well irrespectively of the presence of IFITM3 (Fig 9A) and when
virion particles produced during spreading infection were isolated, normalized and analyzed
for their infectivity on a single cycle of infection basis, no defects were observed (Fig 9B).
These results thus, confirm previous reports with respect to the resistance of R5-tropic viruses
to IFITM3 [23, 47, 48] and indicate that the ability to use different entry molecules and/or
entry pathways may play an important modulatory role in the susceptibility of different viruses
towards these restriction factors.

Discussion

IFITMs have been firmly established as broad antiviral factors that act mainly through the
sequestration of infecting virions in endosomes. On the contrary, the existence of an additional
mechanism of viral interference with which IFITMs could lead to the formation of virions of
reduced infectivity had been previously reported only in the case of HIV-1 [18, 19, 22].

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006610  September 28, 2017 14/30


https://doi.org/10.1371/journal.ppat.1006610

o @
@ ’ PLOS | PATHOGENS Bimodal inhibition of viral replication by IFITMs

IFITM
IFITM-SUSCEPTIBLE - 123
(CORES) IFITM
HCV) E2 ——
- aiev) e2| bt —— 5
< Z
= 4 HCV
2 K= HIV-1) CA| == - -
é% RVFV ( ) — - M (VSV)
1 O — &
= IFITMS| | | <l IFITMs
S CorE:  HIV-1 VsSy
§ GLYCOPROTEIN:  HCV RVFV
O- @ IFITM2
O IFITM1 @ IFITM3
100 -
< ]
sE Y .2
[N -]
€ £
; % % %
a
0 - . ) T ) T T - 1
‘g CORE:  HIV-1 A4
:§ GLYCOPROTEIN:  HCV RVFV

Fig 8. Genetic elements swapping indicates the mode of virion assembly as a dominant determinant in the virus
susceptibility to IFITMs. Glycoproteins of IFITM-resistant viruses were used to pseudotype viral cores of IFITM-
susceptible viruses (as indicated). HIV-1 virions presenting the HCV E1/E2 glycoproteins were produced in the presence
of IFITMs by co-transfection of the respective DNAs (1:1 ratio). VSV pseudoparticles (VSVpp) incorporating the RVFV
GnGc in the presence of IFITMs were produced in HEK293T transfected with DNAs coding for GnGc along with IFITMs
(0.7:1 ratio), following challenge with a viral stock of AG-VSV virus that had been previously complemented with the G
protein to allow its entry into cells. After entry, absence of G allows the production of novel virion particles that assembled
in the presence of IFITMs and of the RVFV GnGc glycoprotein. Residual input virus was neutralized by incubation with
an anti-G neutralizing antibody. Virion particles were purified from the supernatant of virus-producing cells, normalized
and used to challenge target cells in a classical single round of infection prior to flow cytometry analysis. The panels
present typical results, while the graphs present averages and SEM of 3 to 5 different experiments. *, p<0.05 after a
Student t test.

https://doi.org/10.1371/journal.ppat.1006610.g008

By analyzing a large panel of viruses, we now establish that the latter, that we refer to as
the negative imprinting of the virion particles infectivity is a second conserved antiviral prop-
erty of IFITMs that extends well beyond HIV and that targets different classes of enveloped
viruses.
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Fig 9. CCR5 usage relieves the negative effects of IFITM3 on HIV-1 replication and on its ability to decrease the virion particles infectivity.
A) Human CCRS5 was introduced in the IFITM3-stable SupT1 cells used before, by retroviral-mediated gene transduction and cells were challenged
with the indicated viruses. HIV spreading was assessed by exo-RT activity over time (day 0 through 7). The panels and the histogram overlay present
the patterns of expression obtained for IFITM3 and CCR5 following WB and flow cytometry analyses. The graph presents normalized data obtained in
2 to 3 independent experiments. B) Virions obtained at late times after infection were harvested, normalized and used to infect HeLaP5 cells that
contain a B-galactosidase reporter gene under the control of the HIV-1 LTR.

https://doi.org/10.1371/journal.ppat.1006610.9009

For the first time, we now reveal that this antiviral mechanism concurs with the previously
described endosomal retention of particles in target cells to the overall inhibition ascribed to
IFITMs during viral replication. Therefore, the results presented in this study contribute to
highlight IFITMs as a novel paradigm of restriction factor capable of interfering with both
extremes of a virus life cycle. Given that the protection offered by antiviral factors is often
incomplete, this dual mechanism of inhibition is likely to potentiate the leverage of IFITMs on
viral replication.

