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Background: The interferon-stimulated gene (ISG) IFITM3 restricts endosomal entry of enveloped viruses.
Results: IFITM3 also restricts entry of reovirus, a nonenveloped virus.

Conclusion: IFITM3 alters endosomal function, either by delaying acidification or modulating proteolytic activity.
Significance: IFITM3 may restrict other clinically relevant nonenveloped viruses that require endosomes for entry.

Reoviruses are double-stranded RNA viruses that infect the
mammalian respiratory and gastrointestinal tract. Reovirus
infection elicits production of type I interferons (IFNs), which
trigger antiviral pathways through the induction of interferon-
stimulated genes (ISGs). Although hundreds of ISGs have been
identified, the functions of many of these genes are unknown.
The interferon-inducible transmembrane (IFITM) proteins are
one class of ISGs that restrict the cell entry of some enveloped
viruses, including influenza A virus. One family member,
IFITM3, localizes to late endosomes, where reoviruses undergo
proteolytic disassembly; therefore, we sought to determine
whether IFITM3 also restricts reovirus entry. IFITM3-express-
ing cell lines were less susceptible to infection by reovirus, as
they exhibited significantly lower percentages of infected cells
in comparison to control cells. Reovirus replication was also sig-
nificantly reduced in IFITM3-expressing cells. Additionally,
cells expressing an shRNA targeting IFITM3 exhibited a smaller
decrease in infection after IFN treatment than the control cells,
indicating that endogenous IFITM3 restricts reovirus infection.
However, IFITM3 did not restrict entry of reovirus infectious
subvirion particles (ISVPs), which do not require endosomal
proteolysis, indicating that restriction occurs in the endocytic
pathway. Proteolysis of outer capsid protein pl was delayed in
IFITM3-expressing cells in comparison to control cells, suggest-
ing that IFITM3 modulates the function of late endosomal com-
partments either by reducing the activity of endosomal pro-
teases or delaying the proteolytic processing of virions. These
data provide the first evidence that IFITM3 restricts infection by
a nonenveloped virus and suggest that IFITM3 targets an
increasing number of viruses through a shared requirement for
endosomes during cell entry.
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The innate immune system must recognize signatures of
pathogen infection (such as the presence of double-stranded
RNA (dsRNA) for RNA viruses) and then initiate mechanisms
that hinder the ability of the pathogen to replicate (1). Innate
detection mechanisms must, practically, be nonspecific. How-
ever, after initial detection, the restriction mechanisms, exem-
plified by the type I interferon (IFN) system, need not be gen-
eral. Initiating a wide variety of anti-pathogen responses may
give an organism the greatest chance to contain an infection
whether or not each individual mechanism is effective against
the specific pathogen. Type I IFNs (IFN-«/B) are major antivi-
ral cytokines and can be induced by several different pattern
recognition receptors, including Toll-like receptors and cyto-
plasmic RIG-I-like helicases (2). After induction, type I IFNs
signal through the type I IFN receptor (IFNAR) to induce a
number of I1SGs.> Hundreds of ISGs have been identified, of
which only a handful have a characterized function (3). Some
induce broad antiviral responses, such as inhibition of cellular
protein synthesis or degradation of RNA (4, 5). However, other
ISGs, such as TRIM79q, target specific viruses (6). Understand-
ing how individual ISGs restrict virus infection is of broad inter-
est for designing antiviral therapeutics that can be targeted to
specific or more general classes of pathogens.

One family of ISGs that is known to restrict specific classes of
virus is the interferon-inducible transmembrane proteins
(IFITM), which are conserved across numerous vertebrate spe-
cies. In humans, the IFITM1, -2, -3, and -5 genes are located on
chromosome 11 and have previously been shown to function in
cell signaling, adhesion, and bone mineralization (7-10). These
proteins contain two intramembrane domains linked by a
highly conserved intracellular loop, features shared among the
more than 200 CD225 protein family members. Family mem-
bers IFITM1, -2, and -3 restrict the cell entry of influenza A,
flaviviruses, dengue virus, West Nile virus, severe acute respi-

2 The abbreviations used are: ISG, interferon-stimulated gene; IFITM, interfer-
on-inducible transmembrane protein; shIFITM3, short hairpin RNA target-
ing IFITM3; T1L, reovirus type 1 Lang; T3D, reovirus type 3 Dearing; rsT3D,
T3D reovirus strain; ISVP, infectious subvirion particle; EGFP, enhanced
GFP; RILP, Rab-interacting lysosomal protein; m.o.i., multiplicity(s) of infec-
tion; pfu, plaque forming units; qPCR, quantitative reverse transcriptase
PCR; A546, Alexa Fluor 546; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol.
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ratory syndrome coronavirus, and filoviruses (11-13). These
viruses are enveloped and enter cells via membrane fusion in
endosomal compartments; indeed, the IFITM proteins restrict
viruses independent of receptor usage but are dependent upon
processes that occur in late endosomes (12, 14). IFITM3 is the
most potent IFITM family member in restricting influenza A
replication in cell culture (11), and recently it has been shown to
reduce the pathogenesis of influenza in mice (15, 16) and in
infected humans (16). Our recent data suggest a model where
IFITM3 prevents influenza A virus fusion, thereby trapping
virions within the endocytic pathway ultimately leading to their
destruction in lysosomes and autolysosomes (14). Whether
IFITM3 restricts non-enveloped viruses that also require endo-
somal access for cell entry is not known.

