
viruses

Article

The Inhibition of HIV-1 Entry Imposed by Interferon
Inducible Transmembrane Proteins Is Independent
of Co-Receptor Usage

Jingyou Yu 1,2 ID and Shan-Lu Liu 1,2,3,*
1 Center for Retrovirus Research, The Ohio State University, Columbus, OH 43210, USA; yu.2123@osu.edu
2 Department of Veterinary Biosciences, Department of Microbial Infection and Immunity,

The Ohio State University, Columbus, OH 43210, USA
3 Viruses and Emerging Pathogens Program, Infectious Diseases Institute, The Ohio State University,

Columbus, OH 43210, USA
* Correspondence: liu.6244@osu.edu; Tel.: +1-614-292-8690

Received: 24 June 2018; Accepted: 4 August 2018; Published: 7 August 2018
����������
�������

Abstract: Interferon inducible transmembrane proteins (IFITMs) are one of several IFN-stimulated
genes (ISGs) that restrict entry of enveloped viruses, including flaviviruses, filoviruses and
retroviruses. It has been recently reported that in U87 glioblastoma cells IFITM proteins inhibit
HIV-1 entry in a co-receptor-dependent manner, that is, IFITM1 is more inhibitory on CCR5 tropic
HIV-1 whereas IFITM2/3 confers a greater suppression of CXCR4 counterparts. However, how entry
of HIV-1 with distinct co-receptor usage is modulated by different IFITM orthologs in physiologically
relevant CD4+ T cells and monocytes/macrophages has not been investigated in detail. Here,
we report that overexpression of IFITM1, 2 and 3 in human CD4+ HuT78 cells, SupT1 cells, monocytic
THP-1 cells and U87 cells expressing CD4 and co-receptor CCR5 or CXCR4, suppressed entry of
CXCR4 tropic viruses NL4.3 and HXB2, CCR5 tropic viruses AD8 and JRFL, dual tropic 89.6 virus,
as well as a panel of 32 transmitted founder (T/F) viruses, with a consistent order of potency, that is,
IFITM3 > IFITM2 > IFITM1. Consistent with previous reports, we found that some CCR5-using
HIV-1 isolates, such as AD8 and JRFL, were relatively resistant to inhibition by IFITM2 and IFITM3,
although the effect can be cell-type dependent. However, in no case have we observed that IFITM1
had a stronger inhibition on entry of any HIV-1 strains tested, including those of CCR5-using T/Fs.
We knocked down the endogenous IFITMs in peripheral blood mononuclear cells (PBMCs) and
purified CD4+ T cells and observed that, while this treatment did greatly enhance the multiple-round
of HIV-1 replication but had modest effect to rescue the single-round HIV-1 infection, reinforcing our
previous conclusion that the predominant effect of IFITMs on HIV-1 infection is in viral producer
cells, rather than in target cells to block viral entry. Overall, our results argue against the idea that
IFITM proteins distinguish co-receptors CCR5 and CXCR4 to inhibit entry but emphasize that the
predominant role of IFITMs on HIV-1 is in producer cells that intrinsically impair the viral infectivity.
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1. Introduction

Interferon inducible transmembrane proteins (IFITMs) have been shown to be essential restriction
factors against a broad spectrum of enveloped viruses (reviewed in [1,2]), including human
immunodeficiency virus type 1 (HIV-1) [3]. Recently, we and others discovered that IFITMs not
only block HIV-1 entry into target cells but also and more potently, diminish HIV-1 infectivity in viral
producer cells [4–6]. The current proposed model for the mechanism of action of IFITM proteins on
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HIV-1 infectivity includes negative imprinting, in which IFITMs are incorporated into virions [4,5],
as well as impaired HIV-1 envelope (Env) processing [6]. Subsequent investigations showed that
IFITM proteins can distinctly inhibit HIV-1 with different tropisms; in particular, it was shown that
some CCR5 tropic viruses, including those of transmitted founders (T/Fs), were relatively resistant to
IFITM-mediated impairment of HIV-1 infectivity and entry [7,8]. Interestingly, Neil and colleagues
reported that IFITM1 is more potent to restrict entry of CCR5 viruses whereas IFITM2 and IFITM3 are
more effective to block entry of CXCR4 viruses, at least in U87 cells [8]. These results are apparently
different from some of the earlier reports in Jurkat cells, SupT1 cells and HeLa TZM-bl cells [6,9],
where IFITM2 and IFITM3 were shown to be generally more potent than IFITM1 to inhibit HIV-1,
regardless of co-receptor usage.