Despite what seems to be a large spectrum of viral inhibition, our analysis also highlighted
the existence of viruses resistant to the three IFITM members tested (HCV, RVFV, MOPV
and AAV), as well as of viruses resistant to a given member, but susceptible to others (EBV,
DUGYV), indicating the existence of a certain degree of heterogeneity in the manner with
which viruses cope with IFITMs. This heterogeneity is not surprising, as a large spectrum of
behaviors had been previously described in the literature with respect to the antiviral effects
played by IFITMs in target cells [6-15, 16, 17, 18, 19, 20, 21, 22, 54, 62]. It is worth noticing
that the comparison between the effects reported here and those described in the literature
(Fig 10) reveals a largely concordant behavior, albeit with few exceptions likely driven by the
heterogeneity of the experimental systems used across studies, in that viruses susceptible to
IFITM:s in target cells are also so during viral particle production. We believe that this concor-
dance lends support to the previously unappreciated notion that dual inhibition is indeed the
general mechanism of inhibition orchestrated by IFITMs.

In our initial description in HIV-1, we had determined that IFITMs were incorporated into
virion particles that displayed decreased infectivity [18]. It remains however unclear whether
the physical incorporation of IFITM:s into virion particles is required for their antiviral effect,
or whether these two properties can be dissociated. While a thorough mutagenic study of
IFITM proteins that may dissociate the two properties will likely be required to formally
address this question, several lines of evidence stemming from our comparative study support
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Fig 10. Comparison between the antiviral effect of IFITMs reported in the literature for the different viruses and mediated by the pool
of IFITM proteins in target cells, with the negative imprinting of the virion particles infectivity reported in this study. Given their high
identity, the antiviral effects of IFITM2 and 3 are presented together, separately from those of IFITM1. Variations in the magnitude of the
antiviral effects reported in the different studies have not been taken into account here, as they are likely influenced by the specific
experimental conditions used, so that the effects of IFITMs on viral infectivity are presented as negative, absent (none), or controversial, even
when a single conflicting report exists. When data in the literature was not directly comparable to ours (i.e. the same virus was not used), data
was compared to its closest relative, marked in italicus. The effects of the expression of IFITMs in target cells against AAV and MeV were
measured in this study and are presented in Supplementary S6 Fig and Fig 7C, respectively.

https://doi.org/10.1371/journal.ppat.1006610.9010

the notion that the incorporation of IFITMs into virions can indeed be separated from their
antiviral effects. First, virion packaging is not predictive of the antiviral effects of IFITMs (i.e.
it is not sufficient), as HCV, RVFV, MOPYV, as well as EBV and DUGYV in the case of specific
IFITM members, do not display detectable infectivity defects. Second, an antiviral effect can
be observed even in the absence of IFITM incorporation, as is the case for DUGV virions pro-
duced in the presence of IFITM1. These considerations lend support to a model whereby
IFITM-packaging and IFITM-mediated imprinting of viral particles can be at least in some
cases uncoupled and suggests that the imprinting effect of IFITMs takes place in the cell itself,
during the process of virion particles formation.

IFITMs are membrane-associated proteins and therefore their presence in exosomes, in
addition to virion particles is not overall surprising. Our CD45-depletion experiments indicate
however that in cells undergoing virion assembly, the majority of IFITM proteins is virion-
associated, supporting our immuno-gold EM results and excluding de facto, a confounding
role for contaminating exosomes in our infectivity assays.