Mammalian orthoreoviruses (reoviruses) are non-enveloped
viruses containing a segmented genome composed of dsSRNA
(17). Reoviruses utilize a multistep entry process, first binding
to cell surface carbohydrates before engagement with the pro-
teinaceous receptor junction adhesion molecule-A (JAM-A)
(18). Subsequent interactions with B1-integrins target virions
to late endosomal compartments (19), where the actions of
acid-dependent cathepsin proteases are required for uncoating
(20). These proteases cleave outer capsid protein o3, revealing
the membrane penetration protein w1 (21-25). Cleavages of 1
into the particle-associated fragments 6 and ¢ and the dissoci-
ated fragment w1N allow for conformational changes and sub-
sequent membrane association of the viral capsid that mediates
penetration of the viral core into the cytoplasm (23, 26).
Although reovirus particles traverse a number of endocytic
compartments, correct targeting to late endosomes containing
Rab7 and Rab?9 is crucial for establishing a productive infection
(27). Because IFITM3 also localizes to late endosomes, we
sought to test whether IFITM3 restricts reovirus infection.

In this study we found that IFITM3 expression significantly
restricts infection and replication by reovirus. IFITM3-medi-
ated restriction occurs at the level of endosomal penetration, as
neither receptor binding nor RNA synthesis was affected. Tar-
geting of reovirus particles to Rab7-containing late endosomes
occurred with similar kinetics in the presence or absence of
IFITM3. However, the kinetics of acidification and subsequent
proteolysis of the reovirus capsid were delayed in IFITM3-ex-
pressing cells. Thus, IFITM3 likely alters the dynamics of endo-
somal uncoating, either leading to inefficient membrane pene-
tration or lysosomal degradation of viral particles. This
represents the first evidence that IFITM3 can restrict the infec-
tion of non-enveloped viruses that utilize endosome-depend-
ent cell entry mechanisms and provides further mechanistic
evidence for how IFITM3 restricts an increasing number of
viruses by targeting a shared requirement for endosomes for
cell entry.

EXPERIMENTAL PROCEDURES

Cells, Viruses, and Reagents—HeLa, U20S, and A549 vector
control and IFITM3- and shIFITM3-expressing cells were
characterized previously (11, 14) and were maintained in Dul-
becco’s modified Eagle’s medium supplemented to contain 10%
fetal bovine serum, 2 mm L-glutamine, 100 units/ml penicil-
lin, 100 pg/ml streptomycin, and 250 ng/ml amphotericin B
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(Sigma). L929 cells were maintained in Joklik’s minimum essen-
tial medium supplemented to contain 5% fetal bovine serum, 2
mM L-glutamine, 100 units/ml penicillin, 100 ug/ml streptomy-
cin, and 25 ng/ml amphotericin B.

Reovirus strains type 1 Lang (T1L) and type 3 Dearing (T3D)
are laboratory stock. Reovirus strain rsT3D-o1T2491 was
recovered by plasmid rescue (28). rsT3D-01T2491 is isogenic to
T3D with the exception of a single amino acid substitution in
the o1 protein rendering it insensitive to protease cleavage and,
therefore, capable of generating infectious subvirion particles
(ISVPs) with infectivity equivalent to that of T3D virions (29).

Purified reovirus virions were generated using second or
third passage L-cell lysates of twice-plaque-purified reovirus as
described (30). Viral particles were Freon-extracted from
infected cell lysates, layered onto 1.2—1.4-g/cm? CsCl gradients,
and centrifuged at 62,000 X g for 18 h. Bands corresponding to
virions (1.36 g/cm®) were collected and dialyzed in virion stor-
age buffer (150 mm NaCl, 15 mm MgCl,, 10 mm Tris-HCI, pH
7.4). Concentrations of reovirus virions in purified preparations
were determined from an equivalence of 1 absorbance unit at
260 nm equals 2.1 X 10" virions (31). Viral titer was deter-
mined by a plaque assay using murine 1929 cells, and all indi-
cations of m.o.i. are based on 1929 cell titer (32). ISVPs were
generated as described (33) and confirmed by SDS-PAGE and
Coomassie Brilliant Blue staining. Guinea pig anti-reovirus
oNS and rabbit anti-T3D antisera were generously provided by
Dr. Terence S. Dermody (Vanderbilt University Medical Cen-
ter). Plasmids encoding Rab7-EGFP and Rab-interacting lyso-
somal protein (RILP)-EGFP (27) and guinea pig anti-reovirus
oNS antiserum were obtained from Dr. Terence S. Dermody
(Vanderbilt University Medical Center).

Succinimidyl Ester Labeling—Reovirus virions were labeled
with succinimidyl ester Alexa Fluor 546 (A546) or pHrodo S.E.
(pHrodo; Invitrogen) as described previously (27, 34). Succin-
imidyl esters preferentially label reovirus proteins A2, ul, 02,
and o3 (34). Reovirus particles (3 X 10"%) were diluted into
fresh 0.05 M sodium bicarbonate, pH 8.5, and incubated with 10
M succinimidyl ester A546 or pHrodo at room temperature
for 90 min in the dark. Virus particles were dialyzed against
phosphate-buffered saline (PBS) at 4 °C overnight and stored at
4°C.

