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Abstract

The InterFeron-Induced TransMembrane proteins (IFITMs) are broad viral inhibitors that protect
cells by preventing viral-to-cellular membrane fusion and they belong to the dispanin/CD225
family that includes vesicle trafficking regulators and proteins of unknown functions into four
subfamilies (A-D). In this study, we uncover a novel domain that regulates the egress of IFITM3
from the Golgi and that is required to prevent [IFITM3-driven v- to t-SNAREs membrane fusion
inhibition and Golgi dysfunctions.

The Golgi egress domain is conserved among vertebrate members of the dispanin/CD225 A
subfamily that regroups all IFITMs and through the study of mutations identified in patients
affected by paroxysmal kinesigenic dyskinesia (PKD), we determine that it is functionally
conserved also in PRRT2, member of the B subfamily.

Overall, our study defines a novel domain that regulates the egress of dispanin/CD225 members
from the Golgi and stresses the importance that regulation of this process bears to preserve the

functions of this apparatus.

Key words: IFITM3, Interferon, HIV,Golgi, Traccking, PRRT2
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Résumé

Les protéines transmembranaires induites par l'interféron (IFITM) sont une famille de protéines
antivirales capables d'inhiber la réplication de nombreux virus en empéchant la fusion des
membranes virales et cellulaires. Plus largement, les IFITM appartiennent a la plus grande
famille des dispanines/CD225 qui comprend des régulateurs de trafic vésiculaire ainsi que des
protéines dont les fonctions demeurent inconnues.Dans cette étude, nous avons identifié un
nouveau domaine qui régule la sortie d'IFITM3 du Golgi et qui est nécessaire pour prévenir
l'inhibition de la fusion membranaire v- a t-SNARESs induite par IFITM3 et les
dysfonctionnements de 'appareil de Golgi.

Le domaine de sortie de Golgi est conservé chez les vertébrés membres de la sous-famille
dispanine/CD225 A qui regroupe tous les IFITM et grace a I'é¢tude des mutations identifiées chez
les patients atteints de dyskinésie kinésigénique paroxystique (PKD), nous montrons qu'il est
fonctionnellement conservé également dans PRRT2, membre de la sous-famille B.

Dans son ensemble, notre étude définit un nouveau domaine qui régule la sortie des membres de
la dispanine/CD225 du Golgi et souligne I'importance de la régulation de ce processus pour

préserver les fonctions de cet appareil.

Mots-clés: IFITM3, Interféron, HIV, Golgi, Trafic, PRRT2
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1. The “InterFeron Induced TransMembrane proteins”

1.1. Discovery and presentation of the different family members

IFITM proteins were identified as the first transmembrane proteins the expression of which was
upregulated by interferon in 1984 (Friedman et al., 1984). Later studies indicated that IFITM
proteins are part of a larger family of proteins termed dispanins or CD225 containing structurally
related proteins characterized by the presence of an intramembrane domain, IMD) as well as of a
trans-membrane domain (TMD) separated by an intracellular cytoplasmic loop (CIL, Figure 1A).
The dispanin family is subdivided into four subfamilies (A through D) that include proteins of
known functions in endosomal/vesicular trafficking as well as proteins of unknown functions.
IFITMs are regrouped in the A subfamily which in humans comprise five distinct members:
IFITM1,2,3,5 and 10 (Hickford et al., 2012). IFITMI, 2 and 3 proteins are strongly upregulated
after stimulation by type I interferons and are essentially studied in the context of viral infection,

while expression of IFITMS5 is independent of interferon and restricted to bone tissue. Expression

pattern as well as functions are currently unknown for IFITM10.

The evolutionary history of IFITMs proteins is complex. Generally, the gene sequences can
segregate into three phylogenetic groups: a first group containing IFITMs whose functions are
linked to immunity (as IFITM1, 2 and 3 in humans), a second group with IFITMS5 and a third with
IFITM10, with the latest two members that appear to have originated from an ancestor common to
vertebrates. As a result, IFITM1, 2 and 3 are closer to each other than other IFITMs with IFITM2
and IFITM3 that display 90% similarity at the amino acids level with each other and about 60%
identity between themselves and IFITM1 mainly due to the fact that this member exhibits a shorter

N terminus of 21 amino acids (Figure 1B).
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IFN-regulated

Figure 1. Presentation of human IFITM proteins. A) Schematic representation of the
structural features of a prototypical IFITM protein. N and C, N and C terminus, respectively;,

IMD and TMD, intra-and trans-membrane domains,

respectively.

CIL, cytoplasmic

intracellular loop. B) Schematic representation of the five IFITM members in humans.

The number of ifitm genes varies from one species to another and have been subjected to several

duplication events, resulting in unique repertoires according to the animal species considered. For

example, mouse possesses seven ifitm genes and several copies are also present in primates that

may represent either functional copies or pseudogenes. Sequences with similarities to animal ifitm

genes have also been identified in bacteria, suggesting that they may have originated from

horizontal transfer from bacteria to eukaryotes (Melvin et al., 2015; Séllman Almén et al., 2012).

As said above, IFITMs constitute a subfamily within the larger family of transmembrane (TM)

proteins termed Dispanins, which contains four subfamilies (A through D, Figure 1C). In addition

to IFITMs, the family is composed of ten additional human genes: PRRT2, TUSCS5, TMEM233,
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Markus Sadllman Almén, PLOS ONE, 2012

Figure 1, continued. C) The phylogeny of the vertebrate Dispanins. The dispanin family can
be divided into four subfamilies (A—D) marked with colors. In addition to IFITM genes, other
human genes, known as TUSCS5, TMEM?233, PRRT2, TMEMY904, DSPC2, TMEM90B,
TMEM91, AC023157, AL160276 and AC068580, together form a novel gene family that we
call the Dispanins, which refers to the 2TM membrane topology that is common to all identified
members.
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TMEMO90A, DSPC2, TMEM90B, TMEM91, AC023157, AL160276 and AC068580. While the
functions of most of the members of this family is unknown, PRRT2, TUSCS5 and TMEM90s
appear to be involved in vesicular regulation. However, overall members of this family are likely
to exert different functions as little homology is present outside the TM-CIL domains. Of note, this
family is the second largest 2TM family in the human genome, superseded only by the Inwardly
rectifying potassium channel family (IRK) that contains 15 members. Among the dispanin
members, the proline-rich transmembrane protein 2 is a protein that in humans is encoded by the
PRRT2 gene. PRRT2 is associated with a number of movement disorders, most commonly
paroxysmal kinesigenic dyskinesia where approximately 1/3 of cases were harboring mutations in
PRRT?2. Mutations in this protein have also been associated with episodic ataxias, and in particular

in combination with various types of epilepsy.

By virtue of their immune and in particular antiviral functions which will be detailed below, the
IFITM1, 2 and 3 proteins are the most studied and will be grouped together under the term [FITMs
in the rest of this introduction. The specificities of individual IFITM members will be detailed

when relevant.

1.2. Structure and topology

IFITMs are membrane proteins that have a relatively long N-terminus compared to the C-terminus,
two hydrophobic domains (also called intra and trans-membrane domains) separated by a
cytoplasmic loop (CIL). The association of the first intramembrane domain and the cytosolic loop
is referred to as the CD225 domain which is shared by all members of the dispanin family (John et

al., 2013). The N and the C terminus of IFITMs exert regulatory functions. The N-terminus is
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longer for IFITM2 and 3 than for IFITM1 (IFITMI lacks the first 21 amino acids that are instead
present in IFITM2/3) and reciprocally for the C-terminus. The exact topology of IFITMs on

membranes has been the subject of several studies with no clear consensus reached as yet (Figure

2).

Cell exterior

A

cytoplasm

I I i IV

Figure 2. Possible topological conformations of a typical IFITM on cellular membranes. The
IMD and TMD are represented in yellow. The conformation number IV is currently thought to
be the most plausible, although evidence of exposure of the N terminus to the exterior of the cell
is present in the literature, comprised from data obtained from our laboratory.

The initially predicted topology of IFITMs was the one with both N-ter and C-ter exposed in the
extracellular medium (Brass et al., 2009; Chen et al., 1984; Weidner et al., 2010; Yount et al.,
2010), which was supported by the fact that antibodies directed against epitope tags inserted at the

N-ter and the C-ter were recognized by antibodies without the need to permeabilize the cell.

Subsequent studies however reported that tag insertions at the C-ter of IFITMs affected their

functions, suggesting the existence of potential artefacts (Jia et al., 2012; Yount et al., 2012).
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Later, using antibodies directed against specific portions of the protein, a new type topology was
proposed for IFITMs by two teams (Bailey et al., 2013; Weston et al., 2014). In this model, the C-
ter was located in the extracellular portion, while the N-ter and the CIL were instead oriented
towards the cytoplasm, in line with the fact that such regions are heavily modified post-
translationally by numerous cytoplasmic proteins and also in line with the fact that the C-terminal
end of [IFITMs could be degraded by lysosomal enzymes which requires the insertion of this portion

of the protein within the lumen of lysosomes.

Although this appears at the moment a plausible model, it must be remembered that data from our
lab indicated the presence of the N-ter of IFITM3 also at the exterior of the cell in primary cells
stimulated with IFN, indicating that different topologies are likely to coexist in cells expressing

IFITM proteins.

1.3 Intracellular traffic and post-translational modifications

At steady-state, [IFITM proteins exhibit different enrichments in specific cellular compartments and
in particular, IFITM1 is mostly concentrated at the plasma membrane, while IFITM2 and IFITM3
are mostly concentrated in endo-lysosomal membranes (Feeley et al., 2011). These differences are
specified by post-translational modification that take place at the N and C terminal regions of the

different I[FITM proteins.

After translation from endoplasmic reticulum-associated ribosomes, IFITMs pass through the
Golgi apparatus to reach the plasma membrane. Thanks to specific docking sequences present in
their longer N-terminal regions, IFITM2 and IFITM3 can be re-endocytosed from the plasma

membrane to concentrate essentially, albeit not exclusively, in late endosomes and lysosomes,
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while the shorter N-term of IFITM 1 lacks endocytosis-related domains and thus remains essentially

at the plasma membrane (Figure 3).

Several juxtaposed sequences at the amino-terminal end of IFITM2 and IFITM3 are involved in
this behavior within this region: PPXYEML (Chesarino et al., 2014a; Jia et al., 2014; Yount et al.,
2012). The YEML domain represents the Yxx @ recognition pattern known to associate to the
subunit pu2 of the endocytosis machinery AP2 ("adapter complex 2"), while the PPxY sequence is
recognized by the ubiquitin ligase E3 NEDD4 that mono and polyubiquitinates four lysines (in
position 24, 83, 88 and 104 in IFITM3) (Yount et al., 2012), leading on one hand to lower levels
of IFITM3 but on the other, also contributing itself to the protein re-localization in endo-lysosomal

membranes.

Phosphorylation

IFITM3 --PPNYEMLKEEHEVA
R —

O ¢
AP2
NEDD4
Palmitoylation
ZMPSTE?24
—
Methylation Ubiquitination

Figure 3. Post-translational modifications described in the literature for human IFITM3.
Representation of the amino acids at the N-terminus of the IFITM3 protein that act in the
recruitment of the u2 subunit of the AP2 complex and of the E3 NEDD4 ubiquitin ligase. Below
is a schematic representation of the other cellular proteins described to interact with IFITM3. In
some cases, the functional relevance of these interactions remains to be formally demonstrated.
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Interestingly, IFITM3 can be phosphorylated on the tyrosine at position 20 by the tyrosine kinase
Fyn (Chesarino et al., 2014a; Jia et al., 2014). While the docking domain on IFITMs responsible
for the recruitment of this kinase is unknown, phosphorylation greatly influences both intracellular
localization and antiviral activity of IFITM3. Indeed, when this residue is mutated and its
phosphorylation is prevented, IFITM3 is retained at the plasma membrane indicating this
modification as important in the regulation of AP2-driven endocytosis from the plasma membrane
as well as in the regulation of its ubiquitination patter (as docking of NEDD4 is also prevented).
Given that phosphorylation is a dynamic process and also given the fact that IFITMs exhibit a
dynamic behavior and heterogeneous distributions in cellular membranes, it is likely that
phosphorylation provides the mean to finely regulate the intracellular dynamics of IFITM proteins
linking this process to the activation status of the cell itself (Chesarino et al., 2014b). The above-
mentioned regions are not present in the shorter N-terminus of IFITM1 which as a result cannot

dock either NEDD4, AP2 or Fyn.

While the lysine residue 88 (in IFITM3) can be ubiquitinated (Figure 3), a recent study indicated
that this same residue can also be dynamically monomethylated by the lysine methyltransferase
Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) domain-containing protein 7 (Set7) (Shan et
al., 2013). Methylation at this residue decreases the antiviral restriction of IFITM3 against the
Vesicular Stomatitis and Influenza viruses (VSV and Flu, respectively). It is not known whether
this methylation leads to changes in the intracellular distribution of IFITM3 and the weight of the
modification in this residue remains debated because lysine 88 mutations do not modify the activity
of IFITM3 against these viruses in other studies (John et al., 2013). However, a subsequent study

indicated that monomethylation could be reversible removed by the Lysine-specific histone



Li ZHONG, page 17

demethylase 1 (LSD1), raising the possibility of an intricated cross regulatory network between
ubiquitination, mono-methylation and demethylation in the CIL (Shan et al., 2017).

Lastly, it has been shown that IFITM3 can be S-palmitoylated on three cysteines at positions 71,
72 and 104 (Yount et al., 2010), that are conserved across all IFITM members. Palmitoylation
involves the addition of a fatty acid to a cysteine residue and this modification is generally
described as modulating the binding of modified proteins to the lipid bilayer, suggesting therefore
that it could also contribute to finely tune the association of IFITMs to membranes (Chesarino et
al., 2014b). This modification increases the affinity for the membranes. It is important for the
membrane localization of IFITM3 and allows the formation of IFITM3 clusters at the membrane.
Indeed, cell fractionation experiments have shown for the wild-type IFITM3 protein that the
majority of the proteins were membrane-bound even if there was a minor fraction of the
cytoplasmic IFITM3 protein despite the presence of the two hydrophobic domains (Yount et al.,
2012). A mutant of the three cysteines gives a more diffuse localization of the protein in
fluorescence microscopy and an increase in the cytosolic fraction of IFITM3. This mutant also
loses its antiviral activity against the Influenza A virus (Yount et al., 2010), indicating that S-

palmitoylation of IFITM3 is crucial for its activity against virus infection.
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2 Antiviral role of IFITMs

2.1 Discovery of antiviral effect

The antiviral activity of IFITM3 was first discovered in 1984, but it was not until 2009 that the
antiviral role of IFITMs was finally identified (Brass et al., 2009). An siRNA interference screen
showed that IFITMs displayed an antiviral effect by restrict an early step in replication against
several viruses and in particular Influenza, West Nile and Dengue viruses. Following this study,
numerous studies from different laboratories, including ours, indicated IFITMs as antiviral factors
capable of broad inhibition, i.e. of interfering with the replication of a large spectrum of enveloped

viruses, as diverse as Ebola virus and the human immunodeficiency type I virus (HIV-1).

We now know that IFITMs can interfere with viral replication at two distinct stages of the viral life
cycle: in target cells, where IFITMs inhibit viral entry by blocking the fusion of viral and cell
membranes in endosomes; in infected cells undergoing the production of novel virion particles,
where IFITMs lead to the production of novel particles of diminished infectivity, also due to a
membrane fusogenicity defect. The first case is more occurred in several classes of viruses (Tartour
and Cimarelli, 2015). In this latter case, that our laboratory described in 2014 in the case of HIV-1
and later extended to other viruses, IFITMs are recruited, or are found, at the assembly site of the
virus, are incorporated into virion particles, and lead to virions of apparently normal morphology
but lower infectivity, property that we defined as negative imprinting of virion particles infectivity

(Compton et al., 2014; Tartour et al., 2014).

Overall, regardless of the configuration studied in the target cell or in the virus-producing cell,
the molecular mechanisms used by IFITMs to interfere with the viral cycle appear to focus on

membrane fusion through mechanisms that are not yet well understood.
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2.2 Effect of IFITMs in animal mouse models

The importance of IFITMs in combating viral infections has been demonstrated in vivo in mice
lacking either the ifitm3 gene or the entire ifitm locus (ifitm1, 2, 3, 5 and 10). These mice do not
exhibit any particular developmental phenotype (Lange et al., 2008), although recent studies
indicated them as more obese than their WT counterpart. On the other hand, these mice were more
susceptible to infection with different viruses such as Influenza A virus and the respiratory
syncytial virus (RSV) (Bailey et al., 2012; Everitt et al., 2013). Knockout mice for the entire ifitm
locus exhibit the same phenotype as knockout mice for ifitm3 (Bailey et al., 2012), indicating this
latter as the main antiviral member of the IFITM family in mice. This result is also interesting
because RSV is a virus which, as HIV-1, is thought to fuse at the plasma membrane and that does
not require the endosomal route, again suggesting that the dynamic behavior of IFITM3 and
IFITMs more in general distributes them across most cellular membranes facilitating their

encounter with viruses that enter, or exit the cell, at different locations.