In our study, we have noted that viruses assembling for example at the plasma membrane
are similarly affected by the three IFITMs (albeit changes in the magnitude of the defects were
observed in some cases), despite reported differences in the intracellular distributions among
IFITM members [1, 6, 16, 20, 36, 37, 63]. While it remains possible that the experimental setup
used here may not have allowed us to finely appreciate differences between individual IFITM
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members, our results indicate that even the most internally distributed IFITM members
(IFITM2 and 3) are clearly present at the plasma membrane of non-permeabilized cells. This
suggests that the steady state distribution of IFITM proteins may provide only a limited over-
view of what is likely to be instead a more complicated process. Indeed, virion assembly and
membrane trafficking are highly dynamic processes and the very association of IFITMs to
membranes is regulated by an intricate network of regulatory modifications and interactions
with cellular co-factors (adaptor protein 2, AP2, the E3-ubiqutin ligase neural precursor cell
expressed developmentally down-regulated protein 4, NEDD4, Fyn [20, 36, 37]. In light of
these considerations, we do believe that the complex dynamics of membrane trafficking are
likely to facilitate the encounter between individual IFITM members and viruses assembling at
different intracellular locations, likely explaining the results obtained here.

The heterogeneous behavior of different viruses towards IFITMs allowed us to provide
mechanistic insights into the viral determinants of susceptibility to this family of restriction
factors through the swapping of genetic elements between IFITM-resistant and susceptible
viruses. Despite our intensive efforts not all viral systems proved amenable to functional swap-
ping, so that we used a previously described pseudo-particle system based on an HIV core
incorporating E1/E2-HCV glycoproteins [60] and we developed a novel one based on a VSV
core packaging GnGc-RVFV. The results we have obtained indicate that the mode of virion
assembly intended here as the plethora of viral proteins that orchestrate the production of
novel virion particles constitute the dominant determinant of susceptibility to IFITMs. In this
respect, the possibility that IFITM-resistant viruses may code for natural antagonists of
IFITM:s is of high potential interest. The data obtained in our study seem to exclude a degrada-
tion-based antagonism, since no detectable depletion of IFITM:s is observed in either cell- or
virion-associated samples of HCV, RVFV or MOPV viruses. However, antagonism can be
established in other manners for instance through the induction of specific post-translational
modifications that affect the normal antiviral behavior of IFITMs. At present, this hypothesis
remains of interest, but requires further experimental work.

Despite the fact that our results exclude the viral glycoprotein, and modifications thereof, as
dominant factors in the viral behavior towards IFITMs, recent studies have described how the
HIV-1 Envelope tropism, i.e. its ability to engage the CXCR4 or the CCR5 co-receptors, can
modulate the susceptibility to IFITMs, in some cases relieving inhibition completely [23, 47,
64]. The results obtained here with R5-tropic viruses also concur with this conclusion, indicat-
ing that R5-tropic viruses resist IFITM3, at least when expressed in T cells [23, 47, 64]. At pres-
ent, it remains unclear how entry through CCR5 rather than CXCR4 would be so different as
to drive such opposite outcomes, but two further considerations may help completing the can-
vas. First, co-receptor usage is often coupled with different affinities for CD4, so that both
parameters may be of importance with respect to the behaviour towards IFITMs. Second, in
our previous study we have shown that endogenous IFITMs silencing in primary macrophages
increases the infectivity of R5-tropic HIV-1 [23, 47, 64], indicating that co-receptor usage and
infection outcome may also be finely dependent on the cell type. This would not be unprece-
dented as for instance primary macrophages resist X4-tropic virus infection despite the pres-
ence of the appropriate co-receptor. Taken together, we believe that these results indicate that
changes in co-receptor usage coupled to different affinities for CD4 may influence the out-
come of infection with respect to IFITMs in a cell type dependent manner. Whether this
occurs or not remains to be determined, however these experimental observations certainly
reveal the presence of an additional layer of complexity in the relationship between HIV and
IFITM:s that it would be of interest to explore in other viral settings.