Fluorescent Focus Assay—Cells (4 X 10*) were grown in
24-well tissue culture plates and adsorbed with reovirus strains
at various m.o.i. for 1 h at 4 °C. After adsorption, 0.5 ml of fresh
medium was added, and the cells were incubated at 37 °C for
18 h. Cells were fixed with 2% paraformaldehyde for 30 min,
washed twice with PBS, and permeabilized and blocked in
PBS + 2% bovine serum albumin + 0.1% Triton-X100 (PBS-T)
foratleast 1 hat4 °C. Cells were then incubated with guinea pig
anti-reovirus oNS antiserum (1:1000) in PBS-T for at least 1 h
at 4 °C, washed 3X with PBS-T, and incubated with an anti-
guinea pig Alexa 568-conjugated antibody (1:2000) in PBS-T
for at least 1 h at 4 °C. Cells were washed 3X with PBS and
visualized using fluorescence microscopy. Reovirus antigen-
positive cells were quantified by counting fluorescent cells in at
least two random fields of view in triplicate wells at a magnifi-
cation of 113X. Total cell number was quantified using back-
ground fluorescence.
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Assessment of Virus Replication by Plaque Assay—Cells (4 X
10*) grown in 24-well tissue culture plates were adsorbed with
reovirus strain T3D at an m.o.i. of 1 or 100 pfu/cell for 1 h at
4°C. After adsorption, cells were washed 2X with PBS and
incubated in 0.5 ml of fresh medium at 37 °C. After different
time intervals, cells were freeze-thawed twice, and viral titer
was determined by plaque assay. The viral yields were calcu-
lated by dividing viral titers at the indicated times by the viral
titer at O h.

Analysis of Interferon Sensitivity—Cells (4 X 10*) grown in
24-well tissue culture plates were either mock-treated or
treated with IFN-« (100 IU/ml) for 6 h before inoculation with
either T1L or T3D atan m.o.i. of 10 pfu/cell for 1 hat4 °C. After
inoculation, 0.5 ml of fresh medium was added, and the cells
were incubated at 37 °C for 18 h before performing a fluores-
cent focus assay. Alternatively, viral titers at various times were
determined by plaque assay.

Endosomal Acidification Inhibition—Cells (4 X 10*) grown
in 24-well tissue culture plates were adsorbed with either
rsT3D-01T2491 virions or ISVPs at the indicated m.o.i. for 45
min at 4 °C. After adsorption, cells were either mock-treated or
treated with 10 mm ammonium chloride and incubated at 37 °C
for 18 h and analyzed by fluorescent focus assay.

Kinetic Ammonium Chloride Protection Assay—Cells (4 X
10*) grown in 24-well tissue culture plates were inoculated with
rsT3D at an m.o.i. of 25 pfu/cell for 1 h at 4 °C. The inoculum
was removed, and the cells were washed 2 X with PBS and incu-
bated in fresh prewarmed media at 37 °C. At various times after
adsorption, ammonium chloride was added to the medium for
a final concentration of 25 mm. Cells were then incubated for
18 h post-adsorption, fixed with 2% paraformaldehyde, and
stained for a fluorescent focus assay.

Analysis of Viral Disassembly—Cells (5 X 10°) grown in
60-mm dishes were inoculated with T3D at an m.o.i. of 100
pfu/cell for 1 hat4 °C. The inoculum was removed, and the cells
were washed 2X with PBS and incubated in fresh prewarmed
media at 37 °C. At various times after adsorption, cells were
scraped into 1 ml of ice-cold PBS and pelleted at 3000 X g for 5
min at 4 °C. The supernatant was aspirated, and the pellet was
resuspended in 100 ul of ice-cold modified radioimmunopre-
cipitation assay buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl,
1 mMm EDTA, 1% sodium deoxycholate, 1% IGEPAL CA-630, 1
mM PMSF) supplemented with protease inhibitor mixture
(Roche Applied Science). The lysate was clarified by centrifu-
gation at 13,000 X g for 10 min at 4 °C, and the supernatant was
removed to a fresh tube and frozen at —20 °C. Extracts (10 ug of
total protein) were resolved by electrophoresis in 4-12% Bis-
Tris gels and transferred to PVDF membranes. The membranes
were blocked overnight at room temperature in PBS + 1%
Tween 20 (PBS-T) containing 5% milk and incubated with a
rabbit anti-T3D antiserum (1:500) in PBS-T plus milk at room
temperature for 3 h. The membranes were washed 3X for 10
min with PBS-T and incubated with an alkaline phosphatase-
conjugated goat anti-rabbit antibody (Bio-Rad) diluted 1:2000
for 3 h. After 3 washes with PBS-T, the membranes were incu-
bated for 5 min with chemiluminescent alkaline phosphate sub-
strate (Bio-Rad) and visualized using a ChemiDock XRS+
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molecular imager (Bio-Rad). Band densities were analyzed
using Image J software.