Interestingly, knockout mice for ifitm3 were also used to try to define bacterial susceptibility to
IFITM3 (Everitt et al., 2013). In particular, they used different types of bacterial pathogens
(Salmonella typhimurium, Citrobacter rodentium, Mycobacterium tuberculosis) with different
replication niches and different pathways into cells and a parasite (Plasmodium berghei). However,
the authors found no significant differences between wild-type and ifitm3 knockout mice following
infections with these pathogens, suggesting that the main functions of IFITMs are essentially

directed against viruses.
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2.3 Antiviral function of IFITMs

The original study which discovered the antiviral effect of [IFITMs showed that they were able to
inhibit the replication of influenza A, West Nile and dengue viruses(Brass et al., 2009). The
following studies have shown that they are able to inhibit the entry of viruses from several different
viral families in vitro (Table I). When expressed in target cells, [IFITMs have been shown to inhibit
the entry of influenza A and B viruses (Orthomyxoviridae), HIV-1, HIV-2 and various SIVs

(Retroviridae), dengue, zika, hepatitis C and West Nile (Flaviviridae), Marburg and

PH
Family Viruses Genome dependency Envelope

RNA viruses

Orthomyxoviridae  Influenza A and B viruses RNA (-) *x Yes

Flaviviridae West Nile virus RNA (+) - Yes
Dengue virus RNA (+) *% Yes
Hepatitis C virus RNA (+) *k Yes
Avian tembusu virus RNA (+) ** Yes
Zika virus RNA (+) *% Yes

Rhabdoviridae Vesicular stomatitis virus RNA () * Yes
Rabies virus RNA (-) ** Yes
Lagos Bat virus RNA (-) ** Yes

Bunyaviridae La Crosse virus RNA () *ok Yes

Hantaan virus RNA () *ok Yes



Filoviridae

Alphaviridae
Coronaviridae

Retroviridae

Reoviruses
DNA viruses
Asfarviridae
Poxviridae

Iridoviridae

Andes Virus
Rift valley fever
Ebola virus

Marburg virus

Sindbis and Semliki Forest Virus
SARS Corona virus
HIV-1

Jaagsiekte sheep retrovirus

(JSRV)

Reovirus

African swine fever virus
Vaccinia virus

Rana grylio virus

RNA (-)
RNA (-)
RNA (-)
RNA (-)
RNA (+)
RNA (+)

RNA (+)

RNA (+)

RNA double

DNA double
DNA double

DNA double

%k %

%k

%k %

no

k %

%k

%k

k%

%k
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Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

no

Yes

Yes

Yes

Table 1. Summary of antiviral activity of IFITMs. * low pH dependence; ** strong

dependence on pH.
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Ebola viruses (Filoviridae), coronavirus (Coronoviridae), Semliki and Sindbis forest viruses
(Alphaviridae), reoviruses (Reoviridae), vesicular stomatitis, rabies and Lagos bat virus
(Rhabdoviridae), respiratory syncytial virus (Paramyxoviridae), African swine fever virus
(4sfarviridae) and Rift Valley fever viruses (Bunyaviridae) (Anafu et al., 2013; Brass et al., 2009;
Huang et al., 2011; Jiang et al., 2010; Lu et al., 2011; Mufioz-Moreno et al., 2016; Narayana et al.,
2015; Qian et al., 2015; Savidis et al., 2016; Schoggins, 2014; Wrensch et al., 2014; Xu-Yang et
al., 2016). This list is not exhaustive and it includes the main viruses impacted by human IFITMs.
Numerous studies also show that IFITMs from other species (fish, mycobacteria, mouse, duck,
chicken or monkey) have an antiviral effect on cognate viruses of their own species (Blyth et al.,
2016; Huang et al., 2011; Melvin et al., 2015; Qian et al., 2015; Smith et al., 2013; Wilkins et al.,
2016; Winkler et al., 2017; Zhu et al., 2013). These studies show that the antiviral action spectrum
of IFITMs is wide and that their functions are preserved across different animal species. Viral
inhibition by IFITMs occurs with both DNA and RNA viruses that enter the cell at either plasma
membrane or endosomal vesicles. The inhibition efficiency is variable and depends on the virus

studied, the cell type, the IFITM protein involved, as well as the experimental setting used.

A certain number of viruses are instead resistant to IFITMs: Lassa, Machupo and lymphocytic
choriomeningitis viruses (Arenaviridae), Congo hemorrhagic fever virus (Bunyaviridae), human
papilloma virus 16 (Papillomaviridae), cytomegalovirus (Herpesviridae) and adenovirus 5
(Adenoviridae) (Brass et al., 2009; Mudhasani et al., 2013; Warren et al., 2014). A few viruses
seem instead to be favored by IFITMs, although the underlying mechanisms remain unclear: the
OC43 coronavirus that seem to use IFITMs as a factor promoting cell entry (Zhao et al., 2014). In
the case of HIV-1, sensitivity to IFITMs seems also to be modulated by the viral envelope, although

how this may occur remains a subject of investigation (Wrensch et al., 2017).
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2.4 Dual inhibition by IFITM3

IFITMs have been shown to be able to inhibit viral replication at two distinct phases of the viral
life cycle: in target cells, [IFITM3 blocks incoming virions in endosomal vesicles, protecting target
cells from infection (Figure 4, while a more detailed overview of the HIV-1 life cycle and of some
host factors is provided in Figure 5). 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 (Tartour et al., 2014). In infected cells undergoing the production of novel
virion particles, IFITMs lead to the production of novel particles of diminished infectivity. All of
these establishes IFITMs as a paradigm of restriction factor capable of interfering with two distinct

phases of a virus life cycle.

(1) Target cell protection (viral inhibition during viral entry into the cell)

To deliver their content into the cytoplasm of the target cell, viral membranes must first fuse with
the membrane of the target cell. According to the nature of the viral glycoprotein, this step can
occur directly at the plasma membrane (as in the case of HIV-1 that is a pH-independent entry
mechanisms), or after internalization into endosomes in which the acidic pH triggers a structural
conformation of the viral glycoproteins that results in viral-to-cellular membrane fusion (as in the
case of Influenza virus, referred to as a pH-dependent entry mechanism). After the engagement
between the viral glycoprotein and the cellular receptor, the viral and cellular membranes get in

close proximity and first hemifuse (one leaflet fused) before fusion of both leaflets and formation
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Figure 4. IFITM3-mediated inhibition of HIV-1. In target cells, IFITMs arrest incoming
virion particles in endosomes, leading to their subsequent degradation. In virion-producing
cells, IFITMs coalesce with viral structural proteins at sites of assembly, leading to the
production of virion particles that package IFITMs and display reduced infectivity.

of a pore that allows access of the viral content into the cell (full fusion). A first study concluded
that [FITMs affected the transition between hemifusion and full fusion (Desai et al., 2014; Li et al.,
2013). The blocked viruses were then degraded in the endosomal environment (after endocytosis
for viruses blocked at the plasma membrane) (Feeley et al., 2011) (Lin et al., 2013). In agreement

with this model, the IFITM3 protein which is considered the model of this family and is widely
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used to study the mechanism of inhibition of IFITMs strongly co-localizes with endosomal and

lysosomal vesicles.

One study suggested that IFITM3 could affect the pH of these compartments thus affecting viral
entry also indirectly, but such findings have not been confirmed (Amini-Bavil-Olyaee et al., 2013;
Feeley et al., 2011; Huang et al., 2011; Mufoz-Moreno et al., 2016; Wee et al., 2012; Yount et al.,
2012). In addition, an expansion of endo-lysosomal compartment (because it contains both
endosomal and lysosomal markers) and multivesicular bodies also positive for the LC3
autophagosome marker (Feeley et al., 2011; Yount et al., 2012) is often associated to IFITM3

expression (Amini-Bavil-Olyaee et al., 2013; Chesarino et al., 2014b).

Several mechanisms have been proposed to explain the inhibition of the fusion of the viral
membrane with the cell membrane. This mechanism of viral inhibition was described more recently
by our laboratory together with the Schwartz’s laboratory in the inhibition of HIV-1 and was later

on extended to other viruses by our lab (Tartour et al., 2014).

In the study where the antiviral role of IFITMs was discovered, preliminary experiments did not
show any effect of [IFITMs on HIV (Brass et al., 2009), but different screens on the antiviral effect
of genes stimulated with interferon revealed an effect of IFITMs on HIV-1 infection (Kane et al.,
2016; Lu et al., 2011; Schoggins et al., 2011). Further studies subsequently showed that IFITMs
did indeed have an effect on HIV-1 replication (Lu et al., 2011). They showed that IFITM2 and 3
were able to reduce the entry of HIV-1 but not IFITM1. A more recent study showed that IFITM1
was also able to inhibit the entry of HIV-1 (Foster et al., 2016). It actually depends on the coreceptor

used by the strain of HIV-1 that is used for infection.
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The strains which use the CCRS coreceptor are more sensitive to IFITM1 whereas the strains which
use CXCR4 are more sensitive to IFITM2 and 3. IFITM2 and 3 being mainly localized in the
endosomes, this implies that the strains using CXCR4 fuse to the endosomal membrane. This study
also showed that the viruses causing a new infection ("transmitted founder") were resistant to
IFITMs. Susceptibility develops over the months of infection. It is due to mutations in the envelope
protein that the virus acquires to escape neutralizing antibodies but which make them susceptible
to IFITMs. Human IFITMs have also been shown to have an effect on the entry of HIV-2 and on
different strains of SIVs (Qian et al., 2015). In addition, this antiviral property is retained in IFITMs

of primate species (Wilkins et al., 2016).

Despite the fact that HIV-1 has been shown to be inhibited more efficiently by IFITM1 rather than
I[FITM3 (IFITM1 is mostly at the plasma membrane while IFITM3 is mostly in endosomal
membranes), this finding is debated and inhibition by IFITM3 is commonly observed in HIV
studies. This is intriguing because contrarily to other viruses that require the passage through the
acidic pH of endosomes to become competent for membrane fusion and to infect cells, HIV-1
infection is thought to occur exclusively at the plasma membrane. Two possibilities can explain
HIV inhibition by IFITM3: first, a fraction of IFITM3 is also localized at the plasma membrane
and the dynamics of membrane recycling are likely to move this protein continuously to and from
the plasma membrane; 2) HIV-1 can borrow a functional endosomal entry pathway (Chauhan and

Khandkar, 2015; Fackler and Peterlin, 2000; Miyauchi et al., 2009; Sloan et al., 2013). Although

this finding remains debated the possibility that a portion of HIV virion particles enters cells
through endosomes (although without need for an acidic pH switch) can explain why HIV-1 is

susceptible to all [FITMs despite intracellular distribution differences.
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(2) Effect on the late stages of HIV-1 life cycle and mechanisms

Early studies showed that IFITMs influenced HIV-1 replication and virus entry by blocking the
fusion step. The possible effect on the late stages of HIV-1 (after integration) has been studied
more and more detailed during these recent years. It had just been observed that the presence of
IFITMs decreased viral production by reducing the amount of Gag in the producer cell
(Chutiwitoonchai et al., 2013; Lu et al., 2011). It has been suggested that IFITMs may interfere
with the export of Rev-dependent viral RNAs and the activation of transcription of Tat-dependent
viral genes (Chutiwitoonchai et al., 2013). At the previous study of my lab, results showed the
presence of the three IFITMs during the late phases had an effect on HIV-1 (Tartour et al., 2014).
It pointed out the importance of IFITM3 in the late phases of virus infection and their presence
during the late phases mainly allows two things: a decrease in the infectivity of the new viruses
produced and the incorporation of IFITMs into the viral membrane lipid. These results were
confirmed by those of two other independent teams of ours (Compton et al., 2014; Yu et al., 2015).
The latter notably showed that the antiviral effect of IFITMs against HIV-1 was stronger when they
were present in the producer cell than in the target cell. Viruses produced in the presence of IFITMs
show a defect in entry and membrane fusion during a new infection. The decrease in infectivity of
HIV and SIV is a conserved property of IFITMs from different primate species (Wilkins et al.,
2016). The defect in infectivity varies depending on the IFITM studied and the virus strain used.
The mechanisms leading to this defect in infectivity are not well understood. Several questions are
still unanswered. It was reported that it was the IFITM2 and 3 proteins, but not IFITM1, that
interact with the envelope protein in the target cell, which leads to its maturation by cellular Furin

being reduced (Yu et al., 2015).
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Figure 5. Overview of the HIV-1 replication cycle (from Engelman et al). The infection cycle
of HIV-1 begins when the envelope glycoprotein (Env) binds the CD4 receptor and the co-
receptors CCRS or CXCRA4, leading to viral-to-cellular membranes fusion and to the entry of
the viral content into the cell (CCRS in figure, steps 1-3). The viral genome contained within a
protein complex, the viral core, then migrates to the nuclear pore and into the nucleus, while
the viral RNA genome is reverse transcribed in double-stranded DNA (steps 4-5). The exact
timing of these events has been recently revisited so that, according to some reports, reverse
transcription and uncoating occur directly at the nuclear pore or even inside the nucleus. The
viral DNA is then integrated into the host genome, where it is transcribed as a cellular gene
giving raise to multiple viral proteins. Some of these proteins assemble into virions at the plasma
membrane and are released outside the cell (steps 7-13). Several of these steps are targeted by
either drugs already in use in clinical practice or by antiviral restriction factors. INSTI,
integrase strand transfer inhibitor; LTR, long terminal repeat; NNRTI, non-nucleoside reverse
transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor.

The final consequence is the incorporation of less mature envelope proteins into the new viral
particles and the underlying decrease in their infectivity. They subsequently showed that the ability
to interact with the HIV-1 envelope protein was a property retained by the IFITM3 protein from a

non-human primate (Wilkins et al., 2016). However, they did not show whether IFITM3 from non-
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human primates also induces the decline in mature envelope incorporation in virions. Recently,
there are two teams together showed that the sensitivity to the defect of infectivity induced by
IFITMs varied according to the strain of HIV used (Wang et al., 2017). They showed, in the case
of IFITM3, that the level of inhibition of infectivity of the different strains was correlated with the
level of defective maturation of the envelope protein. In addition, transmission of the "V3 loop"
region of the envelope of a strain resistant to IFITM3 confers resistance to a strain previously
susceptible to the defect in infectivity induced by IFITM3. The results of these three studies (Wang
et al., 2017; Wilkins et al., 2016; Yu et al., 2015) show that the IFITM2 and IFITM3 proteins
decrease the amount of mature envelope incorporated into virions. These three studies have in
common that they used the HEK 293T cell line (renal embryonic cells) as virus-producing cells.
However, two other teams did not observe any defect in the incorporation of mature envelope
induced by IFITMs when they are produced in SupT1 (T cell line) or U87 (neuroblastic cell line)
(Compton et al., 2014; Compton et al., 2016; Foster et al., 2016). These two teams used the NL4-
3 strain of HIV-1, which is however sensitive to the failure of mature envelope incorporation
induced by IFITM3 in the study. Viruses produced in SupT1 do indeed have an infectivity defect
when produced in the presence of [FITM3 (Compton et al., 2014). In the study using the U87 line,
the authors looked at the effect of the expression of IFITMs on replication, so we have the
inhibitory effect of IFITMs in target cells and producer cells and we cannot know if viruses
produced in the presence of IFITMs nonetheless exhibit a defect in infectivity in the absence of a
decrease in the incorporation of the envelope protein (Foster et al., 2016). Viruses produced in
HEK?293T have a defective mature envelope incorporation when produced in the presence of a high
amount of [FITM3 (Compton et al., 2016).These different studies show that the effect of IFITM2
and 3 on the maturation and incorporation of the envelope protein depends on the cell type. While

this partly explains the defect in infectivity of the viruses produced in HEK293T, it does not explain
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why IFITMI also induces a defect in infectivity when it does not interact with the envelope and
why we have a defect of infectivity of viruses produced in other cell types without reducing their

amount of incorporated envelope. There are one or more unknown mechanisms.

It is not known whether incorporation of IFITMs into viruses is necessary or sufficient to induce
the defect in infectivity. Results indicate that the amount of IFITMs incorporated does not correlate
with antiviral activities (Foster et al., 2016; Tartour et al., 2014; Yu et al., 2015). Another study,
however, demonstrated the importance of the localization of IFITM3 to induce the defect in
infectivity (Compton et al., 2016). An IFITM3 mutant lacking the endocytosis motif is localized
predominantly to the plasma membrane, is incorporated in greater quantities into viruses and
induces a defect in increased infectivity. The importance of incorporation to induce infectivity
defect is unclear. Several hypotheses are conceivable. It is possible that the physical presence of
IFITMs in the viral membrane disrupts membrane fluidity passively or actively. It is also possible
that their incorporation is only a side effect of their presence at the site of viral budding. The defect
in infectivity is then only a reflection of their effects in the producer cells which disrupt the
production of fully infectious viral particles. Their presence in producer cells is likely to modify
the properties of the cell's lipid membranes in the same way as in target cells (lipid or protein

composition). As the viral membrane derives from the cell membrane, it will be impacted.

Most studies focus on the defect in infectivity induced by IFITMs. We have already seen that
IFITMs decrease viral production (Chutiwitoonchai et al., 2013; Lu et al., 2011). This is regularly
observed in the various studies without new explanations being found. In general, it has been
observed that the decrease in viral production is observed at high amounts of expression of IFITMs
and that the effect is stronger for IFITM1 than IFITM2 and 3 (Compton et al., 2016; Wang et al.,

2017; Wilkins et al., 2016).
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2.5 Mechanism of membrane fusion inhibition by IFITMs

IFITMs have been soon recognized as inhibitors of viral-to-cellular membrane fusion (Figure 6).
However, the underlying mechanism through which IFITMs achieve this goal remains debated.