While we have not measured it directly due to the lack of robust viral entry systems for
most of the viruses used here, IFITMs have always been reported to act by altering the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006610  September 28, 2017 18/30


https://doi.org/10.1371/journal.ppat.1006610

@'PLOS | PATHOGENS

Bimodal inhibition of viral replication by IFITMs

fusogenic properties of cellular or of viral membranes with their opposite counterpart [18, 19,
22, 34, 35, 43]. Considering that viral membranes are ultimately derived from the cell, we favor
the hypothesis according to which IFITMs act using a single molecular mechanism that modi-
fies cellular membranes to yield to two distinct outcomes: an effect in target cells and an effect
on newly-produced virions. Not much is known about the molecular mechanisms through
which IFITMs act, but at least two interesting cellular proteins have been described to be
potentially involved in their antiviral effects: VAPA, a key regulator of the lipid composition of
cellular membranes that is posited at ER-Golgi interfaces [44] and more recently ZMPSTE24
that acts as an endoprotease within the cell [46]. The role of these cellular co-factors in the anti-
viral mechanisms of inhibition of IFITMs remains to be wholly elucidated, but it is easy to
envision how modifications in either the protein or lipid composition of cellular (and therefore
viral) membranes could provide a broad mechanism of interference with a large spectrum of
viruses. If this hypothesis is correct, the protection provided by some HIV-1 glycoproteins Env
may be due to their increased propensity to acquire a fusion-prone conformation or to their
lower requirement for intramembrane movements upon the engagement of the appropriate
cellular receptors.

In conclusion, this study indicates that the ability of IFITMs to interfere with the produc-
tion of infectious viral particles is a conserved antiviral property of IFITMs and highlights for
the first time IFITMs as restriction factors capable of interfering with viral replication at two
distinct moments of their life cycle.

Material and methods
Cells

HEK293T, HeLa, A549, SupT1 and Vero cells, obtained from the Cellulonet repository of the
SFR-Biosciences Gerland, were maintained in complete DMEM media supplemented with
10% FCS (SIGMA; RPMI 1640 media for SupT1). Huh-7.5.1c2 cells were similarly propagated
and were obtained from the laboratory of Francis V. Chisari (the Scripps Research Institute, La
Jolla, CA, USA [65]. Hone cells that contain a latent EBV-GFP genome were maintained in
RPMI 1640 [50]. Vero/hSLAM cells expressing the human CD150 receptor (SLAM) were used
for most Measles Virus infections/productions [66] and were obtained from Yusuke Yanagi
(Kyushu University, Fukuoka, Japan). HeLaP4 cells stably expressing the HIV-1 CD4 receptor
and CXCR4 co-receptor in addition to an integrated f$-galactosidase under the control of the
HIV-1 Long Terminal Repeats promoter have been described before [67].

Peripheral blood lymphocytes (PBLs) were obtained after Ficoll gradient purification. Cells
were maintained in RPMI 1640 supplemented with 10% FCS. Prior to usage, PBLs were acti-
vated for twenty-four hours with 1 pug/ml of phytohemagglutinin (PHA, Sigma) and 150 U/mL
of Interleukin 2 (IL2, obtained through the AIDS Reagents and Reference Program of the
NIH). Monocytes were first enriched from white blood leukocytes through successive Ficoll
and Percoll gradients and then purified by negative depletion (monocyte isolation kit II, cata-
logue n® 130-091-153, Miltenyi) to obtain a cell population of purity equal/superior to 95%.
Monocytes were either differentiated in immature monocyte-derived dendritic cells (MDDCs)
after incubation for 4 days with GM-CSF and IL4 (each at 100 ng/mL each, catalogues n°
PCYT-221 and PCYT-211, Eurobio) or in macrophages upon incubation with 100 ng/mL of
M-CSF (Eurobio catalogues n° 01-A0220-0050). When indicated, MDDCs were incubated for
24 hours with 1.000 U/mL of human IFNa (catalogue n° 11100-1, Tebu Bio).
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Ethics statement

Primary blood cells were obtained from the blood of healthy donors (EFS-Lyon) in the form of
discarded “leukopacks” obtained anonymously so that gender, race, and age of donors are
unknown to the investigator and inclusion of women, minorities or children cannot be deter-
mined. This research is exempt from approval, although written informed consent was
obtained from blood donors to allow use of their cells for research purposes.

Plasmids, viral systems and antibodies

A complete overview of all the viruses and viral systems used here is provided in Supplemen-
tary S1 Fig and S1 and S2 Tables. Antibodies were either acquired, or provided as described in
the Supplementary S2 Table and in the following references [68-71].