Quantitative Reverse Transcriptase Polymerase Chain Reac-
tion (qPCR)—Cells (5 X 10°) grown in 60-mm dishes were
adsorbed with T3D in PBS at an m.o.i. of 100 pfu/cell at 4 °C for
1 h. Cells were incubated in medium at 37 °C for various inter-
vals, removed from plates with a scraper, washed once with
PBS, and centrifuged at 500 X g for 5 min. The supernatant was
removed, and the cell pellet was frozen at —20 °C. RNA was
extracted by using an RNeasy Plus RNA extraction minikit
(Qiagen) according to the manufacturer’s instructions. RNA
was converted to cDNA by using an Omniscript RT cDNA syn-
thesis kit (Qiagen) with an oligo(dT) primer according to the
manufacturer’s instructions. qPCR was performed using the
Express SYBR Green ER system (Invitrogen). Primers specific
for human GAPDH (forward primer 5 -GATCATCAGCAAT-
GCCTCCT-3' and reverse primer 5'-TGTGGTCATGAGTCC-
TTCCA-3") or human IFITM3 (forward primer 5'-ATGTCGTC-
TGGTCCCTGTTC-3' and reverse primer 5 -GTCATGAGGA-
TGCCCAGAAT-3") were used at a final concentration of 0.2 um.
Quantification and melt curve analyses were performed according
to the manufacturer’s protocol. For each sample, the CT
(threshold cycle) for the RNA of interest was normalized to that for
GAPDH. -Fold induction was calculated by comparing norma-
lized CT values (AACT) of duplicate cDNA synthesis reactions to
those of samples taken at the time of infection (T" = 0) for two
independent experiments.

Confocal Microscopy of Reovirus Internalization—Cells were
plated on glass coverslips (#1.5; Thermo Scientific) in 24-well
plates at 37 °C overnight. Cells were transfected with plasmids
using Lipofectamine 2000 (Life Sciences) according to the man-
ufacturer’s instructions. After incubation at 37 °C for 18 h, the
cells were chilled at 4 °C for 1 h. Cells were then adsorbed with
10,000 Alexa546-labeled reovirus particles/cell at 4 °C for 1 h.
The inoculum was removed, and the cells were washed 3 times
with PBS and either fixed with 2% paraformaldehyde or supple-
mented with complete medium and incubated at 37 °C for var-
ious intervals. Cells were washed once with PBS and fixed for 20
min with 2% paraformaldehyde, quenched with 0.1 m glycine,
and washed 3 times with PBS. Coverslips were removed from
wells and placed on slides using ProLong Gold mounting
medium (Life Sciences). Images were captured using a Zeiss
LSM710 laser-scanning confocal microscope using a 63X Plan-
Apochromat objective lens. Images were thresholded for pixel
intensity, and the pinhole size used was identical for all fluo-
rophores. All images represent single sections and were
adjusted for brightness and contrast to the same extent.
Colocalization analysis was performed using the colocaliza-
tion function of Zeiss LSM image software (Zeiss) taking into
consideration endosomal vesicle size to try to isolate indi-
vidual endosomes. Virions within the boundary of single
cells were quantified.

Assessment of pHrodo Fluorescence Intensity by Flow
Cytometry—The kinetics of reovirus access to acidic compart-
ments was performed as described previously (27). HeLa cells
were chilled at 4 °C for 1 h and adsorbed with pHrodo-labeled
reovirus (1 X 10* particles/cell) at 4 °C for 1 h. The inoculum
was removed, and the cells were washed 3 times with cold PBS
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FIGURE 1.IFITM3 expression in HeLa cell lines. Vector control, IFITM-3-express-
ing, and shIFITM3-expressing HeLa cell lines were mock-treated or treated with
100 IU/ml IFN-« for 6 h. Cultures were scraped into PBS and pelleted. RNA was
extracted from cultures, converted into cDNA, and used for gPCR analysis using
primers specific for IFITM3 (top panel). The level of IFITM3 RNA was normalized to
that of GAPDH in each culture. Alternatively, cultures were lysed with radioimmu-
noprecipitation buffer and subjected to SDS-PAGE electrophoresis followed by
immunoblotting using antisera against IFITM3 (bottom panel).
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FIGURE 2. IFITM3 restricts reovirus infection. HelLa (A and B) or U20S (C)
vector control- or IFITM3-expressing cells were infected with reovirus strains
T1Land T3D at the indicated m.o.i. (pfu/cell). The percentage of infected cells
was determined by fluorescent focus assay 18 h post-infection. The results are
presented as the means of triplicate samples. Error bars indicate S.D. *, p <
0.05 by Student'’s t test in comparison with vector control cells.

to remove unbound virus and supplemented with warm Opti-
MEM-I (Invitrogen) for various intervals. The cells were
washed once with PBS, detached with Cellstripper (Corning
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titer at 0 h for triplicate samples. Error bars indicate S.D. *, p < 0.05 by Stu-
dent’s t test in comparison with vector control cells.
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CellGro), washed once with PBS, and analyzed with a BD
Accuri C6 flow cytometer. Cell staining was quantified using
BD Accuri C6 software.

RESULTS

IFITM3 restricts entry of enveloped viruses that require acid
pH or endosomal components for membrane fusion (12, 14). As
the mechanism for this restriction is not defined, we tested
whether IFITM3 also restricts entry of a non-enveloped virus
with similar membrane penetration requirements, mammalian
orthoreovirus. We utilized previously developed HelLa and
U20S cell lines that were engineered to stably express IFITM3
(11). Empty vector-transduced cell lines served as controls.
Expression levels of IFITM3 in mock- and IFN-a-treated cells
were determined by qPCR and by immunoblotting (Fig. 1 and
data not shown). As previously observed, control HeLa cells
express basal levels of IFITM3 in the absence of IFN treatment
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FIGURE 4. Knockdown of IFITM3 expression decreases reovirus sensitiv-
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(11, 16). IFITM3-expressing cells produced ~4-fold more
[FITM3 than mock-treated cells and ~2-fold more IFITM3
than IFN-a-treated cells. IFITM3-expressing and control cell
lines were adsorbed with reovirus strains T1L and T3D at var-
ious m.o.i. (as determined using L929 cells), and the percentage
of infected cells was determined at 18 h post-infection by
immunostaining using an anti-reovirus oNS antiserum. Reovi-
rus infection was significantly reduced in cells expressing
IFITM3 (Fig. 2). The reduction in infection was greater at lower
m.o.i., suggesting that the restriction mediated by IFITM3
could be saturated at high m.o.i. Similar results were obtained
using an A549 cell line engineered to express [IFITM3 (data not
shown).