IFITM3 has been shown to interact with the vesicle-membrane-protein-associated protein A
(VAPA) and to disrupt the binding of this protein with the oxysterol-binding protein (OSBP), a
key player in cellular cholesterol homeostasis (Amini-Bavil-Olyaee et al., 2013). As a result of this
interaction, the authors indicated a surge in endosome-associated cholesterol that could have
explained their increased rigidity and lower propensity to undergo fusion with viral membranes.
This model however has not been confirmed by following studies, including from our laboratory
that failed to observe an increased in the intracellular levels of cholesterol in the presence of
IFITM3 (Desai et al., 2014; Lin et al., 2013; Wrensch et al., 2014). Therefore, although modulation
of the lipid composition of membranes remains an attractive hypothesis to explain the membrane
fusion impairment, whether this is at play in the case of IFITM3 and of IFITMs in general, remains

a matter of speculation.
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Figure 6. Mechanism of membrane fusion. After viral glycoprotein-cellular receptor binding,
the first leaflet of viral and cellular membranes fuse (a process called hemifusion), followed by
the fusion of the second leaflet and the formation of a functional pore through which viral
material can access the cytoplasm. Most of the studies have been carried out on IFITM3 that
inhibits the transition between hemifusion to full fusion.

However, it remains of interest that amphotericin B, which forms complexes with sterols and is
known to fluidify membranes (Kaminski, 2014), is able to oppose the negative effects of [FITMs
in viral infection, suggesting that lipids may play a role in the antiviral effects described for these
antiviral factors.

A second hypothesis is the modification of the properties of membranes (fluidity, curvature and
composition). Two studies have shown that the presence of IFITMs reduces membrane fluidity and
induces negative membrane curvatures that are detrimental to fusion (Li et al., 2013; Lin et al.,

2013). We do not know how the IFITMs induce these phenomena. It is known that IFITM3 can



Li ZHONG, page 33

form multimers thanks to two phenylalanines located in its first hydrophobic domain (John et al.,
2013). It is thus assumed that the IFITMs by interacting together form an intramembrane network
which decreases membrane fluidity. It is also possible that they modify the membrane fluidity by
modifying the protein or lipid composition of the membranes. Recently, a study identified the

membrane metalloprotease ZMPSTE?24 as a cell partner.
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3. Other physiological roles of IFITM proteins

3.1. Involvement in placental dysfunctions

The fusion of trophoblast cells into a multinucleated syncytiotrophoblast (ST) layer is a critical
step of placental development and this step relies on membrane-to-membrane fusion events. A
recent study clearly showed that IFITM overexpression, as it could be observed upon IFN signaling
and viral infection, was responsible for IFITM-driven inhibition of trophoblast fusion and fetus
abortion (Zani et al., 2019). If mechanistically this study is in perfect line with the reported function
of IFITMs as membrane fusion inhibitors, they indicate that IFITMs may play deleterious effects
on the cell physiology. In a more physiological perspective, they also raise the possibility that viral
infections, which are normally associated to IFN production, may also exert negative effects on

specific processes and lead for instance to fetus abortion.

3.2. Regulation of immune responses

In addition to their direct antiviral action to fight against viral replication, several studies have
shown that IFITMs proteins may play a more general regulatory role in immune responses. Indeed,
a study has shown that IFITMs may participate in the transmission of the antiviral state between
cells by being incorporated into exosomes. Exosomes are extracellular vesicles that contain a
number of cytoplasmic elements (RNA, proteins) and that deliver them to neighboring cells. In this
context, exosomes incorporating IFITM3 have been shown to protect target cells from subsequent
Dengue virus infection (Zhu et al., 2015), suggesting that through mechanisms that remains to be

determined, IFITMs may contribute to the overall establishment of an antiviral state. However, in
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light of their action as membrane fusion inhibitors, the results of this study are nevertheless
paradoxical insofar as we know, the presence of IFITM3 should reduce the ability of exosomes to
fuse with target cells and to diminish the ability of such vesicles to deliver their content. It is

surprising that exosomes containing IFITM3 are able to fuse with the membrane of target cells.

A recent study also suggested a role for IFITM3 as a negative feedback regulator of IFN responses
(Jiang et al., 2018). The authors used the Sendai virus which is not blocked by IFITM3 and which
induces a potent secretion of interferon from infected cells. They observed that the overexpression
of IFITM3 prevented the secretion of interferon from infected cells in a mechanism that involved
the autophagic degradation of IRF3, a factor transcription essential for the synthesis of interferons
(Feeley et al., 2011; Yount et al., 2012). If this result is confirmed, it would suggest that IFITM3
could also act as a negative regulator of type I interferon responses and thus contribute both to viral
inhibition at early time points and to IFN-I responses silencing at late times after induction. This
would be the first example of protein capable of acting both as a direct antiviral effector, as well

as a direct feedback regulator of IFN responses.

Finally, a single study showed that [IFITM3 could play a role in the migration of antigen-presenting
cells in mice undergoing viral infection (Infusini et al., 2015). Indeed, the authors showed that
during infection with Influenza virus, the overexpression of IFITM3 in respiratory dendritic cells
was necessary for two things: to fight the viral infection and to allow the migration of the dendritic
cells to the lymph nodes to start adaptive immune responses. In the absence of upregulation of
IFITM3, dendritic cells were more susceptible to infection and did not migrate to lymph nodes.
While it is difficult to dissect the roles of IFITM3 between these two functions because infected
and uninfected DCs could exhibit distinct migratory properties linked only to their

infected/uninfected status, this study raises the possibility that IFITMs may exert a role during cell
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migration, property that was first associated to these proteins in mice more than a decade ago (see

below).

3.3. Involvement in carcinogenesis, migration of primordial germ cells and osteogenesis

Prior to 2009 and the discovery of their antiviral functions, IFITMs were first studied for their roles

in functions other than viral infection.

Perhaps not surprisingly for IFN-regulated proteins, [IFITMs are overexpressed in several types of
tumors: colon, stomach, head and neck, breast, and glial tumors (Hatano et al., 2008; Hu et al.,
2014; Li et al.,, 2011; Yang et al., 2013; Yu et al., 2011; Zhao et al., 2013) and the increased
expression of IFITMs can even be used as a marker of cancer progression, in particular for colon
tumors (Andreu et al., 2006; Fan et al., 2008). While this may suggest a pro-tumoral role, other
studies have shown that the artificial upregulation of IFITM proteins inhibits cell proliferation and
cancer cell invasion (Hatano et al., 2008; Yang et al., 2013; Yu et al., 2011). For example, IFITM1
is involved in the antiproliferative action of interferon & and acts by stabilizing the p53 protein
(Yang et al., 2007) and IFITM1 has also been shown to be part of a membrane complex composed
of CD81, CD19 and CD21 resulting in cell cycle arrest in B lymphocytes (Bradbury et al., 1992).
A more indirect role has been hypothesized more recently following the observation that the
presence of IFITM2 in macrophages present near pancreatic tumors leads to the secretion of
cytokines promoting tumor cells (Rosati et al., 2015) and in this case a receptor like function has
been postulated. As such, the links between cancer and IFITMs appear unclear and highly

dependent on the cellular context.
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IFITMs were also shown to be important in the establishment of primordial germ cells during
development in knockout ifitm mouse models. However, following studies failed to confirm such
role, as these mice show no developmental problems (Desai et al., 2014; Lange et al., 2008; Tanaka

et al., 2004; Tanaka et al., 2005).

Finally, the IFITMS protein has so far no antiviral role, but it has been clearly linked to osteogenesis
imperfect, a genetic disease characterized by smaller bones with deformities. IFITMS5 is indeed
also called BRIL ("Bone Restricted IFITM-like protein") and is involved in bone mineralization
(Moffatt et al., 2008). Several mutations have been identified in patients affected by this disease
most of which result in proteins that are severely truncated or highly unstable (Farber et al., 2014;
Hanagata, 2016). In agreement with their role in this disease, knockout mice for ifitm5 exhibit

smaller bones although without deformities (Hanagata et al., 2011).

4. IFITM3 Polymorphisms in humans

A few polymorphisms have been identified in the ifitm3 gene in humans (John et al., 2013). In
particular, the rs12252 T / C polymorphism has been associated with a high hospitalization rates
for severe forms of influenza in Great Britain (Everitt et al., 2013). The frequency of the rs12252
C allele is low in European and African populations, but its frequency is high in Asian populations
(Zhang et al., 2013). The CC genotype is overrepresented in patients hospitalized with severe
influenza compared to the normal TT genotype. This polymorphism (C instead of T) is predicted
to alter a splice site of the ifitm3 gene and result in the formation of a protein truncated by the first
21 amino acids. We have previously seen the importance of the N-terminal part of the IFITM3

protein for its localization and therefore its antiviral activity. In vitro studies have shown that this
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truncated protein (called A21) has a different cellular localization from the wild protein (Jia et al.,
2012; Williams et al., 2014). Unlike wild-type IFITM3, IFITM3 A21 is localized at the plasma
membrane. Therefore, its antiviral activity against the entry of influenza virus (which enters
through the endosomal route) is reduced. However, the IFITM3 A21 used in these studies was
created by cloning and the existence of such truncated protein has never been demonstrated in
people carrying the rs12252C allele and RNAseq data failed to identify mRNA forms
corresponding to the expected IFITM3 splice variant in individuals that are homozygous for the
rs12252C allele (Randolph et al., 2017). As such, the relevance of this association at the protein
level, remains debated, despite the fact that several studies have confirmed the association of this
polymorphism with cases of severe influenza(Lee et al., 2017; Wang et al., 2014; Xuan et al., 2015;
Yang et al., 2015; Zhang et al., 2013), albeit not all (Gaio et al., 2016; Mills et al., 2014; Randolph

etal., 2017).

Interestingly, this polymorphism has also been associated with a faster progression to the AIDS
stage in a Chinese cohort of patients infected with HIV-1 (Zhang et al., 2015) and has also been
associated with the severity of Hantaan virus infection (Yang et al., 2015). In the case of HIV-1,
this association is paradoxical, because the resulting hypothetical IFITM3 A21 protein displays
increased antiviral effects against HIV, whether it is present in target cells or in virus-producing
cells (Compton et al., 2016). Given that the resistance to IFITMs in the case of HIV-1 appears
dynamic and that chronic strains are less inhibited by IFITM1 and plasma membrane concentrated
IFITMs (as should be the IFITM3 A21 isoform) (Foster et al., 2016), this may provide a potential
explanation as to why people infected with HIV-1 and carrying the rs12252 C allele progress more

rapidly to AIDS.
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Overall, despite the existence and the association of a main polymorphism of IFITM3 to increased
disease severities, doubts still exist on the significance and existence of the hypothesized splice
variant in individuals carrying this polymorphism. As to the existence of additional polymorphisms
in IFITM3 as well as in other IFITM members, little to no studies have been carried out so far
(Naderi et al., 2016; Shen et al., 2013), so that it is difficult to conclude as to their true significance

in disease severity against several viruses.
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5.The ER-Golgi secretory pathway

5.1. ER and Golgi organelles

The endoplasmic reticulum (ER)is a membrane contiguous with the nuclear membrane and
represents the entry organelle for the secretory pathway. Proteins synthesized from ribosomes and
bearing an ER-docking signal sequence bind to the rough ER and are progressively pushed inside
the ER lumen. Some proteins, like ER enzymes remain resident in the ER. However, the majority
progresses through the cis, median and trans Golgi where they are modified, glycosylated and
trafficked to their final destination. It is estimated that about 25% of the human proteome may

transit through the ER-Golgi (Gomez-Navarro and Miller, 2016).

The Golgi apparatus is adjacent to the nucleus and the ER in mammalian cells and is deemed as a
central intracellular membrane-bound organelle. Its structure as it can be observed by electron
microscopy (EM) is in most cells composed of stacks or cisternae overlaying one another, with
multiple stacks often lined up and interconnected by tubular structures to form a ribbon. The Golgi
stacks are polarized and mainly divided into three functional parts: the cis, the median and the
trans-Golgi. Between the ER and the Golgi is the ERGIC (ER-to-Golgi intermediate compartment),

a compartment located adjacent to ER exit sites.

Protein movement between ER and Golgi stacks involves vesicles which range in size from 60-90
nm that can move forward (coatomer protein complex II, COPII-mediated) or backward (coatomer

protein complex I, COPI-mediated), movements that are important for the flow and the
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maintenance of both lipid and protein homeostasis within the cell (this part will be detailed below

and a schematic and simplified representation is provided in Figure 7).
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Figure 7. Schematic representation of the ER-Golgi secretory pathway. Proteins are
recognized through signal sequence recognition by the signal recognition particle (SRP)
and are translocated into the ER lumen. In the ER, the signal sequence is removed and
proteins are then passed through the ERGIC (in animals) or the cis- Golgi (in yeasts and
plants) via COPII vesicles. PM proteins and secreted proteins are transported via cisternal
maturation to the Trans-Golgi network (TGN), whereas integral Golgi proteins remain on
site. At the TGN, proteins destined to be secreted are sorted in secretory vesicles (SVs) or
immature secretory granules (ISGs).
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Starting from the 1960s, morphological studies have shown connections in the space between
cisternae that are involved in the adhesion of cisternae into stacks (Cluett and Brown, 1992; Franke
and Scheer, 1972; Mollenhauer, 1965), which were later on identified as Golgi matrix proteins
(Slusarewicz et al., 1994). Since then, several Golgi matrix proteins have been identified to be

responsible for maintaining the architecture and functions of the Golgi apparatus.

Golgins are a family of Golgi-associated coiled-coil proteins that are necessary for vesicle tethering
at the Golgi and maintenance of Golgi integrity (Gillingham and Munro, 2016; Muschalik and
Munro, 2018; Witkos and Lowe, 2015) and also involved in the dynamic regulation of the structure
of the organelle itself. Golgins lack significant sequence homology between themselves and
localize to different regions of the Golgi, which is indicative of specific functions. Most golgins
are peripheral membrane proteins attached to Golgi membranes via their C-ter and all associate to
small GTPases of the Rab, Arf and Arl families (Munro, 2011; Sinka et al., 2008). These
interactions mediate both membrane attachment and selective localization of specific golgins to a
specific sub-compartment of the Golgi (Witkos and Lowe, 2015). The coiled-coil regions provide
the golgins with an extended structure required for the tethering function, while the interactions
with Rab GTPases control these molecules in their open (extended) or closed (folded) confirmation
(Cheung et al., 2015). In addition, golgins often contain specific sequence and structural features
at the N- and C-terminal termini that allow them to recognize vesicles and Golgi cisternal
membranes based on the curvature and lipid composition of the membranes (Drin et al., 2007; Drin

et al., 2008; Magdeleine et al., 2016).

Among golgins, GM130 (also known as GOLGA2) was the first identified Golgi matrix protein
and is currently one of the best-studied, as it contributes to Golgi ribbon morphology and is

involved in vesicular transport. GM 130 is predominantly concentrated in the cis-Golgi (Nakamura
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et al., 1995), where it forms a stable complex with GRASP65. Depletion of GM130 leads to the
disruption of the Golgi ribbon and protein glycosylation defects (Puthenveedu and von Zastrow,
2006). However, GM130 knockout (KO) mice are viable although they exhibit Golgi
fragmentation and impaired secretory trafficking especially in the central nervous system and in

Purkinje neurons in particular, resulting in cell death and ataxia (Liu et al., 2017).

Besides the Golgi matrix proteins and their cofactors described above, other proteins including
SNARE:s, kinases, methyltransferases, and GTPases have also been reported to be involved in the

structural maintenance of the Golgi.
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Figure 8. Fusion between Golgi SNAREs vesicles (from CSH perspectives). SNARE-
mediated membrane fusion and SNARE recycling. SNAREs are recruited by vesicle coat
components for uptake into a budding vesicle. The initial interaction of a vesicle with its
target membrane is mediated by tethering proteins and a small Rab GTPase. Components
of the tethering machinery trigger the formation of t-SNARE complexes, which assemble
with their cognate v-SNARESs, driving membrane fusion between the vesicle and the
receiving Golgi compartment. In the presence of SNAPs, ATP-hydrolysis by NSF segregates
v- and t-SNAREs for another round of fusion.
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SNARE proteins mediate vesicle fusion and will be detailed later on. Instead Rabs small GTPases
are a group of key regulators of mammalian Golgi organization. Many Rab proteins, including
Rabl, Rab2 and Rab8 (Aizawa and Fukuda, 2015), Rab18 and Rab43 (Dejgaard et al., 2008),
Rab6/41 (Goud et al., 1990; Martinez et al., 1997), and Rab30 (Kelly et al., 2012), play a role in
Golgi structure organization (reviewed previously in detail,(Goud et al., 2018). Rab proteins can
switch between an inactive GDP-bound form and an active GTP-bound form. It has been proposed
that Rab proteins involved in Golgi functions can be divided into two categories: class 1 Rabs, for
which the Golgi ribbon is disrupted by Rab inactivation but appears normal with overexpression;
and class 2 Rabs, in which Rab inactivation has little effect on Golgi ribbon organization, while
overexpression leads to the redistribution of Golgi enzymes to the ER (Liu and Storrie, 2015).
Overall, the entire morphology and functions of the Golgi apparatus are the object of intense

regulation, which is not surprising in light of the central place of this organelle in the cellular

physiology.

5.2. Anterograde and Retrograde transport

With the exception of ER and Golgi resident proteins, proteins that enter the secretory pathway
must first transit from the ER to the Golgi and then leave the Golgi to reach their final destination
at the plasma membrane, lysosomes etc. The transport of this cargo is mediated by multiple-
vesicular carriers that bud from one compartment on the pathway and fuse with the next (forward
transport). Instead, components that must be recycled back use a similar method to mediate
retrograde or backward transport. These movements are of course highly important to maintain the

protein and lipid homeostasis in the entire cell.
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Vesicular transport in this setting relies in a simplified manner on two components: COPI and
COPII multiprotein complexes that form the vesicle itself and a docking system that is responsible
for the binding and fusion of the vesicle with the Golgi stack. This last system is specified by
interactions between pairs of vesicle and target soluble N-ethylmaleimidesensitive

fusion protein (NSF) attachment protein receptors (v- and t-SNAREs, respectively). Once in
opposed membranes, the binding of specific SNAREs pair, induces the fusion between the
membrane of the vesicle and the membrane of the stack, leading to the release of the Cargo in the
stack, which constitutes an effective movement of the proteins that have entered into the secretory
pathway through the compartment.