N-terminal Flag-tagged IFITM1, 2 and 3 coding DNAs have been described in [18] and
untagged version of these proteins were obtained by standard cloning techniques. To circum-
vent the poor transfection rates of Huh-7.5.1c2 cells, retroviral transduction was used to gener-
ate cells that expressed Flag-tagged IFITMs in a doxycycline-inducible form as in [9, 18]. The
EBV-EB1 as well as the HCV E1/E2 (genotype 1, H77) expressing plasmids have been
described in [49] and [72], respectively. The RVFV GnGc coding sequence was cloned in the
context of a pHCMYV construct using standard molecular biology techniques.

Retroviral vectors coding the human CCR5 were obtained through the AIDS repository of
the NIH. When indicated, CCR5-stably expressing cells were obtained by retroviral mediated
gene transduction. The anti-CCR5 antibody used for flow cytometry was purchased from Bec-
ton Dickinson.

Viral production

A schematic overview is presented in Supplementary S1 Fig.

o Retroviral particles derived from HIV-1, SIVyac, MLV and MPMV [73-76] were produced
in the presence or absence of IFITMs by calcium phosphate DNA co-transfection of
HEK293T cells. Retroviral particles are produced using the following ratios, as described:
12:4:4:2 of DNAs coding for IFITMs, the structural polyproteins Gag-Pro-Pol, a miniviral
genome bearing a GFP reporter and the envelope protein G of the Vesicular Stomatitis virus
(VSV-G) that confer broad viral tropism to the retroviral particles thus produced. In the case
of MPMYV, the ratio was instead 12:8:2, given that MPMV-derived vectors are based on two
and not three plasmids: a viral genome bearing gfp in the place of env and envelope provided
separately.

o AAV-derived viral particles [77] were also produced by co-transfection of DNAs coding for
IFITMs as well as for the AAV Rep proteins and cognate gfp-bearing genome at a ratio of
12:8:4, respectively. In this case to ascertain the true absence of IFITMs in viral preparations,
virions were produced from four times more starting material than used for retroviruses.

« WNV virions were produced by co-transfection of DNAs coding a cloned WNV replicative
genome bearing gfp [78] along with IFITMs (10 and 12 pug of DNA for a 10 cm plate,
respectively).

For VSV [79], MeV [80], EBOV [81], HCV [82], DUGYV [83], RVFV [84] and MOPV [85],
for which replicative viruses were available, the following procedure was used. Target cells
(indicated in Supplementary S1 Fig) were first transfected with DNA coding for IFITMs,
then challenged with replicative virus four to six hours post transfection. The short interval
of time between IFITMs-coding DNA transfection and viral challenge ensures the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006610  September 28, 2017 20/30


https://doi.org/10.1371/journal.ppat.1006610

@'PLOS | PATHOGENS

Bimodal inhibition of viral replication by IFITMs

unrestrained entry of these viruses in target cells due to the low to undetectable levels of
IFITMs at this early time point. Upon extensive cell washing to remove the input virus, this
setup allows the establishment of a large proportion of IFITMs-expressing, virus-producing
cells.

« EBV virions were produced by transfecting Hone cells that bear a latent EBV genome coding
GFP [50] with DNAs coding for IFITMs along with the viral immediate early transcription
factor EB1. Under these conditions, EB1 re-activates the lytic cycle of EBV and the produc-
tion of novel viral particles.

In all cases, virions produced in the presence/absence of IFITMs were collected 48 to 72
hours after the initial viral challenge or transient transfection.

When indicated, replicative experiments were performed with NL-ADS8, an HIV-1 con-
struct in which the NL4-3 envelope has been replaced for the corresponding one of the R5
tropic HIV-1 strain ADA [86], and with HIV-1 transmitted founder strains WITO, CH40 and
CH?77 (Supplementary S1 Table, [61]). Infectivity of virion particles was measured in this case
in HeLaP5, a reporter cell line that bears the CCR5 co-receptor and the -galactosidase gene
under the control of the viral LTR.