We next tested whether the decrease in the percentage of
infected cells mediated by IFITM3 would result in decreased
viral replication. IFITM3-expressing and control cell lines were
infected with T3D at an m.o.i. of 1 pfu/cell, which allows for the
initially infected cells to produce type I IFNs and prime unin-
fected cells for increased IFITM3 expression. Viral yield was
then determined at various times post-infection. [FITM3
expression in HeLa and U20S cell lines resulted in a 5-to-10-
fold decrease (p < 0.05) in viral yield in comparison to vector
control cells at all times examined (Fig. 3, A and C). Decreased
yields were also observed in IFITM3-expressing HeLa cells
infected at an m.o.i. of 100 pfu/cell, which would not allow for
IFN-mediated priming, indicating that basal levels of IFITM3
can still restrict infection at high infectious doses of reovirus
(Fig. 3B). These data suggest that IFITM3 overexpression
restricts, but does completely inhibit, reovirus infection.

To determine whether IFITM3 is induced by reovirus infec-
tion, we first measured IFITM3 RNA levels in HeLa cells after
infection. Cells were mock-infected or infected with T3D at an
m.o.i. of 100 pfu/cell, and RNA was extracted from cells at var-
ious times post-infection. Levels of IFITM3 mRNA were quan-
tified by using qPCR. We observed a continuous, time-depen-
dent increase in IFITM3 expression after reovirus infection,
with a maximum of a ~5-fold increase over base-line expres-
sion after 24 h (Fig. 4A). Increased IFITM3 expression was first
observed at 12 h post-infection, a result that is consistent with
its known dependence on IFN for expression. Similar results
were observed at the level of protein expression, as determined
by immunoblot (Fig. 4B). We then utilized HeLa cells constitu-
tively expressing a short hairpin RNA targeting IFITM3
(shIFITM3) to determine if IFITM3 expression could restrict
reovirus infection in IFN-treated cells. HeLa cells expressing

lysates at the indicated times post-infection were determined by immuno-
blot using an antibody specific for IFITM3. C, HeLa vector control- or shIFITM3-
expressing cells were either mock-treated or treated with IFN-« (100 1U/ml)
for 6 h. Cells were then infected with TIL or T3D at an m.o.i. of 10 pfu/cell. The
percentage of infected cells was determined by fluorescent focus assay 18 h
post-infection. The results are presented as the means of triplicate samples.
Error barsindicate S.D. D, values from C were normalized to show a decrease in
reovirus infectivity after treatment with IFN-« in Hela shIFITM3 and vector
control cells. £, HeLa vector control- or shIFITM3-expressing cells were either
mock-treated or treated with IFN-a (100 1U/ml) for 6 h. Cells were then
infected with T3D at an m.o.i. of 1 pfu/cell. Viral titers at the indicated times
were determined by plaque assay. The results are presented as the mean viral
yields, calculated by dividing titer at the indicated time by titer at 0 h for
triplicate samples. Error bars indicate S.D. ¥, p < 0.05 by Student’s t test in
comparison with mock treated cells.
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FIGURE 5. IFITM3 does not restrict entry of reovirus ISVPs. HelLa vector
control- or IFITM3-expressing cells were infected with either rsT3D-o1T249I
virions or T3D-a1T2491ISVPs at the indicated m.o.i. After a 45-min adsorption,
cells were either mock-treated or treated with 10 mm ammonium chloride
(AC) and incubated at 37 °C for 18 h. The percentage of infected cells was
determined by fluorescent focus assay. The results are presented as the
means of triplicate samples. Error bars indicate S.D.

shIFITM3 exhibited reduced IFITM3 expression by ~4 —5-fold
at both the RNA and protein level (Fig. 1). Control and
shIFITM3-expressing HeLa cells were treated with 100 IU of
IFN-« for 6 h before infection with T1L or T3D. This level
of interferon is similar to that produced by reovirus infection of
cultured fibroblasts (35, 36). The percentage of infected cells
was determined by immunostaining at 18 h post-infection.
Cells expressing shIFITM3 were significantly less sensitive to
the antiviral effects of IFN in comparison to control cells (Fig. 3,
Cand D), as IFN treatment reduced the percent of infected cells
by 60—-80% in control cells and by 10-20% in shIFITM3-ex-
pressing cells (p < 0.05). In productively infected cells, how-
ever, no differences were observed in the number or size of
oNS-containing inclusions (data not shown). No significant
difference was observed in the percentage of infected control-
and shIFITM3-expressing cells in the absence of IFN (p = 0.12).
We also examined reovirus replication in mock- and IFN-a-
treated control cells and shIFITM3-expressing cells. IFN-«
treatment significantly decreased reovirus replication in con-
trol cells (Fig. 4E, p < 0.05) but had no effect on replication in
shIFITM3-expressing cells, suggesting that IFITM3 expression
can restrict reovirus replication in cells responding to type I
IEN.