This mechanism resembles loosely the fusion between viral and cellular membranes that occur
when a viral envelope binds its cellular receptor.

Even in this case, SNARESs play a key role in the maintenance of the Golgi and indeed depletion
of the Vesicle-associated membrane protein 4 (VAMP4) a v-SNARE located at the TGN and
shown to play a role in retrograde trafficking from early endosomes to the TGN (Steegmaier et al.,
1999) leads to Golgi fragmentation. Similarly, depletion of the cognate SNAREs of VAMP4,

syntaxin 6, syntaxin 16, and Vtila also lead to similar phenotypes.

Most SNAREs are C-terminally-anchored transmembrane proteins and their main body is exposed
in the cytoplasm. In the simplest model of SNARE function (Figure 8), transport vesicles carry
specific vesicle-membrane SNAREs (v-SNAREs) that leave one stack and dock into the next
through target-membrane SNAREs (t-SNARESs) the binding to which induces membranes fusion.
After the dissociation of the v-SNARE—t-SNARE complex, the v-SNARESs are recycled through
retrograde transport to refurnish the compartment for novel cycles of transport. A series of v and t-

SNARE:S interacting couples have been characterized over the years.
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For example, GS15 was identified as homologous to other SNARESs (Xu et al., 1997) and was later
found to be concentrated mostly, although not completely, in the medial-cisternae of the Golgi
apparatus. Biochemical studies suggest that it forms a complex with three other SNAREs
(Syntaxin5, GS28, and Ykt6) to form a distinct GS15/Syn5/GS28/Ykt6 SNARE complex. From
what was observed in the localization data, each cisterna of Golgi contains a mixture of all seven
of the subunits comprising the two Golgi-localized SNAREpins, v-rBetl: t-syntaxin 5/membrin,
ERS24 and v-GS15: t-syntaxin 5/mYkt6, GOS28, although their ratios in the mixture vary largely
across the stack (Volchuk et al., 2004; Xu et al., 2002). Particularly every Golgi cisterna contains
varying ratios of two alternative sets of t-SNARE light chains (membrinERS24 vs. mYkt6GOS28)
that will compete for binding to a common heavy chain (syntaxin 5), to form one or the other t-
SNARE.

Overall, several complexes have been described some of which have a stronger impact in cis,
median or trans-Golgi fusion events. What governs the specific enrichment of given v or t-SNAREs

at a particular location remains unclear.
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Objectives
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This thesis was carried out under the supervision of Dr Andrea Cimarelli within "host-pathogen
interaction during lentiviral infection" team and was more specifically focused on the study of the
biology of IFITM3, an important antiviral factor with a broad spectrum of viral inhibition. Starting
from an initial observation carried out in the laboratory on a particular IFITM3 mutant, we have
decided to study the role of the CIL in the passage and egress of the protein through the Golgi. The
results gathered during my thesis work have allowed me to identify a particular region within the
CIL of IFITM3 that regulates the normal egress of this protein through the Golgi. This step is very
important as the abnormal retention of IFITM3 in this compartment leads to drastic changes and to
a generalized defect in glycoprotein trafficking. These defects appear linked to the ability of Golgi-
retained IFITM3 to inhibit fusion between v- and t-SNARESs bearing vesicles, in line with the more

general inhibitory functions of IFITMs in membrane fusion.

Importantly, we also determine that the domain that regulates IFITM3 trafficking is conserved
across other members of the dispanin A subfamily and functionally conserved in PRRT2, member
of the dispanin B subfamily and involved in paroxysmal kinesigenic dyskinesia (PKD), the most

common type of paroxysmal movement disorder.

Overall, these results identify a novel region important for the trafficking of IFITM3 through the

Golgi and highlight the importance that tight regulation of this process may bear for the cell

physiology.
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Results
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Identification of a mutation in the CIL loop of IFITM3 that modifies glycoprotein trafficking
through Golgi. A previous mutagenesis study of IFITM3 (Appourchaux et al. 2019) focused in
the identification of domains that regulated the antiviral properties against HIV-1 identified an
interesting mutant that was able to consistently decrease the extent of WT HIV-1 envelope

incorporation into virion particles (Figure 9a). Given that this phenotype was not observed for WT

IFITM3 (or only mildly so), this mutant was not further investigated in this previous work.
However, given that IFITM3 has been associated in other studies in possible effects on protein
accumulation and that envelope incorporation defects can be due to an ER-Golgi defect, we decided
to further characterize this mutant here. Furthermore, the CIL domain is conserved among IFITM
proteins, but its functions remain poorly understood.

Formation of infectious HIV-1 requires the assembling of two classes of structural proteins: Gag

and Env (Figure 9b). While Gag is translated from cytoplasmic mRNAs from free ribosomes, the

Envelope glycoprotein undergoes co-translational ER translocation and reaches the plasma
membrane following the ER-Golgi secretory pathway. As such, loss of Envelope incorporation in
virion particles may reflect potential effects of IFITM3 along this axis that we decided to
investigate further.

When transfected into cells infected with HIV-1, the IFITM3 mutant 85-90 induced a moderate
decrease in the levels of cell-associated Gag and Env when compared with cells in control group
or over expressing WT IFITM3. On the other hand, when the extent of Env proteins incorporated
in HIV-1 virions particles was examined, the 85-90 IFITM3 mutant induced a large decrease
compared to WT IFITM3 or control (Figure 9c). When examined by confocal microscopy, HIV-
1 Env was found to display an important perinuclear localization in the presence of this mutant

(Figure 9d). Overall, these observations suggest that the expression of the 85-90 mutant may lead
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to a defect along the secretory pathway followed by the HIV glycoprotein with a likely implication
of the Golgi apparatus.

After these initial confirmatory results, we decided to determine whether this defect could be more
generally reflective of an interference with Golgi-mediated trafficking, in other viral glycoproteins.
To this end, I co-expressed distinctly the 85-90 IFITM3 mutant and WT IFITM3 along with a
fluorescent G protein from the Vesicular Stomatitis Virus fused to a fluorescent reporter (mEm.-

VSV-G, Figure 9e). A strong perinuclear accumulation of mEm.-VSV-G was observed in cells

expressing the mutant IFITM3 compared to WT group (Figure 9e).
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Figure 9. A novel gain-of-function
IFITM3 mutant induces secretory
-’ pathway defects that affect glycoproteins
e trafficking. a) Genomic structure of
l_

IFITM3 with a highlight on amino acids
of the cytoplasmic intracellular loop
(CIL). In mutant 85-90, red residues have
been mutated to alanine. b) Schematic
representation of HIV-1 virion assembly.
¢) HEK293T cells were transfected with
DNAs coding for the HIV-1 proviral
clone NL4-3 along with control, WT or
85-90 mutant IFITM3. Cells were lysed
48 hours after

transfection, while virion particles released in the supernatant were first purified by
ultracentrifugation through a 25% sucrose cushion. Both cellular and viral lysates were analyzed
by WB. d) HEK293T cells were ectopically transfected with WT NL4-3 DNAs, or the NL43Env
plasmid along with the indicated IFITMs. Representative confocal microscopy images presenting
the of double-positive cells displaying perinuclear accumulation of Env protein.
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differences, not shown. f) Lysates obtained from cells expressing VSV-G along with control, WT and
mutant [FITM3 were either untreated or treated with EndoH or PNGaseF prior to WB and
densitometry quantification of the EndoH-sensitive and -resistant VSV-G forms. Panels present
representative results, while the graph presents the proportions of EndoH-sensitive and -resistant
VSV-G obtained in 5 independent experiments. *, p value of 0.0021 following a one-way Anova,
Tukey’s multiple comparison test over control.

To further confirm a Golgi-related defect, we employed susceptibility to EndoH, a commonly used
technique to appreciate progression of glycosylated proteins through Golgi vesicles. Under these

conditions, in WT transfected group, the portion of digested VSV-G is less than the non-digested
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one; It was converse situation in the mutated 85-90 group, higher portion of proteins be digested
by EndoH. We conclude that VSV-G proteins glycosylation and progression through the Golgi
were blocked by the presence the mutant 85-90 mutant and to a lower extension from the WT

IFITM3 (Figure 9f).

Overall, these results clearly indicate that the 85-90 IFITM3 mutant leads to a disruption of normal
Golgi functions, indicating it as a novel gain-of-function IFITM3 mutant. Interestingly, WT
IFITM3 seemed to induce some defect in Golgi trafficking although to a very light and non-
significant level at these protein levels. The expression of higher levels of IFITM3 and the analysis

of the phenotypic changes imparted by them is ongoing.

The 85-90 IFITM3 mutant accumulates in the cis-Golgi and leads to structural changes in
the Golgi apparatus. To determine better how IFITM3 blocked glycoprotein envelope proteins
trafficking, we checked several cellular markers specific for ER, endosomes and Golgi by co-
transfection with specific markers or by detection of endogenous proteins. Confocal analysis
indicated that the 85-90 IFITM3 mutant did not strongly colocalize with ER or endosomes (Figure

10). Instead, this mutant colocalized with the cis-Golgi marker GM130 (Figure 11a). Furthermore,

the mutant induced gross morphological changes in the appearance of the Golgi itself: punctiform
in control and WT-IFITM3 expressing cells and inflated in cells expressing the 85-90 IFITM3

mutant. 3D-reconstruction of positive cells (Figure 11b) states better the structural changes.

Through electron microscopy observation, the shape of the Golgi apparatus changed from its

classical punctiform distribution to a more shrunk shape also gives a convincing expansion of large
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vesicles (Figure 11c, although the Golgi appearance in HEK293T cells even in control cells is not

textbook).
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Figure 10. The 85-90 IFITM3 mutant does not

colocalize with CD63, LAMP2 nor with the ER.
HEK293T cells ectopically expressing the indicated
IFITM3s, or co-transfected with the ER reporter
DI1ER were analyzed by confocal microscopy with the
indicated markers. Whiskers and boxes plot of the
Pearson’s  colocalization  coefficients  (25-75
percentiles with individual cells represented as dots;
n=16 to 38 per condition in three independent
experiments). A one-way Anova with Tukey’s multiple
comparison test was applied for each marker to
evaluate differences in localization between WT and
85-90 IFITM3 mutant (non statistical significant
differences are represented by white boxes; p <0.0001
by colored ones).
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Figure 11. The 85-90 IFITM3 mutant colocalizes with and induces gross morphological
changes in the Golgi. a and b) Confocal microscopy analysis and 3D-reconstruction of cells
expressing the indicated IFITM3 proteins. Representative images and graph presenting
phenotype proportions in at least 100 cells scored per condition (binary scoring: inflated or
normal Golgi, three independent experiments). *, p=38.3x10-9 following an unpaired, two-tailed
Student t test. ¢) Representative electron microscopy analyses of HEK293T cells expressing WT
or 85-90 IFITM3 proteins. The region enlarged at the right of each panel corresponds to the red
inset.

One of the most broadly studied mechanism of antiviral function of IFITM3 is their ability to
interfere with viral-to cellular membranes fusion. We thus hypothesized that dynamic
morphological of Golgi could be affected by IFITM3 and its membrane-fusion inhibition property.
The routine fusion of v-SNARE vesicles with t-SNAREs compartments is indeed key to maintain
protein and membrane fluxes through the Golgi apparatus.

To test this hypothesis, we analyzed the ability of the 85-90 IFITM3 mutant to inhibit the

fluorescent resonance energy transfer (FRET) between v and t SNAREs fused to CFP and YFP.
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The determination of this kind of fusion inhibition in living cells and in the entire Golgi is complex
and most studies have instead used reconstituted and minimal lipid vesicles and components, while
we opted for a whole cell approach. In GS15-CFP and ERS24-YFP double positive cells, FRET
occurs upon fusion between GS15-CFP and ERS24-YFP bearing vesicles (v- and t-SNAREs,

respectively), as a signal of membrane fusion in this compartment (Figure 12a) while no FRET is

expected if membrane fusion does not happen.
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Figure 12. The 85-90 IFITM3 mutant impairs fusion between v- and t-SNAREs. a) Schematic
representation of the FRET experiment and representative images pre and post ERS24-YFP bleach.
FRET experiments were performed on live HEK293T cells in which an excess of DNA coding for
the 85-90 IFITM3 mutant was used over GS15-CFP and ERS24-YFP (five-fold excess) to ensure
that the majority of cells analyzed were also IFITM3-positive. The boxes and whiskers plot presents
the normalized decrease and values distribution in FRET observed in control and 85-90 IFITM3
expressing cells from three independent experiments and >20 cells examined. *, p value of 0.0008,
following an unpaired two-tailed Student t test.
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Figure 12, continued. b) HEK293T cells expressing constant amounts of 85-90 IFITM3 and VSV-
G were co-transfected with increasing amounts of GSI15-CFP coding DNA, prior to confocal
microscopy analysis (GS15/85-90 ratios of 0.2 and 0.5). Given that VSV-G accumulation in the
Golgi leads to its asymmetrical perinuclear distribution in the cell, VSV-G fluorescence was
determined for each cell according to the presented scheme. The fluorescence measured over
distance in the cell was used to calculate the proportion of VSV-G protein present at one side (the
left side was set as the side with higher protein accumulation). Representative pictures and graph
presenting the distribution of VSV-G at one side of the cell in triple-positive cells (n=2 with 20 to
31 cells analyzed per condition). White circles highlight example cells of increased FRET (a) and
of phenotypic differences in the perinuclear accumulation of VSV-G (b), respectively. **** p value
of <0.0001 following a one-way Anova, Tukey’s multiple comparison test over 85-90 IFITM3
condition with no GS15-CFP.
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Experiments were carried out in living cells and under these conditions, the over-expression of the
85-90 IFITM3 mutant in GS15-CFP and ERS24-YFP double positive cells leads to a detectable

and statistically significant decrease in FRET compared to the no IFITM3 group (Figure 12a). This

indicating that this mutant does indeed interfere with v- to t-SNAREs fusion, in agreement with

the major function ascribed to IFITM3 as a membrane fusion inhibitor.

To further support this conclusion, I overexpressed the v-SNARE GS15 and checked whether it
could rescue the effect of 85-90 IFITM3 mutant, as v-SNAREs overexpression was reported to
bypass membrane fusion defects occurring between Golgi membranes, and we thus hypothesized
it could relieve the defect imposed by the IFITM3 mutant. To this end, I co-transfected constant
amount of both 85-90 IFITM3 mutant and VSV-G with increasing dose of GS15, and then analyzed

the distribution of VSV-G in triple-positive cells (Figure 12b). In this case, we considered the

redistribution of VSV-G from an asymmetric to a symmetric distribution by determining the levels
of fluorescence at each end of the nucleus. The results obtained indicated that GS15 was able to
relieve the perinuclear accumulation of the VSV-G glycoprotein induced by the IFITM3 mutant,
supporting our hypothesis that the accumulation of the 85-90 IFITM3 mutant in the Golgi is due
to the inhibition of v- to t-SNAREs fusion. During the revision process, reviewers asked for further
controls in the FRET experiments and in particular to determine effects of WT IFITM3 in FRET
and to determine the specificity of FRET for SNARE-mediated fusion by including a well-known
SNARE-inhibition, NEM. These experiments are at present ongoing and are aimed at clearly

validating the FRET-based assay in terms of IFITM3 action.
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The 85-90 mutation defines a domain in CIL that regulates the exit of wild-type IFITM3 from
the Golgi. The IFITM3 mutant can be due to the fact that the protein does not leave the Golgi
during its transit there or else that it exits the apparatus and is then redirected there. To assess
whether the 85-90 mutation induced retention or relocalization of IFITM3 at the Golgi, we
performed a time-course analysis of both WT and mutant IFITM3 from early to late time points

after ectopic DNA transfection (Figure 13).

IFITM3 12—
= E ~
g 22+ !
(=" o A & °
7] . 8 o ofo
= - = o $
2 o=
2 X =
° g% 4 2
>
{
4 7 5
0
Hours post 61224
transfection: 85.90
o
=
6 12 | 24
E . i, \7\7—[‘ & O R
E | WT 6hrs vs 590 T [ o -
WT ns ng | X
& 85-90 6hrs v
o SV 85-90 18 s
&
@ one-way Anova, Tukey’s multiple
: comparison test

Figure 13. Time course confocal microscopy analysis indicates that the 85-90 IFITM3 mutation
affects the normal egress of IFITM3 from the Golgi. HEK293T cells were examined by confocal
microscopy at different times post ectopic DNA transfection to determine the localization of IFITM3
proteins over time. Representative pictures and graph presenting the distribution of IFITM3 in the
Golgi (calculated as a Golgi/cytoplasm ratio on 39 to 62 cells per time point and per condition in two
independent experiments, AVG, SEM and individual values). The table presents p values obtained after
a one-way Anova, Tukey’s multiple comparison test between the indicated conditions: ns: non
significant; *, p value <0.05; **** p value <0.0001.
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While both proteins exhibited a predominant Golgi distribution at 6 hours post transfection, such
concentration gradually diminished in the case of WT IFITM3, in agreement with its functional
exit from the Golgi.