To further determine the roles of IFITMs in HIV-1 entry into target cells, as well as to resolve
some of the discrepancies, herein we have performed comprehensive analysis of a series of HIV-1
strains, including two CXCR4-tropic strains NL4.3 and HXB2, two CCR5-tropic viruses AD8 and JRFL,
one dual tropic 89.6, as well as twenty HIV-1 B-clade Env reference clones and twelve global T/F
viruses. To interrogate the role of endogenous IFITMs, we knocked down IFITMs in human PBMCs
and purified CD4+ T cells and determined the contribution of IFITMs in IFN-mediated inhibition
of multiple and single round of HIV-1 infection. Our results showed that IFITM proteins do not
distinguish co-receptors CCR5 and CXCR4 to inhibit HIV-1 entry but highlight a more important role
of IFITMs in diminishing viral infectivity.

2. Materials and Methods

2.1. Cell Lines and Reagents

U87.CD4.CXCR4 (Cat# 4036) and U87.CD4.CCR5 (Cat# 4035) cells were obtained from the
NIH AIDS Reagent Program. Drs. Li Wu (The Ohio State University, Columbus, OH, USA) and
Eric Freed (NCI, Frederick, MD, USA) kindly provided HuT78/CCR5 cells and peripheral blood
mononuclear cells (PBMCs), respectively. U87 and HEK293T cells were maintained in DMEM
(Hyclone) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin and streptomycin,
while HuT78/CCR5 and PBMCs were maintained in RPMI1640 (Hyclone) supplemented with 10%
FBS and 100 U/mL penicillin and streptomycin.

Human CD4+ T lymphocytes were isolated from PBMCs by negative autoMACS selection using a
CD4+ T lymphocytes isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of CD4+

T lymphocytes was above 90% after autoMACS separation as validated by CD4 staining using flow
cytometry. CD4+ T cells were activated with PHA-P (2 µg/mL) for 2 days and then maintained in
RPMI1640 with 20 U/mL interleukin-2 till use.

Antibodies against IFITM1 (Cat# 11727-3-AP), IFITM2 (Cat# 12769-1-AP) and IFITM3 (11714-1-AP)
were purchased from Proteintech Group (Chicago, IL, USA), while anti-FLAG M2 antibody was
purchased from Sigma (St. Louis, MO, USA).

Plasmids. pQCXIP/pQCXIH empty vector and FLAG-IFITM1, 2, 3 or untagged wildtype (WT)
expression plasmids have been reported previously [10]. ShRNA control and shRNA IFITM1, 2, 3
constructs were purchased from Sigma. The panel of SGA HIV-1 Subtype B T/F Env Clones (Cat#
11663, contributed by Drs. Beatrice H. Hahn, Brandon F. Keele and George M. Shaw) and the panel of
global HIV-1 Env clones (Cat# 12670, contributed by multiple international investigators [11]) were
obtained from the NIH AIDS Reagent Program. Amphotropic MLV 10A1 Env has been previously
described [10,12] and NL4.3 Env and AD8 Env constructs were kindly provided by Dr. Eric Freed. 89.6
Env was kindly provided by Dr. Jesse Kwiek (The Ohio State University, Columbus, OH, USA). HXB2
and JRFL Env were obtained from Dr. Chen Liang’s lab (McGill University, Montreal, QC, Canada).



Viruses 2018, 10, 413 3 of 16

2.2. Virus Production

One-round HIV-1 GFP reporter viruses were produced by co-transfection of pLenti-puro-GFP,
HIV-1 gag-pol ∆8.2 (containing all accessory and regulatory genes) and HIV-1 Env plasmids at ratio
of 1:1:0.5 into HEK293T cells. Similarly, intron gaussia luciferase reporter viral stocks were made
by transfecting pHIV-inGLuc, HIV-1 Gag-pol ∆8.2 and HIV Env at ratio of 1:1:0.5 into HEK293T
cells. Lentiviral shRNA viral stocks (by using pLenti-shRNA, HIV gag-pol ∆8.2 and pMDG) or
pQCXIP/pQCXIH (by using pQCXIP, MLV gag-pol and pMDG)-based retroviral stocks were similarly
produced at ratio of 1:1:0.5 into HEK293T cells. Twenty-four hours after transfection, supernatants
were collected and filtered through 0.22 µm filter and stored at −80 ◦C until use.