HIV-1 virion particles pseudotyped with the HCV E1/E2 glycoproteins have been described
before [72]. For the preparation of VSV pseudotypes, HEK293T cells were first transfected
with DNAs expressing RVFV-GnGc and IFITMs. Then, twenty-four hours later cells were
infected with a viral stock of replication-deficient AG-VSV virus previously complemented
with VSV-G [87]. VSV-G reconstitution allows viral entry into the cell and expression of the
VSV genome with the exception of the G gene, to allowing the production of pseudoparticles
incorporating the glycoprotein of interest. One hour after infection, residual viruses were neu-
tralized with 1hr incubation with the monoclonal antibody (mb4IAI) directed against VSV-G.
One day later, the cell supernatant was collected and clarified by centrifugation at 600g.

Virus purification

With the exception of AAV (see below), cell free supernatants were first centrifuged at low
speed (5 minutes, 1,000g) and syringe-filtered (0.45 um). Then virion particles were purified
by ultracentrifugation through a 25% sucrose cushion (w/vol) for two hours at 110.000g. Viral
pellets were then resuspended in PBS for further analysis.

Since AAV virions assemble inside the nucleus, cells were lysed in 150 mM NaCl, 50 mM
Tris/HCI, pH 8.5 and subjected to 3 rounds of freeze/thaw (liquid nitrogen -37°C, with robust
vortexing after each thawing step). The crude lysate was clarified by centrifugation at 1.000g,
then at 10.000g (5 minutes each). The supernatant was then purified by ultracentrifugation at
63.000g for 1 hour on a iodixanol four-step gradient (15%, 25%, 40%, 60%). After centrifuga-
tion AAV was retrieved in the 40% iodixanol fraction, as described [51].

CD45-depletion

SupT1 cells stably transduced with individual dox-inducible IFITM members were infected
with HIV-1 (2x10° cells, MOI 0.5; 1 week in culture) or with VSV (2x10° cells, MOI 0.05; 2
days in culture). At the end of the culture period, virions were harvested, syringe-filtered and
divided in two fractions that were either left untreated or incubated with 50 uL of CD45-conju-
gated microbeads (Miltenyi, catalogue# 130-045-801) for 1 hour at 4°C in constant nutation.
Microbeads were then passed through a retaining column (Miltenyi, catalogue#130-042-201)
and the flow through was harvested. Virion particles contained in both CD45-depleted and
non-depleted fractions were then purified by ultracentrifugation through sucrose, normalized
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by exo-RT activity and compared by WB and infectivity analyses. The anti-CD45 antibody
used in WB was purchased by Becton Dickinson (catalogue# 610266).

Lentiviral vector-mediated miR30-shRNAs silencing of IFITMs

Silencing of endogenous IFITMs was obtained by miR30-shRNAs after the stable transduction
of recipient cells with an HIV-1-based lentiviral vector as described in [18]. Lentiviral vectors
were produced by cotransfection of HEK293T cells with DNAs coding the structural proteins
Gag-Pol and Envelope plus a viral genome bearing a miR30-shRNAs-Puromycin cassette. Two
target sequences per IFITM were used, for a total of six co-transfected in the same HEK293T
cell plate to obtain a single viral preparation for either control or IFITM silencing. Virion par-
ticles were then purified as described above and normalized by exogenous-reverse transcrip-
tion assay. Normalized amount of lentiviral vectors were used on target cells to obtain
silencing. In the case of HeLa cells and activated PBLs, cells were challenged with a multiplicity
of infection comprised between 1 and 2 (MOJL the infectious titers of the viral vectors were
established upon comparison with standards of known infectivity) for three rounds of viral
challenge (every twenty-four hours). Cells were then briefly selected with Puromycin for two
days to enrich the cell culture in effectively silenced cells.