On the contrary, little changes were observed over time in the presence of the 85-90 IFITM3 mutant.
IFITM3 remained in this compartment, supporting the notion that the 85-90 mutation induces the

retention, rather than the redistribution, of IFITM3 in the Golgi. In agreement with this observation,
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Figure 14. The broad trafficking inhibitor Monensin affects the egress from the Golgi of WT
IFITM3, but not of the 85-90 mutant. Cells expressing the indicated IFITM3 protein were
either treated or untreated with Monensin for 3 hours at 0.2 mM, prior to confocal microscopy
analysis. Panels present typical staining, while the graph presents the proportion of IFITM3 in
the Golgi as an IFITM3 Golgi/cytoplasmic ratio (AVG= lines and individual values displayed as

dots). The lower table presents the result of the indicated statistical analyses: ns, non significant;
** p values < 0.006.
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incubation of cells with the broad trafficking inhibitor Monensin induced accrued Golgi
accumulation of WT IFITMS3, but as expected did not modify the distribution pattern of the 85-90

mutant (Figure 14).

Overall, these results indicated that the 85-90 mutation defines a protein domain within the CIL

that regulates the normal egress of IFITM3 from the cis-Golgi.

Identification of the amino acids in the CIL that mediate the retention of IFITM3 in the Golgi.
To more precisely map the residues that regulated the egress of IFITM3 from the Golgi, individual
amino acids of the CIL were mutated to alanine and analyzed by confocal microscopy (Figure 15a-
b and Figure 16). Residues that were Alanines in the CIL were instead mutated to glycines.
Mutants were expressed to detectable levels upon WB analysis, with two exceptions (D92A and
G95A that were were barely detectable by WB). I noticed that the D92A mutant acquired also a
nuclear localization unusual for IFITM proteins, however this was not characterized further.
Mutagenesis study identified a number of residues whose mutation led to accumulation of IFITM3
into the Golgi (S81, V82, K83, S84, R85, D86, A96, Q97, Q98, S101, T102, A103, K104, L106
and N107), indicating that several residues within the CIL participate to this phenotype.
Interestingly however, the mutations that resulted in levels of IFITM3 localization in the Golgi
equivalent to those of the 85-90 mutant were essentially clustered in a patch (from residues S81 to
D86) that was posited at the boundary between the end of the intra-membrane domain of IFITM3
(IMD) and the start of the CIL and that overlapped with the 85-90 stretch.

Thus, the complete mutagenesis of the CIL allowed us to more precisely refine the domain
responsible for the exit of IFITM3 from the Golgi (s:$SVKSRDgs, numbers refer to position on

human IFITM3).
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Figure 15. Mutagenesis of the entire CIL of IFITM3 finely maps the domain involved
in the egress of IFITM3 from the Golgi. a) Individual amino acid of the CIL were
changed to alanine or to glycine when alanine residues were present, prior to confocal
microscopy analysis. Representative pictures are shown here (IFITM3 only).
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The Golgi egress domain identified in IFITM3 seems conserved in other members of the
dispanin subfamily. IFITMs belong to the larger dispanin family (CD225 family) which is itself

divided into four subfamilies (A to D, Figure 17a)
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Figure 15, continued. b) Quantification of the IFITM3 proportion in Golgi is provided
as a Golgi/cytoplasm ratio in the box and whisker plot (20 cells per mutant in two to three
independent experiments analyzed). Asterisks and lines within the box indicate averages
and median values, respectively. Yellow boxes indicate mutants with Golgi/cytoplasm
IFITM3 ratios equivalent to the 85-90 IFITM3 mutant and non-statistically significant
when compared to 85-90 following an ordinary one-way Anova, Dunnett’s multiple
comparison test. ¢) Representative WB analysis of mutant proteins.

The A subfamily is mainly composed of IFITM1, 2 and 3, as well as IFITMS5 and IFITM 10, among

which IFITM1, 2 and 3 was IFN induced protein while IFITMS5 and IFITM10 are not IFN regulated

and exert unclear functions. The alignment of residues spanning the IFITM3 SVKSRD domain in

human IFITMs, as well as their comparison in vertebrates (Figure 17a, aligned sequences on the

left for human IFITMs and Logo on the right for vertebrate IFITMs, respectively) indicated the

presence of a consensus sequence conserved across vertebrate members of the dispanin A

subfamily: S-x-K-x-R-D. Among IFITM1, 2 and 3 instead, the SVKSRD domain was strictly

conserved even among vertebrate members, indicating its strong conservation. This patch was not

strongly conserved at the amino acidic level in the other remaining subfamilies.
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Figure 16. Complete confocal
microscopy analyses of the
individual point mutants of the
CIL of IFITM3. This figure
presents the entire panel of
confocal microscopy analyses (i.e.
IFITM3, GMI130 and DAPI
staining) of the mutants presented
in Figure 15, which for lack of
space presents only IFITM3
Staining panels.
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To determine whether this consensus domain exerted similar functions in other IFITM proteins
belonging to the A subfamily, a single point mutation was introduced in the corresponding domain
of IFITM1 (R64A). Different from the phenotype of IFITM3, IFITM1 is mostly localized at the
plasma membrane due to the lack of specific trafficking domains at its N-terminus when compared
to IFITMS.

While when the single point mutant is introduction in the IFITM Golgi egress domain, IFITM1
changed the location from the plasma membrane to the Golgi, as observed by confocal microscopy
analysis suggesting mutant in the functional domain was sufficient to drive the redistribution of the

mutant and indicating a functional conservation of this domain in antiviral IFITMs (Figure 17b).
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Figure 17. The Golgi egress domain of IFITM3 is conserved across vertebrate
members of the dispanin/CD225 subfamily A and is functionally conserved in
PRRT?2, a member of the B subfamily as shown by genetic mutations associated
to PKD. a) Alignment of the indicated portions of human members of the different
dispanin/CD225 subfamilies. The relevant domain is circled in red. The position of
the first amino acid of each sequence is shown within parentheses. Left, logo files
obtained after alignment of vertebrate orthologues of the indicated genes for each
subfamily, except D.
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Figure 17, continued. b) Single point mutation and confocal microscopy analysis of the Golgi
egress domain of IFITMI. ¢) Point mutations and confocal microscopy analysis of PRRT2
mutants in the region corresponding to the Golgi egress domain of IFITM3. R2950Q and
A291V are genetic mutations associated to PKD. Representative pictures are shown for each
protein. Whiskers and boxes plots of the quantification of the proportion of each protein in
the Golgi as a Golgi/cytoplasm ratio (25-75 percentiles with individual cells represented as
dots; group average indicated by an asterisk, n=20 in three independent experiments).
Colored boxes represent statistical significant differences after a two-tailed Student t test or
a One-way Anova Dunnett’s multiple comparison test (b and c, respectively) of the examined
mutant over WT. **, p value of 0.0019; **** p value <0.0001.

Although the functions of certain proteins belonging to the dispanin family remain unknown (as is
the case for TMEME90A, TMEM91, TMEM233 and TMEMZ265), the information existing on
other members (TUSC5, TMEM90B and PRRT2) indicate functions revolving around vesicular
trafficking and vesicular behaviour. Among these proteins, PRRT2 acts as a regulator of
neurotransmitter vesicles in neuron cells and is genetically linked to paroxysmal kinesigenic
dyskinesia (PKD, the most common type of paroxysmal movement disorder), as well as benign
familial infantile seizures (BFIS). Although the Golgi egress domain identified in IFITM proteins
did not appear to be conserved at the amino acid level in other subfamilies, we decided to

investigate whether it could be functionally conserved in PRRT2 as a prototype member of the B
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subfamily. Indeed, we noticed that two mutations in PRRT2 have been identified in patients
affected by PKD in the same CIL region at the boundary between the IMD and the CIL (A291V
and R295Q), corresponding to the underlined positions 1 and 5 of the S-V-K-S-R-D domain).

To test this hypothesis, the R295Q and 1291V mutations along with a R295A alanine mutation
were seperatedly introduced in PRRT2 and analyzed by confocal microscopy (Figure 17c). While
WT PRRT2 exhibited a predominant plasma membrane distribution, introduction of the above-
mentioned mutations led to accrued redistribution of PRRT2 in the Golgi, similarly to what
described above for IFITM3.

Above all, these results indicate that the boundary between the IMD and the CIL of members of
the dispanin family is important for the regulation of their trafficking from the Golgi. This domain
can be clearly defined in members of the dispanin A subfamily as a consensus sequence conserved
in vertebrates, and despite sequence dissimilarity, it seems to maintain similar functions in other
subfamilies, or at least in PRRT2 using de novo generated as well as PKD-associated genetic

mutations.
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Discussion
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During my thesis, | tried to highlight a novel aspect of the biology of IFITM3 and specifically its
exit from the Golgi, thus focusing more on the cell biology aspect of IFITMs rather than directly
on their antiviral functions. IFITMs are transmembrane proteins and in this respect it is not
surprising that they transit from this organelle. Through the characterization of mutants in the CIL,
I have been able to however highlight that exit from the Golgi requires a specific sequence within
IFITM3 that is conserved among IFIM2 and IFITM1.

Mutations in this domain lead to a drastic accumulation of IFITM3 in the Golgi and this organelle
inflates and becomes dysfunctional with respect to glycoprotein passage.

To explain this, I tried to determine whether the 85-90 IFITM3 mutant could inhibit what resembles
most to a viral particle fusing with a cellular membrane: the fusion between vesicles bearing v-
SNAREs and those bearing a t-SNARE. V- to t-SNARE fusion is difficult to study in living cells
and is essentially studied in minimal reconstituted systems. By using a FRET-based reading, | was
however able to determine that FRET decreased in the presence of the 85-90 IFITM3 mutant, as
expected in case of membrane fusion inhibition between v- and t-SNARES vesicles.

This assay was extremely difficult and to completely validate it, similar experiments should have
been carried out also with WT IFITM3 and also with known inhibitors of SNARESs fusion (NEM).
However, to support the fact of a SNARE-mediated inhibition mechanism the overexpression of
GS15 described to relieve SNAREs-bearing membrane fusion defects relieved also the defects of
the IFITM3 mutant and effectively induced the exit of this protein and of the VSV-G glycoprotein
from the Golgi, making it likely that the accumulation of the 85-90 IFITM3 mutant impaired the
fusion between membranes bearing different SNARES.

More importantly, these results suggested that WT IFITM3 could also exert these effects on the

Golgi. At concentrations that were similar to mutant, such changes were very low, but preliminary



Li ZHONG, page 72

experiments I’m trying to finish, indicate that the Golgi defects can be observed also in the case of
WT IFITM3 and that depend in this case from the overall levels of the protein that is expressed.
In this respect, these results may suggest that whatever controls IFITM3 exit from the Golgi may
also influence the overall trafficking of glycoproteins through the Golgi. Although more studies
need to be done to prove this, we hypothesize that this can be a reason for the multiple effects of
IFITM3 that have been described on glycoprotein levels and perhaps in B cell signaling, which is
itself influenced by the extent of B cellular receptor (BCR) present at the plasma membrane and
thus trafficked through the Golgi.

An important point to determine is whether endogenous IFITM3 will be able to carry out similar
functions as ectopically expressed one. | already know that long stimulation of primary
macrophages with interferon, which induces high expression of IFITMs, leads to an accumulation
of IFITM3 in the Golgi. Whether this leads to changes in the extent of glycoprotein trafficking
through this apparatus remains to be determined.

Finally, it is unclear whether the CIL domain identified here acts to directly bind a Rab protein (in
which case it could be potentially attached to a Golgi-resident protein and drive its exit from there,
or whether the domain acts by influencing the status of palmitoylation at close cysteine residues.
The Rothman’s lab hypothesized that exit from the Golgi could follow, for certain proteins, a
gradient of palmitoylation (more modified proteins would induce curvatures in Golgi membranes
that would favour their transport and exit from there). Unfortunately, | have not had the time to
fully explore these issues, although I had time to examine the role of several Rabs in the process
of exit of IFITM3 from the Golgi (Rab 6, 9 and 27 seem to play a role in the exit of IFITM3 from
the Golgi). However, the approach used was to express dominant-negative forms of different Rabs
and to focus on those that induced a similar Golgi accumulation of the WT IFITM3 than the 85-90

mutant itself. Although several Rabs were found to contribute to this, the final proof would have
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been a co-immunoprecipitation between IFITM3 and these Rabs, which for technical difficulties
could not be consistently performed. Similarly, the extent of protein palmitoylation proved

challenging to establish in the lab in a short time, so that this hypothesis could not be tested.

Therefore, the key results of my thesis work are that the CIL regulates a novel step of the biology
of IFITM3 which is the exit from the Golgi (an overall model is presented in Figure 18). This
process (ie the accumulation of IFITM3) is very controlled both transcriptionally and post-
translationally, to avoid negative effects of IFITM3 on the Golgi functions. It remains however to
be determined whether, even under normal expression conditions, such as interferon-stimulation,
IFITMs can modulate the extent of glycoprotein trafficking from the Golgi, which would have

important consequences for the cell itself.

Lastly, | have been able to demonstrate that the domain that drives the exit of IFITM3 also plays a
similar role in PRRT2, which is a distant member to IFITM3 than other IFITMs. In this case, only
a few amino acids are conserved among human proteins (IFITMs vs PRRT2), although this
conservation becomes even less important when considering animal IFITMs and PRRT2 proteins.
However, it is of interest that certain mutations that inactivate the functions of PRRT2 in PKD
patients fall within the CIL domain that governs exit of IFITM3 from the Golgi and also lead to
the relocalization of PRRT2 (which is normally at the plasma membrane) in this apparatus. It is
possible that these mutations lead to the functional inactivation of PRRT2 given that this protein is

no longer present where it should be.
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Figure 18. A model for the IFITM3-mediated disruption of Golgi trafficking. In our model the
retention of IFITM3 in the Golgi leads to an abnormal accumulation of this protein at this location
that, as usual for IFITM molecules, leads to the inhibition of membrane fusion events. In this case,

the key events inhibited by IFITM3 are fusion events between vesicles bearing v- and t-SNAREs.
As these events are key to maintain protein fluxes within the Golgi, this leads to heavy Golgi dysfu
nctions and problems in glycoprotein trafficking. While the 85-90 IFITM3 mutant is completely
within the cis -Golgi, even the WT IFITM3 can accumulate in part there in conditions of prolonged
exposure to IFN for example. In this case, IFITM3 may exert modulatory effects in Golgi trafficking
that remain to be characterized. By extension, all events that interfere with the exit of IFITM3 from
the Golgi may in turn affect the organelle functionality and have consequences on the cell

physiology.
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Material and Methods
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Cells, plasmids and antibodies

Human embryonic kidney cells (HEK293T, ATCC cat. CRL-3216) were maintained in complete
DMEM media with 10% Fetal Calf Serum (Sigma cat. F7524). Untagged WT IFITM3 (gene ID:
10410) and IFITM1 (gene ID: 8519) and corresponding mutants were either previously described
(85-90; 1341), or cloned (all others) by standard mutagenesis techniques in the plasmid pQCXIP
(Clontech). WT human PRRT2 (gene ID: 112476) was synthesized as N-terminal HA tag fusion
protein (Genewiz) in pcDNAS vector (Thermofisher) and single point mutants were generated on
this matrix by standard molecular biology techniques.

The HIV-1 proviral clone NL4-3 and the VSV-G expression constructs have been described
elsewhere*?. The mEmerald-VSV-G (mEm.-VSV-G) coding construct was a gift from Michael
Davidson (Addgene, 54307); pcDNA-D1ER coding for an ER targeted enhanced CFP was a gift
from Amy Palmer & Roger Tsien (Addgene cat. 36325 #). GS15-CFP and ERS24-YFP (cyanin
and yellow fluorescent proteins, respectively) were obtained by Oleg Varlamov from the Oregon
National Primate Research Center, USA %, The following primary antibodies were used for WB
or confocal microscopy, as indicated. Mouse monoclonals: anti-a-Tubulin, anti-HA and anti-VSV-
G (Sigma cat. T5168, cat. H3663 and cat. V5507, respectively), anti-LAMP2 (Santa Cruz
Biotechnology, cat. sc-18822), anti-CD63 and anti-GM130 (BD biosciences cat. 556019 and cat.
610823); anti-HIV-1 p24 (obtained through the NIH HIV Reagent Program, Division of AIDS,
NIAID, NIH, contributed by Dr. Bruce Chesebro and Kathy Wehrly, cat. ARP-3537). Rabbit
polyclonal antibodies: anti-IFITM3 (Proteintech cat. 11714-1-AP), anti-IFITM1 (Proteintech, cat.
60074) and anti-GM130 (abcam cat. Ab52649). The sheep polyclonal antibody anti-HIV-1 Env
was obtained through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH (contributed
by Dr. Michael Phelan, cat. ARP-288).

The following secondary antibodies were used for WB: anti-mouse, anti-rabbit and anti-sheep 1gG-
Peroxidase conjugated (Sigma, cat. A9044 and cat. AP188P and Dako cat. P0163); while the
following ones were used for confocal microscopy: donkey anti-rabbit 1IgG—Alexa Fluor 594
conjugate and donkey anti-mouse IgG—Alexa Fluor 488 conjugate (cat. A-21207 and cat. A-21202;
Life Technologies).