We next sought to determine at which stage of the reovirus
replication cycle IFITM3 mediates its effects. Because IFITM3
localizes to endosomal compartments, we hypothesized that it
would act at the virion disassembly stage in late endosomes and
not at the level of receptor engagement and target cell binding.
To test this, we utilized ISVPs, which bypass the requirement
for endosomal proteases for cell entry (21). Therefore, ISVPs,
unlike virions, are not sensitive to the weak base ammonium
chloride, which prevents endosomal acidification. Control- or
IFITM3-expressing cells were adsorbed with rsT3D-01T2491
virions or ISVPs and then incubated in the presence or absence
of ammonium chloride for 18 h, at which time the percentage of
infected cells was determined by immunostaining. Ammonium
chloride treatment reduced the infectivity of virions by ~80%,
with IFITM3-expressing cells exhibiting lower levels of infec-
tion than control cells (Fig. 5). In contrast, ammonium chloride
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had no effect on the entry of ISVPs, and no differences were
observed in the percentage of infected cells in the presence or
absence of IFITM3. Similar results were observed in control-
and IFITM3-expressing U20S cell lines (data not shown).
Additionally, no differences were observed in the initial binding
of virions to control- versus IFITM3-expressing cells as deter-
mined by flow cytometry using fluorescently tagged virions (not
shown). Together, these data indicate that IFITM3 acts at a
stage subsequent to initial receptor binding on target cells,
likely during endosomal trafficking.

IFITM3 may function in endosomes to restrict reovirus entry
via several possible mechanisms. One possibility may be that
IFITM3 directs internalized virions to cellular compartments
that are non-productive for the uncoating process, as incor-
rectly targeted virions are incapable of mediating infection (37).
Productive reovirus entry occurs in late endosomes that colo-
calize with specific Rab GTPases such as Rab7 and RILP (27).
We examined whether IFITM3 altered reovirus targeting to
late endosomes by utilizing GFP-tagged endosomal markers
and fluorescently tagged virions. Control- or IFITM3-express-
ing HeLa cells were transfected with Rab7-EGFP or RILP-
EGFP, which localize to late endosomes (38, 39). At 18 h post-
transfection, cells were chilled at 4 °C for 1 h, adsorbed with
A546-labeled reovirus particles at 4 °C for 1 h, and incubated at
37 °Cfor 0, 60, or 120 min. At these times, cells were fixed with
paraformaldehyde and visualized by confocal microscopy (Fig.
6A). Quantification of colocalization between reovirus particles
and either Rab7-EGFP or RILP-EGFP showed no significant
differences between control- and IFITM3-expressing cells (Fig.
6, B and C). These data suggest that IFITM3 does not alter
virion targeting to late endosomal compartments.

Because endosomal targeting is not affected, we hypothe-
sized that IFITM3 alters the efficiency and/or timing of virion
disassembly. To better gauge the efficiency of entry events, we
took several approaches. First, we determined whether IFITM3
alters the kinetics with which reovirus particles escape host cell
endosomes using an ammonium chloride bypass assay. This
assay is predicated upon the observation that reovirus disas-
sembly is prevented by inhibiting the pH decrease required for
efficient cathepsin cleavage, whereas intact particles are still
resident in endosomes (21, 40). We adsorbed monolayers of
control- and IFITM3-expressing HeLa cells with rsT3D at 4 °C
for 1 h, washed the cells with PBS, and added prewarmed
DMEM. Cells were incubated at 37 °C and ammonium chloride
was added at various intervals to prevent endosome acidifica-
tion. Cells were incubated overnight and scored for the per-
centage of infected cells by indirect immunofluorescence (Fig.
7). 1sT3D escaped ammonium chloride blockade around 30
min earlier (p < 0.05) in control cells than in [FITM3-express-
ing cells, which indicates that IFITM3 delays the kinetics of
endosomal escape.

Next, we determined the kinetics of reovirus particles enter-
ing into acidic endosomal compartments. Virus particles were
labeled with pHrodo, a fluorophore that fluoresces at a pH less
than 5. Control- or IFITM3-expressing HeLa cells were chilled
for 1 hat4 °C, adsorbed with pHrodo-labeled particles for 1 h at
4 °C, incubated in prewarmed media at 37 °C for various times,
and then assayed for fluorescence intensity by flow cytometry.
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FIGURE 6. IFITM3 does not alter reovirus trafficking to late endosomes. A, HelLa vector control or IFITM3-expressing cells were transfected with EGFP-Rab7
(green) 18 h before infection. Cells were chilled at 4 °C for 1 h and then adsorbed with 10,000 particles/cell of reovirus-A546 (red) at 4 °C for 1 h. The inoculum
was removed, and cells were washed to remove unbound virus and then either fixed with 2% paraformaldehyde or supplemented with complete medium and
incubated at 37 °C for the times shown before fixing. Cells were imaged by confocal microscopy. Insets depict enlarged areas of boxed regions. Scale bars, 10
mum. Band C, shown is quantification of colocalization of reovirus-A546 particles with EGFP-tagged versions of Rab7 (B) and RILP (C) after adsorption of reovirus
for the times shown. Data are presented as the percent of virus particles exhibiting spectral overlap with EGFP expression (n = 12-18 cells per time point,

average of 322 particles per time point). Error bars indicate S.D.