In the case of macrophages, cells were challenged only once with an MOI of 1 of
miR30-shRNAs coding viruses in the presence of an MOI-equivalent of 0.5 of virion-like parti-
cles bearing the SIVyac Vpx (or VLPs-Vpx). This trick allows a very efficient transduction of
myeloid cells by HIV-1 [88-90] thanks to the reported ability of Vpx to remove the restriction
factor SAMHDI1 [91, 92]. The target sequences used were published before by our laboratory
[18] and are reported here uniquely for ease: luciferase (acc.n” DQ188838): AGCTCCCGTG
AATTGGAATCCG; IFITM1 (acc.n” NM_003641.3): ATCTGTGACAGTCTACCATATT and
CCCATATTATGTTACAGATAAT; IFITM2 (acc.n® NM_006435.2): ACCAGCCTCCCAA
CTACGAGAT and ACCCGATGTCCACCGTGATCCA; IFITM3 (acc.n® NM_021034.2):
ACCCGACGTCCACCGTGATCCA and ACCCCCAACTATGAGATGCTCA.

Normalization of viral particles

Virion particles produced in the presence or absence of the different IFITMs were normalized
as described in Supplementary S1 Fig and S2 Table.

o HIV, SIVyac and MLV particles were normalized by exogenous-reverse transcriptase, a
quantitative assay that measures the amount of viral-associated RT enzyme through its abil-
ity to incorporate radioactive **P TTP in a poly rA matrix/oligo dT template [90]. This assay
did not work on MPMYV, so that MPMV particles were normalized after SDS-PAGE and
Coomassie quantification of the viral CA protein, as no specific antibodies were available for
this study.

The remaining viruses were normalized by qPCR or RT-qPCR using genome specific prim-
ers, as listed in S2 Table.

Measurement of viral particles infectivity and spreading assays

Infections were carried out on normalized viral preparations using the different virus-specific
assays, as detailed in Supplementary S1 Fig. A comparative overview of the infectious viral
titers obtained and used is presented in Supplementary S3 Fig. Infectivity of single round com-
petent HIV-1, SIVyac, MLV, MPMV, EBV and AAV viral particles was measured on
HEK293T cells, or on B lymphocytic Raji cells for EBV, by FACS three days after infection. To
approximate a single cycle of infection, infections with the replication competent WNV, VSV,
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MeV and RVFV viruses were carried out at high MOI and the percentage of infected cells was
measured at the shortest detectable time point by FACS to avoid multiple cycles of infection
(16, 8, 24 and 6 hours post infection, respectively for MOI comprised between 0.1 and 0.5). In
all cases accumulation of the viral coded GFP was measured in target cells with the exception
of RVFV for which NSs was measured.

Spreading infections were carried out at low MOI (for VSV, HIV-1, EBOV, MeV and
WNV from 0.01 to 0.2 depending on the virus) and the progression of the infection was moni-
tored through the accumulation of GFP-positive cells over time by FACS.

Focus forming assays (FFA) or 50% tissue culture infectious dose (TCID50) assays were
used in the case of HCV, DUGV, MOPYV and in some cases EBOV, respectively.

Immuno-gold electron microscopy

Formvar/carbon-coated nickel grids were deposited on a drop of purified, unfixed viruses pro-
duced in the presence or absence of Flag-tagged IFITM3 for five minutes prior to sequential
incubation with an anti-Flag antibody (F7425, Sigma, St-Louis, MO), followed by incubation
with a 1:30 gold-conjugated (10 nm) goat-anti-Rabbit IgG (Aurion, Wageningen, Nether-
lands) and fixation in 1% glutaraldehyde. Negative staining was performed using 2% uranyl
acetate (Agar Scientific, Stansted, UK) followed by, transmission electron microscope analyses
(JEOL 1011, Tokyo, Japan).

Supporting information

S1 Table. Viruses and viral systems used in this study.
(DOCX)

S2 Table. List of antibodies and oligonucleotides used in this study.
(PDF)

S1 Fig. Overview of the specific experimental setup used. The figure presents schematically
the major information on the assays used for each virus to generate the data presented in this
study.
(TIF)