Ectopic DNA transfections, viral production and confocal microscopy analyses
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HEK293T cells were directly seeded on 0.01% poly-L-lysine-coated coverslips (Sigma, cat. P4832)
and analyzed 24 hours after ectopic DNA transfection (unless otherwise specified, Lipofectamine
3000 cat. L3000008, ThermoFisher, according to the manufacturer’s instructions). Cells were
washed three times with PBS 1x, fixed with 4% paraformaldehyde (Euromedex, cat. 15713) for 10
min, quenched with 50 mM NH4CI (Sigma cat. A4514) for 10 min, and permeabilized with PBS—
0.5% Triton X-100 (Sigma, cat. X100) for 5 min. After a blocking step in PBS-5% milk, cells were
incubated with primary antibodies for 1 hour at room temperature (dilution 1:100), washed and
then incubated with fluorescent secondary antibodies (dilution 1:100). A 4’-5-diamidina-2-
phenylindole (DAPI)- containing mounting medium was used (ThermoFisher, cat. 62248). Images
were acquired using a spectral Zeiss LSM800 confocal microscope and analyzed with Fiji software
(version 2.0.0). For 3D-reconstruction, z-stack collections were analyzed with the Imaris 9.2.0
software (Oxford Instruments Group). Colocalisations were quantified using the Pearson overlap
coefficient (Fiji software).

IFITMs and PRRT2 coding DNAs were routinely transfected at a concentration of 1 pg per well
of a 24 well plate along with 0.2 ug of VSV-G or of mEm.-VSV-G. When specified, increasing
doses of GS15 coding DNA were also added (0, 0.2, 0.5 and 1 ug).

Monensin was used at a final concentration of 0.2 mM for 3 hours, prior to analysis (Sigma, cat.
M5273).

Production of HIV-1 virions particles was instead carried out by calcium phosphate DNA
transfection of the HIV-1 proviral clone NL4-3 (ratio 3 to 1, NL4-3 over IFITM). Virion particles
released in the supernatant of transfected cells were harvested forty-eight fours post transfection,
syringe-filtered (0.45um filters, Minisart, cat. 146622) to remove cellular debris and purified by
ultracentrifugation over a 25% sucrose cushion (28.000 rpm for 2 hours; Beckman Coulter
ultracentrifuge).

In confocal microscopy experiments using the GM130 Golgi marker, IFITM or VSV-G
relocalization was quantified for each cell as the ratio between the signal present at the Golgi over
the signal present in the cytoplasm (Golgi/cytoplasm ratio). When the GM130 marker was not used,
perinuclear accumulation was either scored visually (as in Fig 1, in light of the extremely clear
phenotype; binary scoring: perinuclear or non-perinuclear), or quantified by determining the
average percentage of accumulation of VSV-G at the left or right part of the nucleus (asymmetric

distribution= perinuclear accumulation; symmetric distribution= non-perinuclear accumulation).
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To bypass artificial measurements due to differences in size between left and right portions of the
cell, the avg of the signals measured at each side of the cell were used. This measurement
diminishes the absolute values of the protein present at one side, but offers the advantage of making
measures independent from cell size differences. Visual scoring in Fig 1 was also confirmed

through this analysis.

Electron microscopy

Samples were fixed in mixture of 4% paraformaldehyde (TAAB Laboratories Equipment Ltd,
United Kingdom, cat. F/P001) and 1% glutaraldehyde (Electron Microscopy Science, USA, cat.
16310) in 0.1 M phosphate buffer (pH 7.4) for 24 hours, washed three > 30 min in 0.1 M of
phosphate buffer, and post-fixed for one hour with 2% osmium tetroxide (Electron Microscopy
Science, USA, cat. 19190) in 0.15 M of phosphate buffer. After washing in 0.1 M of phosphate
buffer for 20 min and two x 20 min in distillated H20, samples were dehydrated in a graded series
of ethanol solutions (50% ethanol two x 10 min; 70% ethanol three x 15 min and last portion for
14 hours; 90% ethanol three x 20 min; and 100% ethanol three x 20 min). Final dehydration was
performed by 100% propylene oxide (PrOx, ThermoFisher (Kandel) GmbH, Germany, Lot
X19E013) three x 20 min. Then, samples were incubated in PrOX/EPON epoxy resin (Fluka,
Switzerland) mixture in a 3:1 ratio for two hours with closed caps, 16 hours with open caps, and in
100% EPON for 24 hours at room temperature. Samples were replaced in new 100% EPON and
incubated at 37 <C for 48 hours and at 60 <T for 48 hours for polymerization. Serial ultra-thin
sections (thickness 70 nm) were cut with a “Leica Ultracut UCT” ultramicrotome (Leica
Microsysteme GmbH, Wien, Austria), placed on TEM nickel one-slot grids (Agar Scientific, Ltd.
United Kingdom, cat. G2500N) coated with Formvar film and stained 20 min with 5% uranyl
acetate (Merck, Darmstadt, Germany, cat. 8473) and 5 min Reynolds lead citrate. The sections
were then observed at 100 kV with a Jeol 1011 TEM (JEOL, Tokyo, Japan) connected to a Gatan
digital camera driven by Digital Micrograph software (GMS 3, Gatan, Pleasanton, CA, USA).

Fluorescence Resonance Energy Transfer (FRET) microscopy
Analyses were performed on live cells plated on a 35 mm glass-bottom dish and transfected with
2 ug of DNA coding the 85-90 IFITM3 mutant and 0.5 pg each of GS15-CFP and ERS24-YFP to

ensure that the majority of cells examined were IFITM3-positive. After replacing media with
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phenol-red MEM supplemented with 10%FCS, cells were analyzed by confocal microscopy and
Images were acquired at a temperature of 37 <C with a spectral Zeiss LSM710 confocal microscope,
equipped with an argon laser and a 63X oil immersion objective. CFP and YFP were excited with
a 458 and a 514 nm lasers (emission windows set at 465-505 nm and 525-600 nm, respectively)
and images were acquired with a 512x512 resolution,8 bit line average. Photobleaching of the
donor YFP was performed with 4 sequential illuminations of the selected cell (4 frames, line
average 2, iterations at 400, scan speed at 8, 514 nm laser AOTF setting at 100%). Four scans were
acquired after each bleaching (two before and two after). FRET efficiency was calculated from the
ratio of the CFP fluorescence measured post- and pre-YFP bleaching. Analyses were performed on
15-20 individual cells per sample group. The FRET control plasmid pECFP18aaEYFP from
addgene.) was used for setup (Addgene cat. 109330, gift from Gabriele Kaminski Schierle)*.

Images were analyzed using the ROl manager in Fiji software.

Glycosidase treatment assays and WB quantification

Cell lysates expressing IFITM3 and VSV-G proteins were collected and split in three aliquots that
were either untreated, or treated with Endoglycosidase H (EndoH, NEB, P0702S) or N-glycosilase
F (PNGaseF, NEB P0704S), according to the manufacturer’s instructions. Treated lysates were
then analyzed by WB, images acquired using Image Lab Touch Software (version 2.0.0.27,
Chemidoc Imaging System from Bio-Rad) and bands were quantified by densitometry using the

volume tool in the same software.

Softwares

Electron microscopy: Digital Micrograph software (GMS 3, Gatan, Pleasanton, CA, USA).
Confocal microscopy: Fiji software (version 2.0.0), Zen (version 2.3, Zeiss) and Imaris 9.2.0
software (Oxford Instruments Group). WB: Image Lab Touch Software (version 2.0.0.27,
Chemidoc Imaging System from Bio-Rad).

Statistics and graphs: Graphpad Prism8 (8.4.3, Graphpad software, LLC).

Statistical analyses
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The statistical analyses used in this study were calculated with the Graphpad Prism8 software:
Student t tests (unpaired, two-tailed), one-way Anova tests with either Tukey’s or Dunnett’s

multiple comparisons, as indicated in the figure legends.
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Abstract

The InterFeron-Induced TransMembrane proteins (IFITMs) are broad viral inhibitors that protect cells by preventing
viral-to-cellular membrane fusion and they belong to the dispanin/CD225 family that includes vesicle trafficking
regulators and proteins of unknown functions into four subfamilies (A-D). In this study, we uncover a novel domain
that regulates the egress of IFITM3 from the Golgi and that is required to prevent IFITM3-driven v- to t-SNAREs
membrane fusion inhibition and Golgi dysfunctions.

The S-x-K-x-R-D domain is conserved among vertebrate members of the dispanin/CD225 A subfamily that regroups
all IFITMs and through the study of mutations identified in patients affected by paroxysmal kinesigenic dyskinesia
(PKD), we determine that it is functionally conserved also in PRRT2, member of the B subfamily.

Overall, our study defines a novel domain that regulates the egress of dispanin/CD225 members from the Golgi and
stresses the importance that regulation of this process bears to preserve the functions of this apparatus.

Introduction

The InterFeron-Induced TransMembrane proteins (IFITMs) are broad viral inhibitors that prevent membrane fusion
between viral and cellular membranes, thus protecting the cell from infection 1. IFITMs belong to the dispanin/CD225
family of proteins that originated from metazoan lineages and diversified into four distinct subfamilies (A through D)
that include proteins of known and yet unknown functions 2. The A subfamily regroups all IFITMs which in humans
are: IFITMI1, 2 and 3, that we will refer to hereafter as [IFITMs, that are interferon (IFN)-induced proteins essentially
studied in the context of viral infection 3; IFITMS5 that plays undefined roles in Osteogenesis imperfecta type V, a
bone-specific disease4 and IFITM10 whose functions are unknown. An additional known member of the
dispanin/CD225 family is the neuron specific PRoline-Rich Transmembrane protein 2 (PRRT2, B subfamily) that is
involved in neurotransmitter vesicles regulation and has been genetically linked to benign familial infantile seizures
(BFIS) and to paroxysmal kinesigenic dyskinesia (PKD), the most common type of paroxysmal movement disorder 5.
Members of the dispanin/CD225 family are characterized by a similar structure consisting of an intramembrane domain
(IMD, previously defined as transmembrane domain 1, TM1), a cytoplasmic intracellular loop (CIL) and a
transmembrane domain TMD (previously defined as transmembrane domain 2, TM2, as schematically shown in Fig.
la for IFITM3). By virtue of this structure, IFITMs decorate cellular membranes in which they act as membrane fusion
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inhibitors. The distribution and activities of IFITMs on cellular membranes are highly regulated and are driven not
only by distinct N and C termini responsible for the more prominent distribution of individual IFITMs at the plasma
or at inner membranes as is the case for IFITM1 with respect to IFITM2 and 3, respectively, but also by several post-
translational modifications and in particular palmitoylation on cysteine residues, ubiquitination and methylation on
lysines, as well as phosphorylation on a specific tyrosine residue 6—10.

More recently, IFITMs have been linked to cellular functions independent from their protective role against viral
infection in the regulation of glucose metabolism in mice, of phosphatidylinositol 3-kinase (PI3K) mediated signaling
in B cells 11 and of trophoblast fusion during placental formation in vivo 12, overall supporting the notion that [IFITM
proteins likely act well beyond a viral context.

In this study, through an in-depth characterization of a novel gain-of-function IFITM3 mutant, we have been able to
identify a novel protein domain with the CIL of IFITM3 that regulates its egress from the Golgi apparatus. Mutations
within this domain lead to the retention of IFITM3 in this organelle, where IFITM3 interferes with the fusion mediated
between vesicle and target Soluble N-éthylmaleimide-sensitive-factor Attachment protein REceptor (v- and t-
SNARES), impairing the functionalities of the Golgi secretory pathway.

Functional as well as in silico analyses allowed us to precisely define the Golgi egress 81S-x-K-x-R-D86 domain
which is positioned after the IMD, at the beginning of the CIL and it is conserved across vertebrate members of the
dispanin/CD225 A subfamily. Through the analysis of mutations identified in patients affected by PKD, we do show
here that, despite no conservation at the amino acid level, this domain is functionally conserved also in PRRT2, a
member of the B subfamily, thus raising the possibility of a general functional role in Golgi trafficking common to
dispanin/CD225 subfamilies.

Overall, these results identify a domain that regulates egress of IFITM and IFITM-like proteins from the Golgi and
given the deleterious effects that dysregulation of this process bears on the overall functionalities of this apparatus,
they highlight the importance that correct regulation of IFITM trafficking has for the cell.

Results

A gain of function IFITM3 mutant affects glycoprotein trafficking. During a previous mutagenesis study of the
broad viral inhibitor IFITM3, we identified a mutant in the cytoplasmic intracellular loop region of IFITM3 (CIL,
mutant 85-90 in which six consecutive residues were mutated to alanine, Fig. 1a) that exerted a strong inhibitory effect
on the incorporation of HIV-1 Envelope glycoproteins at the surface of released virion particles13. At its simplest, the
formation of infectious HIV-1 virion particles requires the gathering on the plasma membrane of two classes of
structural viral proteins: Gag (and Gag-Pro-Pol, not marked here for clarity’s sake) and Env (Fig. 1b). While Gag is
translated from cytoplasmic mRNAs from free ribosomes, the Envelope glycoprotein undergoes co-translational ER
translocation and reaches the plasma membrane following the ER-Golgi secretory pathwayl4. As such, loss of
Envelope incorporation in virion particles may reflect potential effects of IFITM3 along this axis that we decided to
investigate further.

Indeed, when expressed in HEK293T cells undergoing HIV-1 virion assembly (Fig. 1b-c), the 85-90 IFITM3 mutant
induced only a moderate, yet detectable, decrease in the levels of cell-associated Gag and Env proteins when compared
to control or WT IFITM3-expressing cells, but as expected it induced a drastic decrease in the amount of Env
glycoprotein incorporated in purified virion particles (Fig. 1¢). From this starting observation, we decided to determine
whether this defect could be more generally reflective of an interference with Golgi-mediated trafficking,
independently from HIV-1. To this end, the 85-90 IFITM3 mutant was co-expressed along with a fluorescent G protein
of the Vesicular Stomatitis Virus (mEm.-VSV-G, Fig. 1d), prior to confocal microscopy analysis. Under these
conditions, a strong perinuclear accumulation of mEm.-VSV-G was observed in cells expressing the mutant [IFITM3,
overall suggesting a defect in Golgi-mediated trafficking (Fig. 1d).

To further support this result, we analyzed the EndoH susceptibility of a non-tagged VSV-G followed by WB analysis,
as an independent and commonly used technique to appreciate the progression of glycosylated proteins from the ER
through the Golgi (Fig. le). Under these conditions, expression of WT IFITM3 led to a small but detectable
accumulation of EndoH-sensitive VSV-G when compared to control cells which however did not reach statistical
significance under the conditions used here. However, the proportion of EndoH-sensitive VSV-G protein was
significantly increased upon expression of the 85-90 IFITM3 mutant, indicating a strong defect in the ER-Golgi
secretory pathway in the presence of this mutant protein.

Overall, these results indicate that the expression of the 85-90 IFITM3 mutant affects the normal functionalities of the
cellular ER-Golgi secretory pathway, highlighting it as a novel gain-of-function IFITM3 mutant.
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The 85-90 IFITM3 mutant accumulates in and leads to structural changes of the Golgi apparatus. The 85-90
IFITM3 mutant did not significantly colocalize with the ER, nor with endosomal vesicles (Extended data Fig. 1).
Instead, this mutant was strongly localized at the cis-Golgi (GM130 marker, Fig. 2a and 2b for a 3D-reconstruction of
positive cells) and induced gross morphological changes in the appearance of the Golgi: punctiform in control and
WT-IFITM3 expressing cells and inflated in cells expressing the 85-90 IFITM3 mutant. These structural changes were
not only apparent after 3D-reconstruction of positive cells following confocal microscopy analysis (Fig. 2b), but also
after electron microscopy analysis which more precisely indicated that the shape of the Golgi apparatus had lost its
classical punctiform distribution in favor of an expansion of large vesicles (Fig. 2¢).

The 85-90 IFITM3 mutant affects fusion between t and v-SNARESs. One of the key features of IFITM family
members is their ability to interfere with viral-to cellular membranes fusion15—17. We thus hypothesized that Golgi
dysfunctions could be caused by the interference of IFITM3 with the ability of v-SNARE vesicles to fuse to t-SNAREs
compartments, a process that is key to maintain protein and membrane fluxes, that is key for the integrity of the Golgi
and that is reminiscent of the fusion between membranes that is observed after the engagement of a viral envelope
glycoprotein with its cellular receptor1819. To test this hypothesis, we analyzed the ability of the 85-90 IFITM3 mutant
to inhibit the fluorescent resonance energy transfer (FRET) that occurs upon fusion between GS15-CFP and ERS24-
YFP bearing vesicles (v- and t-SNAREs, respectively), as a measure of membrane fusion inhibition in this
compartment, as described 20 (Fig. 3a). Given that this analysis was carried out in living cells, an excess of the 85-90
IFITM3 mutant was used to ensure that the majority of GS15-CFP and ERS24-YFP double positive cells were also
IFITM3-positive. Under these conditions, a statistically significant decrease in FRET was observed upon expression
of the 85-90 IFITM3 mutant with respect to control cells, indicating that this mutant does indeed interfere with v- to t-
SNARESs fusion, in agreement with the major function ascribed to IFITM3 as a membrane fusion inhibitor.

To further support this observation, we overexpressed the v-SNARE GS15 and determined whether this could lead to
Golgi trafficking normalization despite the presence of the 85-90 IFITM3 mutant. Indeed, v-SNARESs overexpression
is known to bypass membrane fusion defects between Golgi membranes 21-23 and we thus hypothesized it could
relieve the defect imposed by the IFITM3 mutant. To this end, increasing levels of GS15 were expressed along with a
constant amount of both 85-90 IFITM3 mutant and VSV-G, prior to the analysis of the distribution of VSV-G within
triple-positive cells (Fig. 3b). Under these conditions, GS15 was able to relieve the perinuclear accumulation of the
VSV-G glycoprotein induced by the IFITM3 mutant and was also able to act similarly on the 85-90 IFITM3 mutant
itself, supporting our contention that a main disruptive event due to the accumulation of the 85-90 IFITM3 mutant in
the Golgi is the inhibition of v- to t-SNAREs fusion.