Fluorescence intensity increased in both control- and IFITM3-
expressing cells over time; however, the kinetics of increase in
fluorescence intensity was slower in the presence of IFITM3
(p <0.05; Fig. 8). Because colocalization between virus particles
and late endosomes occurred with similar kinetics in control-
and IFITM3-expressing cells, these data suggest that IFITM3
may function to alter the rate of acidification of late endosomal
compartments.

Finally, we examined the kinetics of outer capsid proteolysis
in control- and IFITM3-expressing HeLa cells. Cells were
adsorbed with virions for 1 hat 4 °C and then incubated at 37 °C
for 0, 60, 90, or 120 min. At these time points, cells were lysed in

JUNE 14, 2013 - VOLUME 288+NUMBER 24

radioimmunoprecipitation buffer, and the lysates were ana-
lyzed by SDS-PAGE electrophoresis followed by immunoblot-
ting using a T3D-specific antiserum. Cells expressing IFITM3
exhibited delayed cleavage of u1 into u1C and 6 in comparison
to control cells (Fig. 9), with initial cleavage products detected
in control cells by 60 min post-infection and in IFITM3-ex-
pressing cells by 90 min post-infection. Together with data
regarding endosome acidification and the kinetics of ammo-
nium chloride bypass, these data indicate that IFITM3 restricts
reovirus entry by altering the efficiency of endosomal acidifica-
tion and subsequent protease activity, which serves to alter the
kinetics of outer capsid proteolysis and membrane penetration.
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FIGURE 7. IFITM3 expression delays the kinetics of reovirus escape from
ammonium chloride treatment. A, Hela vector control- or IFITM3-express-
ing cells were adsorbed with rsT3D at an m.o.i. of 25 pfu/cell for 1 h at 4 °C.
Cells were washed 3 times with PBS and incubated with prewarmed media at
37 °C. At the times shown after adsorption, ammonium chloride was added to
a final concentration of 25 mm. The percentage of infected cells was deter-
mined by fluorescent focus assay 18 h post-infection. The results are pre-
sented as the percentage of cells infected for triplicate samples. B, the data
shown in panel A were normalized to the percentage of infected cells in
untreated wells. Error bars indicate S.D. *, p < 0.05 by Student’s t test versus
vector control cells.
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FIGURE 8. IFITM3 delays the kinetics of reovirus particle entry into acidi-
fied endosomal compartments. Hela vector control- or IFITM3-expressing
cells were chilled at 4 °C for 1 h and adsorbed with 10,000 particles/cell of
reovirus-pHrodo at 4 °C for 1 h. The inoculum was removed, the unbound
virus was washed away, and the cells were supplemented with prewarmed
complete medium and incubated at 37 °C for the times shown. The cells were
analyzed by flow cytometry. The data are shown as the mean fluorescence
intensity from triplicate samples. Error bars indicate S.D. *, p < 0.05 by Stu-
dent’s t test in comparison with vector control cells.

DISCUSSION

The type I IEN system works to restrict viral infection
through many mechanisms. Requirements shared by many
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FIGURE 9. IFITM3 expression delays reovirus outer capsid cleavage.
A, Hela vector control- or IFITM3-expressing cells were adsorbed with T3D at
anm.o.i. of 100 pfu/cell for 1 h at 4 °C. Cells were washed 2 times with PBS and
incubated with prewarmed media at 37 °C. At the times shown after adsorp-
tion, cells were scraped into PBS, pelleted at 3000 X g, and resuspended in
radioimmunoprecipitation buffer. Lysates were clarified by centrifugation at
13,000 X g, resolved in 4-12% polyacrylamide gels, and transferred to PVDF
membranes. The membranes were probed with a rabbit polyclonal anti-T3D
antiserum and an anti-rabbit AP-conjugated secondary antibody and visual-
ized using chemiluminescence. B, bands corresponding to w1C and & from
three individual experiments were quantified using ImageJ software and nor-
malized using nonspecific background bands. *, p < 0.05 by Student’s t test in
comparison with vector control cells.

viruses in their replication cycle provide advantageous targets
for cellular antiviral mechanisms, as a single protein or family of
proteins may prove efficacious against a large number of poten-
tial pathogens. Cell entry represents a very attractive target, as
all viruses require some mechanism to penetrate into a host cell
either at the cell surface, via endosomes, or via other cell fusion
or cell transport events. However, because viruses use a wide
variety of different receptors, targeting receptor binding or
adhesion may not be effective against a broad range of patho-
gens. In contrast, many viruses, both enveloped and non-envel-
oped, require the use of endosomal compartments either for
proteolytic cleavage or pH-dependent conformational changes
necessary for membrane fusion or penetration (41, 42). Hence,
evolving the capacity to prevent viruses from penetrating into
the cytoplasm from endosomes represents a key antiviral
response. The IFITM proteins, and in particular [FITM3, fulfill
this function by restricting endosomal viral entry mechanisms.