S2 Fig. Quantification of the amount of Flag-tagged IFITMs in virus-producing cells and
comparison with endogenous IFITMs. A) To determine the level of Flag-tagged IFITM pro-
teins present upon transient transfection in the different virus-producing cells, cells were ana-
lyzed by intracellular staining with an anti-Flag antibody, followed by flow cytometry.
Representative panels are shown on top, while quantification of the number of positive cells
and their median fluorescence intensity (MFI, that relates to the intracellular levels of IFITM
proteins present in positive cells) are shown as graphs. B) The intracellular levels of IFITMs
expressed upon transient transfection of the highest expressing cells (HEK293T-transfected
with Flag-IFITM3) were compared to the endogenous levels present in monocyte-derived den-
dritic cells (MDDCs) stimulated for 24 hours with 1.000 U/ml of IFNa, using antibodies
directed against IFITM2 and IFITM3. The top panels present typical results obtained in three
different donors, while the graph at the bottom compares the MFI obtained (for 6 different
donors). Endogenous as well as ectopically-expressed IFITM2/3 proteins are detectably pres-
ent at the cell surface. C) Monocyte-derived dendritic cells (MDDCs) stimulated for twenty-
four hours with IFNa were analyzed by flow cytometry with anti-IFITM2 and IFITM3 anti-
bodies with or without prior cellular permeabilization. IFITM1 is not shown here, because the
anti-IFITM1 antibodies we examined did not yield reliable staining in flow cytometry. D)
Membrane staining profiles of Flag-tagged IFITMI, 2 and 3 ectopically expressed in the
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different cell types used in this study. The smaller shift detected in Hone cells is likely due to
the lower transfection rate and intracellular accumulation level of IFITMs in this cell line,
rather than to a cell type-specific behavior.

(TIF)

$3 Fig. A and B) Comparison of the infectious titers used in this study for the different viruses,
as estimated by flow cytometry or FFA/TCID50. The two graphs compare the average infectiv-
ity of viral preparations used throughout this study as determined by FACS (in the case of
most gfp-bearing viruses), or by FFA/TCID50 (presented here as infectious units/ml). C)
Effects of IFITMs on the production of viral particles. The viruses produced in the presence or
absence of IFITMs were quantified according to the methods presented in the Supplementary
S1 Fig. For each virus, values have been normalized to control virions produced in the absence
of IFITMs. The graph presents the averages of 3 to 4 distinct experiments.

(TIF)

S4 Fig. A) Comparison of the antiviral effects exerted by tagged and natural IFITM proteins.
HIV-1 and VSV viral particles were produced in cells transfected with DNAs coding Flag-
tagged and non-tagged IFITMs. The panels display typical expression patterns of virus-pro-
ducing cells, while the graph reports averages and SEM obtained from 4 independent experi-
ments. No statistically significant difference was observed between the effects of individual
pairs of IFITM:s following a Student t test. B) Determination of the antiviral effects of IFITM1
in HuH7 against VSV. To determine whether the lack of antiviral effects observed for HCV
virions produced in HuH?7 cells in the presence of the different IFITMs presented in Fig 4 was
not due to insufficient expression of IFITMs, HuH?7 cells expressing IFITM1 (the least
expressed among the IFITM members) were used as VSV-producing cells as indicated in the
scheme above. Newly-produced viral particles were then normalized and used to challenge
HEK?293T cells. The graph presents averages and SEM of 3 independent experiments. * =
p<0.05, after a Student t test.

(TIF)

S5 Fig. Replication of EBOV in primary monocyte-derived macrophages silenced for
IFITMs. This figure presents the complete analysis of EBOV replication in primary monocyte-
derived macrophages (due to space constraints only GFP-positive cells obtained at day 2 are
presented in Fig 5). Briefly, blood monocytes were differentiated in macrophages upon incuba-
tion with M-CSF during four days in a 24 well-plate format. Cells were then transduced with
an MOI of 1 of HIV-1 vectors bearing an shRNA expression cassette directed against control
sequences (Luciferase) or against IFITM1, 2 and 3. Four days afterwards, cells were challenged
with an MOI of 0.3 of EBOV. Viral spread was analyzed through the accumulation of GFP-
positive cells thanks to the virus-coded GFP reporter.

(TIF)

S6 Fig. Effect of IFITM proteins expressed in target cells on incoming AAYV viral particles.
Cells expressing IFITM1, 2 and 3 were challenged with GFP-coding AAV, prior to the quanti-
fication of the percentage of GFP-positive cells by flow cytometry. The graph present averages
and SEM of 3 independent experiments.

(TIF)
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