The 85-90 mutation in the IFITM3 CIL defines a domain that regulates IFITM3 egress from the Golgi. To assess
whether the 85-90 mutation induced retention or relocalization of IFITM3 at the Golgi, we performed a time-course
analysis of both WT and mutant IFITM3 from early to late time points after ectopic DNA transfection (Fig. 4). While
both proteins exhibited a predominant Golgi distribution at 6 hours post transfection, such concentration gradually
diminished in the case of WT IFITM3, in agreement with its functional exit from the Golgi. On the contrary, little
changes were observed over time in the case of the 85-90 IFITM3 mutant that remained in this compartment,
supporting the notion that the 85-90 mutation induces the retention, rather than the redistribution, of IFITM3 in the
Golgi.

In agreement with this observation, incubation of cells with the broad trafficking inhibitor Monensin induced accrued
Golgi accumulation of WT IFITM3, but as expected did not modify the distribution pattern of the 85-90 mutant
(Extended data Fig. 2).

Overall, these results concur in indicating that the 85-90 mutation defines a protein domain within the CIL that
regulates the normal egress of IFITM3 from the cis-Golgi.

Fine mapping of the Golgi egress domain of IFITM3 within the CIL. To more precisely map the residues that
regulated the egress of IFITM3 from the Golgi, individual amino acids spanning the entire CIL were mutated to alanine
and mutants were analyzed by confocal microscopy (Fig. Sa-b and Extended data Fig. 3, alanine residues in the CIL
were instead mutated to glycines). With the exception of two mutants that were barely detectable by WB (D92A and
G95A), the remaining mutants were expressed to detectable levels upon WB analysis. We noticed that the D92A
mutant acquired also a nuclear localization unusual for IFITM proteins, but this was not characterized further. This
mutagenesis study identified a number of residues whose mutation led to accrued accumulation of IFITM3 into the
Golgi (S81, V82, K83, S84, R85, D86, A96, Q97, Q98, S101, T102, A103, K104, L106 and N107), indicating that
several residues within the CIL participate to this phenotype. Interestingly however, the mutations that resulted in
levels of IFITM3 localization in the Golgi equivalent to those of the 85-90 mutant were essentially clustered in a patch
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(from residues S81 to D86) that was posited at the boundary between the end of the intramembrane domain of [IFITM3
(IMD) and the start of the CIL and that overlapped with the 85-90 stretch.

Thus, the complete mutagenesis of the CIL allowed us to more precisely refine the domain responsible for the exit of
IFITM3 from the Golgi (8 1SxKSRDS6).

A generalized Golgi egress domain is conserved among members of the dispanin/CD225 subfamily A and is
functionally conserved in PRRT2, a member of the dispanin/CD225 subfamily B, genetically associated to
paroxysmal kinesigenic dyskinesia (PKD). IFITMs belong to the larger dispanin/CD225 family which is itself
divided into four subfamilies (A to D, Fig. 6a)2. The A subfamily is composed of IFITM1, 2 and 3, as well as [FITM5
and IFITM10, which are not IFN regulated and exert unclear functions that in the case of IFITMS are associated to
Osteogenesis imperfecta type V, a bone-related genetic disease4. The alignment of residues spanning the IFITM3
SxKSRD domain in human IFITMs, as well as their comparison in vertebrates (Fig. 6a, aligned sequences on the left
for human IFITMs and Logo on the right for vertebrate IFITMs, respectively) indicated the presence of a consensus
sequence conserved across vertebrate members of the dispanin/CD225 A subfamily: S-x-K-x-R-D. This patch was not
conserved at the amino acidic level in the remaining subfamilies.

To determine whether this consensus domain exerted similar functions in other IFITM proteins belonging to the A
subfamily, a single point mutation was introduced in the corresponding domain of IFITM1 (R64A), that contrarily to
IFITM3 is essentially localized at the plasma membrane due to the lack of specific trafficking domains at its N-terminus
when compared to IFITM3. Under these conditions, the introduction of a single point mutation in the IFITM Golgi
egress domain was sufficient to drive the redistribution of IFITM1 from the plasma membrane to the Golgi, as observed
by confocal microscopy analysis (Fig. 6b).

Thus, in silico and functional analyses indicate the presence of a conserved S-x-K-x-R-D domain important for the
exit of members of the dispanin/CD225 A subfamily from the Golgi.

Despite the fact that the functions of certain proteins belonging to the dispanin/CD225 family remain unknown (as is
the case for TMEME90A, TMEM91, TMEM233 and TMEM?265), the information existing on other members (TUSCS,
TMEMO90B and PRRT2) indicate functions revolving around vesicular trafficking and vesicular behavior 5 24,25.
Among them, PRRT2 acts as a regulator of neurotransmitter vesicles in neuron cells and is genetically linked to
paroxysmal kinesigenic dyskinesia (PKD, the most common type of paroxysmal movement disorder), as well as benign
familial infantile seizures (BFIS). While the Golgi egress domain identified in IFITM proteins did not appear to be
conserved at the amino acid level in other subfamilies, we decided to investigate whether it could be functionally
conserved in PRRT?2 as a prototype member of the B subfamily. Indeed, we noticed that two mutations in PRRT2 have
been identified in patients affected by PKD in the same CIL region at the boundary between the IMD and the CIL
(A291V and R295Q, corresponding to the underlined positions 1 and 5 of the S-x-K-x-R-D domain)26,27.

To test this hypothesis, the R295Q and 1291V mutations were introduced along with a R295A alanine mutation in
PRRT?2 and analyzed by confocal microscopy (Fig 6¢). While WT PRRT2 exhibited a predominant plasma membrane
distribution, introduction of the above-mentioned mutations led to accrued redistribution of PRRT2 in the Golgi,
similarly to what described for IFITM3.

Thus, these results indicate that the boundary between the IMD and the CIL of members of the dispanin/CD225 family
is important for the regulation of their trafficking from the Golgi. This domain can be clearly defined in members of
the dispanin/CD225 A subfamily as a consensus sequence conserved in vertebrates, and despite sequence dissimilarity,
it maintains similar functions in other subfamilies, at least as appreciated in PRRT2 using de novo generated as well
as PKD-associated genetic mutations.

Conclusions

In the present study, we have defined a novel domain within the CIL of IFITM3 that regulates egress from the Golgi
through the characterization of a novel gain-of-function IFITM3 mutant. This 81S-x-K-x-R-D86 domain is conserved
at the amino acid level in vertebrate members of the dispanin/CD225 A subfamily that regroups all IFITM members.
In addition, we do show here that, despite no sequence similarity, this domain is nonetheless functionally conserved
in at least one member of the B subfamily (PRRT2), raising the possibility of a general functional role across all
dispanin/CD225 subfamilies.

Mutations of the Golgi egress domain lead to the retention of IFITM3 in the Golgi, where IFITM3 interferes with v-
to t-SNARE vesicles fusion, ultimately driving macroscopic changes in the Golgi apparatus and glycoproteins
trafficking defects.
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The inhibitory effect of the 85-90 IFITM3 mutant on v- to t-SNARE vesicles membrane fusion is highly reminiscent
of the well-described negative effects of IFITM proteins on the fusion between viral and cellular membranes after viral
envelopes engage their cellular receptors and in this respect it is not surprising that increased accumulation of [FITM3
at the Golgi affects SNARESs fusion similarly. However, these results stress the importance of a controlled regulation
of the exit from the Golgi of IFITM3, and possibly of other members of the family, to avoid deleterious effects on the
functionality of the entire apparatus.

While ER-sorting protein domains have been identified28, similar domains have not been characterized for the Golgi
and our results thus provide an important piece of the puzzle to decorticate how proteins that transit through the Golgi
may be sorted out of it.

The Golgi egress domain of IFITM3 can either serve as a docking site for specific co-factors that mediate trafficking
within and from the Golgi (for instance Rab proteins), it can play a regulatory role of other IFITM regions, or of course
a combination of both.

The 81S-x-K-x-R-D86 domain is specially posited between the IMD and the beginning of the CIL and it is thus in
close proximity with a short amphipathic helix important for antiviral functions29, with two cysteine residues that can
be palmitoylated and thus affect IFITM association to membranes (C71, C72 in human IFITM3; a third cysteine C105
is also present that appears less important in IFITM3 functions30,31) and a G-x3-G domain that has been shown to be
important for IFITMs oligomerization and functions32. Furthermore, the K83 residue present within the 81S-x-K-x-
R-D86 domain can be itself ubiquitinated 6 and together with residue K104 it has been recently described to mediate
PIP3 binding of IFITM3 at the plasma membrane of B cells, in a process that is required for the correct formation of a
PI3K signaling platform11. Although, our confocal microscopy data suggest that the K83 IFITM3 mutant may not act
as a functional PI3K platform simply because it is retained in the Golgi, the possibility of ubiquitination of the 81S-x-
K-x-R-D86, at least in members of the dispanin/CD225 A subfamily, implies the potential prospect of finely tuning
Golgi egress according to the dynamic status of ubiquitination of IFITM3, thus adding an additional layer of regulation
to this process.

Given that the 85-90 IFITM3 mutant is a proficient membrane fusion inhibitor, we believe it unlikely that the 81S-x-
K-x-R-D86 domain plays a role in IFITM oligomerization driven by the G-x3-G domain, as this would have been
expected to lead to a non-functional IFITM3 mutant incapable to inhibit v- to t-SNAREs fusion.

The model we favor is that the 81S-x-K-x-R-D86 domain regulates the access of proximal domains to post translational
modifications that in turn affects IFITM trafficking and more specifically access to palmitoylation at proximal
cysteines. This model is in agreement with a recent one proposed by the Rothman’s lab in which Golgi exit of certain
proteins relies on a gradient of palmitoylation33. The model could also explain why this domain plays a conserved
functional role in diverse subfamilies, despite no discernable sequence similarity, as is the case for PRRT2. The
presence of two cysteines proximal to the region corresponding to the domain that regulates egress from the Golgi in
the A subfamily and in PRRT?2 is indeed a common feature in all members of the different dispanin/CD225 subfamilies
(C276/C278 in PRRT2; C114/116 in TUSCS as members of the B subfamily; C171/C172 in TMEM90A; C015/C106
in TMEMO91 for members of the C subfamily and C152/C153 for PRRT1, member of the D subfamily).

PRRT?2 is a neuronal specific protein involved in pre- and post-synaptic neurotransmitter vesicles regulation and has
been genetically linked to PKD. While the majority of PKD patients suffer from mutations that result either in absent
or severely truncated proteins, a few exhibit non-synonymous changes in the context of the full-length protein. Our
results indicate that among them, mutations in the Golgi egress domain of PRRT2 may work by causing relocation of
the protein, thus diminishing the concentration of active PRRT2 at its normal functional sites (i.e. the plasma
membrane).

Although IFITMs have been predominantly studied in a viral infection context, several reports indicate that these
proteins can play more pleiotropic functions: they interfere with trophoblast fusion during placental formation by
affecting syncytin-mediated membrane fusionl12,34; they lead to glucose-related metabolic dysfunctions in mice
through unknown mechanisms35 and they concur to B cell signalingl 1. Interestingly, ectopic expression of IFITM
proteins has been in some cases reported to decrease the overall levels of viral glycoproteins and even to act more
generally on translation, although the underlying mechanism(s) remain unclear36,37. In this respect, our results may
provide a mechanistical explanation for the decreased levels of glycoproteins, by suggesting that the phenotype can be
driven by high levels of IFITM3 accumulation in the Golgi, for instance in conditions of prolonged interferon
stimulation, that in turn alter glycoproteins trafficking and stability through this secretory pathway.

More generally, our results highlight the fine line that separates the protective effects of innate defense proteins against
viral aggression, from the deleterious side-effects that they may play against the cell itself. The literature provides
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other examples of this ambivalence for example in the family of apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like 3 proteins (APOBEC3), prototypical anti-retroviral defense proteins. While the main function of
APOBEC3 members is to mutate and thus inactivate retroviral genomes thanks to their cytidine deaminase activity,
this same enzymatic activity also contributes to the tumorigenic process when it is turned against the cellular
genome38—40.

IFITMs are potent inhibitors of membrane fusion in the context of viral infection, but since membrane fusion is a
common process in the cell, their biology (intended here as the sum of activity, dynamic location, stability etc) must
be tightly regulated to avoid deleterious effects on the cell itself. Together with other examples mentioned above and
recently described in the literature, our results suggest that dysregulated expression of IFITM molecules and in
particular with signals that interfere with its egress from the Golgi may lead to Golgi-related dysfunctions. This may
be an as yet unappreciated contribution of IFITM proteins to some pathological conditions for example in cancers or
in interferonopathies in which the expression of IFITM proteins appears deregulated.

Methods

Cells, plasmids and antibodies

Human embryonic kidney cells (HEK293T, ATCC cat. CRL-3216) were maintained in complete DMEM media with
10% Fetal Calf Serum (Sigma cat. F7524). Untagged WT IFITM3 (gene ID: 10410) and IFITM1 (gene ID: 8519) and
corresponding mutants were either previously described (85-90; 13,41), or cloned (all others) by standard mutagenesis
techniques in the plasmid pQCXIP (Clontech). WT human PRRT2 (gene ID: 112476) was synthesized as N-terminal
HA tag fusion protein (Genewiz) in pcDNA3 vector (Thermofisher) and single point mutants were generated on this
matrix by standard molecular biology techniques.

The HIV-1 proviral clone NL4-3 and the VSV-G expression constructs have been described elsewhere42. The
mEmerald-VSV-G (mEm.-VSV-G) coding construct was a gift from Michael Davidson (Addgene, 54307); pcDNA-
DI1ER coding for an ER targeted enhanced CFP was a gift from Amy Palmer & Roger Tsien (Addgene cat. 36325 43).
GS15-CFP and ERS24-YFP (cyanin and yellow fluorescent proteins, respectively) were obtained by Oleg Varlamov
from the Oregon National Primate Research Center, USA 20. The following primary antibodies were used for WB or
confocal microscopy, as indicated. Mouse monoclonals: anti-a-Tubulin, anti-HA and anti-VSV-G (Sigma cat. T5168,
cat. H3663 and cat. V5507, respectively), anti-LAMP2 (Santa Cruz Biotechnology, cat. sc-18822), anti-CD63 and
anti-GM 130 (BD biosciences cat. 556019 and cat. 610823); anti-HIV-1 p24 (obtained through the NIH HIV Reagent
Program, Division of AIDS, NIAID, NIH, contributed by Dr. Bruce Chesebro and Kathy Wehrly, cat. ARP-3537).
Rabbit polyclonal antibodies: anti-IFITM3 (Proteintech cat. 11714-1-AP), anti-IFITM1 (Proteintech, cat. 60074) and
anti-GM 130 (abcam cat. Ab52649). The sheep polyclonal antibody anti-HIV-1 Env was obtained through the NIH
HIV Reagent Program, Division of AIDS, NIAID, NIH (contributed by Dr. Michael Phelan, cat. ARP-288).

The following secondary antibodies were used for WB: anti-mouse, anti-rabbit and anti-sheep IgG-Peroxidase
conjugated (Sigma, cat. A9044 and cat. AP188P and Dako cat. P0163); while the following ones were used for confocal
microscopy: donkey anti-rabbit IgG—Alexa Fluor 594 conjugate and donkey anti-mouse IgG—Alexa Fluor 488
conjugate (cat. A-21207 and cat. A-21202; Life Technologies).

Ectopic DNA transfections, viral production and confocal microscopy analyses

HEK293T cells were directly seeded on 0.01% poly-L-lysine-coated coverslips (Sigma, cat. P4832) and analyzed 24
hours after ectopic DNA transfection (unless otherwise specified, Lipofectamine 3000 cat. L3000008, ThermoFisher,
according to the manufacturer’s instructions). Cells were washed three times with PBS 1x, fixed with 4%
paraformaldehyde (Euromedex, cat. 15713) for 10 min, quenched with 50 mM NH4CIl (Sigma cat. A4514) for 10 min,
and permeabilized with PBS—0.5% Triton X-100 (Sigma, cat. X100) for 5 min. After a blocking step in PBS—5% milk,
cells were incubated with primary antibodies for 1 hour at room temperature (dilution 1:100), washed and then
incubated with fluorescent secondary antibodies (dilution 1:100). A 4’-5-diamidina-2-phenylindole (DAPI)-
containing mounting medium was used (ThermoFisher, cat. 62248). Images were acquired using a spectral Zeiss
LSM800 confocal microscope and analyzed with Fiji software (version 2.0.0). For 3D-reconstruction, z-stack
collections were analyzed with the Imaris 9.2.0 software (Oxford Instruments Group). Colocalisations were quantified
using the Pearson overlap coefficient (Fiji software).

IFITMs and PRRT2 coding DNAs were routinely transfected at a concentration of 1 g per well of a 24 well plate
along with 0.2 g of VSV-G or of mEm.-VSV-G. When specified, increasing doses of GS15 coding DNA were also
added (0,0.2,0.5and 1  g).

Monensin was used at a final concentration of 0.2 mM for 3 hours, prior to analysis (Sigma, cat. M5273).
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Production of HIV-1 virions particles was instead carried out by calcium phosphate DNA transfection of the HIV-1
proviral clone NL4-3 (ratio 3 to 1, NL4-3 over IFITM). Virion particles released in the supernatant of transfected cells
were harvested forty-eight fours post transfection, syringe-filtered (0.45 m filters, Minisart, cat. 146622) to remove
cellular debris and purified by ultracentrifugation over a 25% sucrose cushion (28.000 rpm for 2 hours; Beckman
Coulter ultracentrifuge).