IFITM3 is a 133-amino acid membrane-associated protein,
and its expression is increased 4 —40-fold by type I IFN (Refs.
11,43, and 44; Fig. 1). The topology of IFITM3 in membranes is
not fully understood. It was originally characterized as having
two transmembrane domains, with the N and C termini facing
the lumen of the ER and endosomes (10, 11, 46). However,
recent evidence suggests that it may be an intramembrane pro-
tein, with the protein termini oriented toward the cytoplasm
(47). TFITM3 is S-palmitoylated (47, 48), and palmitoylation
enhances the antiviral activity of the protein. Recent mechanis-
tic data indicate that IFITM3 may localize to endosomes con-
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taining the vacuolar ATPase proton pump ATP6vOb, leading
to alterations in the endosomal compartments including
increased association with clathrin (49).

The precise mechanism of action for IFITM3 is not fully
understood. Several possible mechanisms have been proposed
previously. IFN treatment or IFITM3 expression expands late
endosomal and autolysosomal compartments (14, 49), indica-
tive of changes in the activity of these structures. These changes
could alter the rate of acidification of endosomes before deliv-
ery of the components to lysosomes, influence cathepsin activ-
ity (either due to changes in the pH or by directly affecting
catalytic activity), or modify endosomal membrane character-
istics, such as elasticity or curvature, to prevent membrane
fusion. The latter hypothesis was strengthened by recent evi-
dence that IFITM3 alters membrane fluidity to prevent hemi-
fusion mediated by viral fusion proteins (50).

Our data indicate that IFITM3 acts in late endosomes to
restrict reovirus cell entry. Although differences in m.o.i. and
detection mechanisms make direct comparisons difficult, the
level of restriction mediated by IFITM3 against reovirus is sim-
ilar to that observed for enveloped viruses, including influenza
(11), HIV-1 (51), and West Nile Virus (13). Reovirus particles
colocalize with late endosomal markers with the same kinetics
in the presence or absence of IFITM3, indicating that IFITM3
does not alter entry into endosomal compartments. Rather,
particles access an acidic environment later in IFITM3-ex-
pressing cells, suggesting that IFITM3 alters the kinetics of
endosomal acidification. This is consistent with the observa-
tion that ISVPs are not sensitive to IFITM3; ISVPs require
endosomes for entry but do not require endosomal acidifica-
tion (21, 52). Thus, uncoating is delayed, and virions may be
delivered to lysosomes or other degradative compartments
before they can complete membrane penetration. Accordingly,
a previous study indicated that particles that do not efficiently
penetrate endosomes localize to lysosomes (23). We cannot
exclude the possibility that IFITM3 also alters the properties of
endosomal membranes to prevent membrane penetration.
Although reovirus does not possess a fusion protein like envel-
oped viruses, it does form pores in membranes to facilitate
entry, and alterations to membrane curvature, elasticity, or
bending modulus may alter the dynamics of pore formation and
prevent entry.

We observed that IFITM3 expression accounts for between
60 and 80% of the decrease in the percentage of reovirus-in-
fected cells mediated by IFN-« treatment. The fluorescent
focus assay used for this experiment primarily assesses how
many cells become productively infected, and not other aspects
of the viral replication cycle, such as levels of RNA or protein
synthesis. Therefore, these data suggest that other ISGs, includ-
ing possibly other members of the IFITM protein family, may
restrict reovirus entry. Other ISGs, including MxA (53) and
PKR (protein kinase R) (54, 55) can restrict reovirus infection
but primarily act on post-entry events such as protein synthesis.
The relative efficacy of each individual ISG in restricting reovi-
rus replication remains to be determined.

Inhibiting expression of IFITM3 after IFN treatment had a
relatively greater effect in allowing T3D infection in compari-
son to T1L. Therefore, IFITM3 could at least partially account
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for the known differences in IFN sensitivity between T3D and
T1L (56, 57). T3D ISVPs are less stable than T1L ISVPs (58)
and, therefore, may be more sensitive to changes in the endo-
somal compartment during uncoating. This phenotype is
linked to the M2 gene, particularly a Ala/Val change at position
305 in the T3D w1 protein (59, 60). This residue is located in the
6 region of w1, which forms the central region of the protein
and undergoes conformational changes during uncoating (23).
Whether alterations in this region of the protein also affect
sensitivity to IFITM3 is unknown.

Perhaps the most intriguing implication of our investigation
is that restriction by IFITM3 is not limited to enveloped viruses
that penetrate via endosomes but may include nonenveloped
viruses with similar requirements for entry as well. Many non-
enveloped viruses require access to endosomal compartments
for membrane penetration, including parvoviruses (61, 62),
adenoviruses (63, 64), and some rotaviruses (65). However, the
precise endosomal dynamics required for these viruses to pen-
etrate membranes differ. Rhesus rotavirus only requires early
endosomes for cell entry (66), whereas adenovirus and canine
parvovirus require acid-dependent activities in late endosomes
(45, 62, 67, 68). Thus, determining the full range of viruses that
are sensitive to IFITM3 expression may provide further insight
into its precise mechanism and location of action and provide
useful information in developing broad-spectrum antiviral
therapies.

The IFITM protein family, and IFITM3 in particular, repre-
sent an important interferon-inducible antiviral response.
Recent reports demonstrating that IFITM3 limits the patho-
genesis of influenza infection in mice (15, 16) and in humans
(16) highlight the relevance of this pathway for innate immu-
nity. Our data suggest that IFITM3 may play a significant role in
modulating the pathogenesis of nonenveloped viruses as well,
which could inform novel therapies for an expanded range of
clinically relevant pathogens.
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