In confocal microscopy experiments using the GM130 Golgi marker, IFITM or VSV -G relocalization was quantified
for each cell as the ratio between the signal present at the Golgi over the signal present in the cytoplasm
(Golgi/cytoplasm ratio). When the GM 130 marker was not used, perinuclear accumulation was either scored visually
(as in Fig 1, in light of the extremely clear phenotype; binary scoring: perinuclear or non-perinuclear), or quantified
by determining the average percentage of accumulation of VSV-G at the left or right part of the nucleus (asymmetric
distribution= perinuclear accumulation; symmetric distribution= non-perinuclear accumulation). To bypass artificial
measurements due to differences in size between left and right portions of the cell, the avg of the signals measured at
each side of the cell were used. This measurement diminishes the absolute values of the protein present at one side,
but offers the advantage of making measures independent from cell size differences. Visual scoring in Fig 1 was also
confirmed through this analysis.

Electron microscopy

Samples were fixed in mixture of 4% paraformaldehyde (TAAB Laboratories Equipment Ltd, United Kingdom, cat.
F/P001) and 1% glutaraldehyde (Electron Microscopy Science, USA, cat. 16310) in 0.1 M phosphate buffer (pH 7.4)
for 24 hours, washed three x 30 min in 0.1 M of phosphate buffer, and post-fixed for one hour with 2% osmium
tetroxide (Electron Microscopy Science, USA, cat. 19190) in 0.15 M of phosphate buffer. After washing in 0.1 M of
phosphate buffer for 20 min and two x 20 min in distillated H20, samples were dehydrated in a graded series of ethanol
solutions (50% ethanol two x 10 min; 70% ethanol three x 15 min and last portion for 14 hours; 90% ethanol three x
20 min; and 100% ethanol three x 20 min). Final dehydration was performed by 100% propylene oxide (PrOx,
ThermoFisher (Kandel) GmbH, Germany, Lot X19E013) three x 20 min. Then, samples were incubated in PrOx/EPON
epoxy resin (Fluka, Switzerland) mixture in a 3:1 ratio for two hours with closed caps, 16 hours with open caps, and
in 100% EPON for 24 hours at room temperature. Samples were replaced in new 100% EPON and incubated at 37 °C
for 48 hours and at 60 °C for 48 hours for polymerization. Serial ultra-thin sections (thickness 70 nm) were cut with a
“Leica Ultracut UCT” ultramicrotome (Leica Microsysteme GmbH, Wien, Austria), placed on TEM nickel one-slot
grids (Agar Scientific, Ltd. United Kingdom, cat. G2500N) coated with Formvar film and stained 20 min with 5%
uranyl acetate (Merck, Darmstadt, Germany, cat. 8473) and 5 min Reynolds lead citrate. The sections were then
observed at 100 kV with a Jeol 1011 TEM (JEOL, Tokyo, Japan) connected to a Gatan digital camera driven by Digital
Micrograph software (GMS 3, Gatan, Pleasanton, CA, USA).

Fluorescence Resonance Energy Transfer (FRET) microscopy

Analyses were performed on live cells plated on a 35 mm glass-bottom dish and transfected with2 g of DNA coding
the 85-90 IFITM3 mutantand 0.5 g each of GS15-CFP and ERS24-YFP to ensure that the majority of cells examined
were IFITM3-positive. After replacing media with phenol-red MEM supplemented with 10%FCS, cells were analyzed
by confocal microscopy and images were acquired at a temperature of 37°C with a spectral Zeiss LSM710 confocal
microscope, equipped with an argon laser and a 63X oil immersion objective. CFP and YFP were excited with a 458
and a 514 nm lasers (emission windows set at 465-505 nm and 525-600 nm, respectively) and images were acquired
with a 512x512 resolution, 8 bit line average. Photobleaching of the donor YFP was performed with 4 sequential
illuminations of the selected cell (4 frames, line average 2, iterations at 400, scan speed at 8, 514 nm laser AOTF
setting at 100%). Four scans were acquired after each bleaching (two before and two after). FRET efficiency was
calculated from the ratio of the CFP fluorescence measured post- and pre-YFP bleaching. Analyses were performed
on 15-20 individual cells per sample group. The FRET control plasmid pECFP18aaEYFP from addgene.) was used
for setup (Addgene cat. 109330, gift from Gabriele Kaminski Schierle)44. Images were analyzed using the ROI
manager in Fiji software.

Glycosidase treatment assays and WB quantification

Cell lysates expressing IFITM3 and VSV-G proteins were collected and split in three aliquots that were either untreated,
or treated with Endoglycosidase H (EndoH, NEB, P0702S) or N-glycosilase F (PNGaseF, NEB P0704S), according
to the manufacturer’s instructions. Treated lysates were then analyzed by WB, images acquired using Image Lab Touch
Software (version 2.0.0.27, Chemidoc Imaging System from Bio-Rad) and bands were quantified by densitometry
using the volume tool in the same software.
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Softwares

Electron microscopy: Digital Micrograph software (GMS 3, Gatan, Pleasanton, CA, USA). Confocal microscopy: Fiji
software (version 2.0.0), Zen (version 2.3, Zeiss) and Imaris 9.2.0 software (Oxford Instruments Group). WB: Image
Lab Touch Software (version 2.0.0.27, Chemidoc Imaging System from Bio-Rad).

Statistics and graphs: Graphpad Prism8 (8.4.3, Graphpad software, LLC).

Statistical analyses

The statistical analyses used in this study were calculated with the Graphpad Prism8 software: Student t tests (unpaired,
two-tailed), one-way Anova tests with either Tukey’s or Dunnett’s multiple comparisons, as indicated in the figure
legends.
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Figure Legends

Fig. 1. A novel gain-of-function IFITM3 mutant induces secretory pathway defects that affect glycoproteins
trafficking. a) Genomic structure of IFITM3 with a highlight on amino acids of the cytoplasmic intracellular loop
(CIL). In mutant 85-90, red residues have been mutated to alanine. b) Schematic representation of HIV-1 virion
assembly. ¢) HEK293T cells were transfected with DNAs coding for the HIV-1 proviral clone NL4-3 along with
control, WT or 85-90 mutant IFITM3. Cells were lysed 48 hours after transfection, while virion particles released in
the supernatant were first purified by ultracentrifugation through a 25% sucrose cushion. Both cellular and viral lysates
were analyzed by WB. d) HEK293T cells were ectopically transfected with DN As coding for the indicated IFITM3s
along with the G protein of the Vesicular Stomatitis virus fused to the mEmerald fluorescent reporter (mEm.-VSV-G),
prior to confocal microscopy analysis twenty-four hours later. Representative confocal microscopy images and graph
presenting the proportion of double-positive cells displaying perinuclear accumulation of mEm.-VSV-G (binary
scoring; three independent experiments; between 50 and 100 cells scored per sample). *, p value <0.0001 following a
one-way Anova, Tukey’s multiple comparison test; non-statistically significant differences, not shown. e) Lysates
obtained from cells expressing VSV-G along with control, WT and mutant IFITM3 were either untreated or treated
with EndoH or PNGaseF prior to WB and densitometry quantification of the EndoH-sensitive and -resistant VSV-G
forms. Panels present representative results, while the graph presents the proportions of EndoH-sensitive and -resistant
VSV-G obtained in 5 independent experiments. *, p value of 0.0021 following a one-way Anova, Tukey’s multiple
comparison test over control. Uncropped blots and source data are provided in the relevant section.

Fig. 2. The 85-90 IFITM3 mutant colocalizes with and induces gross morphological changes in the Golgi. a and
b) Confocal microscopy analysis and 3D-reconstruction of cells expressing the indicated IFITM3 proteins.
Representative images and graph presenting phenotype proportions in at least 100 cells scored per condition (binary
scoring: inflated or normal Golgi, three independent experiments). *, p=8.3x10-9 following an unpaired, two-tailed
Student t test. ¢) Representative electron microscopy analyses of HEK293T cells expressing WT or 85-90 IFITM3
proteins. The region enlarged at the right of each panel corresponds to the red inset. Source data is provided in the
relevant section.

Fig. 3. The 85-90 IFITM3 mutant impairs fusion between v- and t-SNAREs. a) Schematic representation of the
FRET experiment and representative images pre and post ERS24-YFP bleach. FRET experiments were performed on
live HEK293T cells in which an excess of DNA coding for the 85-90 IFITM3 mutant was used over GS15-CFP and
ERS24-YFP (five-fold excess) to ensure that the majority of cells analyzed were also IFITM3-positive. The boxes and
whiskers plot presents the normalized decrease and values distribution in FRET observed in control and 85-90 IFITM3
expressing cells from three independent experiments and >20 cells examined. *, p value of 0.0008, following an
unpaired two-tailed Student t test. b) HEK293T cells expressing constant amounts of 85-90 IFITM3 and VSV-G were
co-transfected with increasing amounts of GS15-CFP coding DNA, prior to confocal microscopy analysis (GS15/85-
90 ratios of 0.2 and 0.5). Given that VSV-G accumulation in the Golgi leads to its asymmetrical perinuclear distribution
in the cell, VSV-G fluorescence was determined for each cell according to the presented scheme. The fluorescence
measured over distance in the cell was used to calculate the proportion of VSV-G protein present at one side (the left
side was set as the side with higher protein accumulation). Representative pictures and graph presenting the distribution
of VSV-G at one side of the cell in triple-positive cells (n=2 with 20 to 31 cells analyzed per condition). White circles
highlight example cells of increased FRET (a) and of phenotypic differences in the perinuclear accumulation of VSV-
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G (b), respectively. **** p value of <0.0001 following a one-way Anova, Tukey’s multiple comparison test over 85-
90 IFITM3 condition with no GS15-CFP. Source data is provided in the relevant section.

Fig. 4. Time course confocal microscopy analysis indicates that the 85-90 IFITM3 mutation affects the normal
egress of IFITM3 from the Golgi. HEK293T cells were examined by confocal microscopy at different times post
ectopic DNA transfection to determine the localization of IFITM3 proteins over time. Representative pictures and
graph presenting the distribution of IFITM3 in the Golgi (calculated as a Golgi/cytoplasm ratio on 39 to 62 cells per
time point and per condition in two independent experiments, AVG, SEM and individual values). The table presents p
values obtained after a one-way Anova, Tukey’s multiple comparison test between the indicated conditions: ns: non
significant; *, p value <0.05; **** p value <0.0001. Source data is provided in the relevant section.

Fig. 5. Mutagenesis of the entire CIL of IFITM3 finely maps the domain involved in the egress of IFITM3 from
the Golgi. a) Individual amino acid of the CIL were changed to alanine or to glycine when alanine residues were
present, prior to confocal microscopy analysis. Representative pictures are shown here (IFITM3 only) while their co-
localization with the cis-Golgi marker GM130 is shown in the extended data Figure 3. b) Quantification of the IFITM3
proportion in Golgi is provided as a Golgi/cytoplasm ratio in the box and whisker plot (20 cells per mutant in two to
three independent experiments analyzed). Asterisks and lines within the box indicate averages and median values,
respectively. Yellow boxes indicate mutants with Golgi/cytoplasm IFITM3 ratios equivalent to the 85-90 IFITM3
mutant and non-statistically significant when compared to 85-90 following an ordinary one-way Anova, Dunnett’s
multiple comparison test. ¢) Representative WB analysis of mutant proteins. Uncropped blots and source data are
provided in the relevant section.

Fig. 6. The Golgi egress domain of IFITM3 is conserved across vertebrate members of the dispanin/CD225
subfamily A and is functionally conserved in PRRT2, a member of the B subfamily as shown by genetic
mutations associated to PKD. a) Alignment of the indicated portions of human members of the different
dispanin/CD225 subfamilies. The relevant domain is circled in red. The position of the first amino acid of each
sequence is shown within parentheses. Left, logo files obtained after alignment of vertebrate orthologues of the
indicated genes for each subfamily, except D. b) Single point mutation and confocal microscopy analysis of the Golgi
egress domain of IFITMI1. c¢) Point mutations and confocal microscopy analysis of PRRT2 mutants in the region
corresponding to the Golgi egress domain of IFITM3. R295Q and A291V are genetic mutations associated to PKD.
Representative pictures are shown for each protein, while separated channels are provided in the extended data Fig. 4.
Whiskers and boxes plots of the quantification of the proportion of each protein in the Golgi as a Golgi/cytoplasm ratio
(25-75 percentiles with individual cells represented as dots; group average indicated by an asterisk, n=20 in three
independent experiments). Colored boxes represent statistical significant differences after a two-tailed Student t test
or a One-way Anova Dunnett’s multiple comparison test (b and c, respectively) of the examined mutant over WT. **,
p value of 0.0019; **** p value <0.0001. Source data is provided in the relevant section.

Extended data. Figure 1. The 85-90 IFITM3 mutant does not colocalize with CD63, LAMP2 nor with the ER.
HEK293T cells ectopically expressing the indicated IFITM3s, or co-transfected with the ER reporter D1IER were
analyzed by confocal microscopy with the indicated markers. Whiskers and boxes plot of the Pearson’s colocalization
coefficients (25-75 percentiles with individual cells represented as dots; n=16 to 38 per condition in three independent
experiments). A one-way Anova with Tukey’s multiple comparison test was applied for each marker to evaluate
differences in localization between WT and 85-90 IFITM3 mutant (non statistical significant differences are
represented by white boxes; p <0.0001 by colored ones). Source data is provided in the relevant section.

Extended data. Figure 2. The broad trafficking inhibitor Monensin affects the egress from the Golgi of WT
IFITM3, but not of the 85-90 mutant. Cells expressing the indicated IFITM3 protein were either treated or untreated
with Monensin for 3 hours at 0.2 mM, prior to confocal microscopy analysis. Panels present typical staining, while the
graph presents the proportion of IFITM3 in the Golgi as an IFITM3 Golgi/cytoplasmic ratio (AVG= lines and
individual values displayed as dots). The lower table presents the result of the indicated statistical analyses: ns, non
significant; ** p values < 0.006. Source data is provided in the relevant section.

Extended data. Figure 3. Complete confocal microscopy analyses of the individual point mutants of the CIL of
IFITM3. This figure presents the entire panel of confocal microscopy analyses (i.e. IFITM3, GM130 and DAPI
staining) of the mutants presented in Figure 5, which for lack of space presents only IFITM3 staining panels. Source
data is provided in the relevant section of Figure 2.
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Extended data. Figure 4. Complete confocal microscopy analyses of the individual point mutants of IFITM1
and PRRT?2. This figure presents the entire panel of confocal microscopy analyses (i.e. PRRT2, IFITM1, GM130 and
DAPI staining) of the mutants presented in Figure 6b and 6c¢, which for lack of space presents only overlays but not
separated channels. Source data is provided in the relevant section of Figure 6.
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Lietal, Figure 5
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Li et al, Extended Data. Figure 3

IFITM3 DAPI Merge IFITM3 DAPI Merge IFITM3 DAPI Merge

— 20 um

Li et al, Extended Data. Figure 3 continued

IFITM3 DAPI Merge IFITM3 DAPI Merge IFITM3 DAPI Merge

% - %
..

S101A T102A

NI107A

- 20 um



Li et al, Extended Data. Figure 4

GM130

(dvd ‘“Aerraso) 4—‘

=20 um

Li ZHONG, page 108

=20 um



Li ZHONG, page 109

Appourchaux et al 2019, JVI, Summary

In this work, a large panel of IFITM3 mutants was analyzed to identify domains that could affect
either the negative imprinting of virion particles or the target cell abilities of IFITM3. The mutants
were also examined for their intracellular distribution and stability to also identify domains
required for these properties. The results obtained allowed us to conclude that the two antiviral
properties linked to IFITM3 were specified by the same domains although we were not able to
identify a mutant that completely lost its antiviral properties.

In this larger study, | conducted some of the analyses of the IFITM3 mutants that were presented
in the manuscript. These results were then used as the basis of my own PhD project aimed at a

more cellular characterization of the behavior of IFITMS3.
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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
IFITM-susceptible virus, IFITM3 packaging is not sufficient for negative imprinting. Fi-
nally, while most mutations concomitantly affect target cell protection and negative
imprinting, a region in the C-terminal domain (CTD) exhibits a differential behavior,
potentially highlighting the regulatory role that this domain may play in the two an-
tiviral activities of IFITM3.

IMPORTANCE IFITM proteins have been associated with the sequestration of incom-
ing virions in endosomes (target cell protection) and with the production of virion
particles that incorporate IFITMs and exhibit decreased infectivity (negative imprint-
ing of virion infectivity). How the latter is regulated and whether these two antiviral
properties are related remain unknown. By examining the behavior of a large panel
of IFITM3 mutants against HIV-1, we determined that IFITM3 mutants are essentially
packaged into virions proportionally to their intracellular levels of expression. How-
ever, even in the context of an IFITM-susceptible virus, IFITM3 packaging is not suffi-
cient for the antiviral effects. Most mutations were found to concomitantly affect
both antiviral properties of IFITM3, but one CTD mutant exhibited a divergent be-
havior, possibly highlighting a novel regulatory role for this domain. These findings
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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. 1A). 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

January 2019 Volume 93 Issue 2 €01716-18 jviasm.org 3
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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-a) (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 (;;NSGQPP, ) 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; o)
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 acc lation of CD63-positive vesicles in cells, and IFITM3 does not
affect chol asis. 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 (MFIs) 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 ug/ml). Control cells were treated with either methyl-B-cyclodextrin (1 mM) or oleic acid
(100 M), 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
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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 (;;NSGGQPP, ;) is not unexpected, as
it overlaps a region that acts as a docking site for several proteins (,,PPNYEML,5): 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, pl. id. ibodi and 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 (ImageJ 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 ug/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 g 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 |gG-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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