2.3. Stable Cell Line Generation

For suspension cells, 5 × 105 HuT78/CCR5, SupT1, or THP-1 cells were seeded onto 6-well plates;
the next day, 400 µL viral stocks were applied to each well together with 5 µg/mL polybrene by
spinoculation at 1680 g, 4 ◦C for 1 h. For U87-based cells, 1 × 105 cells were seeded onto 6-well plates
overnight and 200 µL viruses were added into each well mixed with 5 µg/mL polybrene; 24 h after
transduction, DMEM or RPMI1640 medium containing 1 µg/mL puromycin or 250 µg/mL hygromycin
was applied for selection up to 2 weeks until the negative control cells were completely dead.

2.4. Virus Infection

For adherent U87 cells, GFP or luciferase reporter viruses were directly applied to 12-well
plates. For suspension cells, reporter viruses were applied to each well and spinoculated for 1 h
at 1680 g, 4 ◦C. Six hours after transduction, cells were washed once and fed with fresh medium;
48 h after transduction, cells were collected and analyzed by flow cytometer (Attune, Fisher Scientific,
Hampton, NH, USA) or by measuring gaussia luciferase activity using a Microplate reader (FilterMax
F5, Molecular Devices, San Jose, CA, USA). For primary CD4+ T cells, cells were first transduced
with shRNA control or pooled shRNA IFITM1, 2, 3 stocks by spinoculation. Forty-eight hours after
transduction, cells were treated with or without 500 IU/mL IFNα2b for 12 h. Infectious NL4.3 or NL4.3
Env- pseudotypes expressing intron gaussia luciferase reporter (NL4.3 Env/HIV-inGLuc) were then
applied and cell media were changed with fresh RPMI1640 (with 20 IU/mL rIL-2). Forty-eight hours
after infection/transduction, cells were collected for flow cytometric analysis and virus supernatants
were collected for determination of HIV-1 production and infectivity.

2.5. Flow Cytometry

CD4+ T cells were washed twice with cold PBS plus 2% FBS and incubated on ice with pooled
anti-IFITM1, IFITM2 and IFITM3 primary antibodies (1:100 dilution in PBS/FBS buffer) for 1 h.
After three washes with 1 × PBS plus 2% FBS, cells were incubated with FITC-conjugated secondary
anti-Rabbit IgG for 45 min. Cells were washed twice and fixed with 3.7% formaldehyde for 10 min
at room temperature and analyzed by flow cytometry (Attune NxT, Fisher Scientific, Hampton, NH,
USA. Results were analyzed using the Flowjo software.

2.6. Immunoblotting

Western blotting was performed as previously described [6]. Briefly, cells were lysed in pre-chilled
RIPA buffer (1% NP-40, 50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS and protease inhibitor mixture)
for 20 min and protein samples were subjected to 10% SDS-PAGE. After proteins were transferred to
PVDF membrane, primary antibodies of interest were applied and protein signals were detected using
an Amersham Imager 600, GE Health Care.
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2.7. Statistical Analysis

All statistical analyses were carried out in GraphPad Prism6 (La Jolla, CA, USA), with student
t-tests or one-way analysis of variance (ANOVA) used unless otherwise noted. Typical data from at
least 3 to 5 independent experiments were used for the analysis.

3. Results

3.1. Ectopic Expression of IFITMs in U87 Cells Inhibits CXCR4 and CCR5 HIV-1 Entry with
Equivalent Efficiency

Neil and colleagues utilized U87.CD4.CXCR4 and U87.CD4.CCR5 cells overexpressing IFITM1, 2
and 3 to investigate the possible differential effects of IFITMs on inhibiting CXCR4 and CCR5 HIV-1
entry and reported that CCR5 HIV-1 was more sensitive to inhibition by IFITM1 while CXCR4 HIV-1
was more sensitive to IFITM2 and IFITM3 [8]. To validate these results, we took the same approach
and generated U87.CD4.CXCR4 and U87.CD4.CCR5 cell lines that stably expressed a comparable level
of FLAG-tagged IFITM1, IFITM2 and IFITM3 (Figure 1A) and examined the entry of CXCR4-tropic
virus strains NL4.3 and HXB2, CCR5-tropic strains AD8 and JRFL, as well as dual tropic strain 89.6.

We first produced GFP-expressing HIV-1 pseudovirions bearing the individual Env of HIV-1 by
co-transfecting HEK293T cells with pLenti-Puro-GFP, Gag-Pol ∆8.2 and HIV-1 Env of interest and
analyzed the pseudoviral infection efficiency in U87-derived cell lines by flow cytometry. We observed
that HIV-1 GFP-pseudotypes bearing the Env of NL4.3, HXB2, 89.6, AD8 or JRFL showed a similar
trend of inhibition by three IFITM orthologs, that is, IFITM3 > IFITM2 > IFITM1, regardless of their
CXCR4 or CCR5 tropisms (Figure 1B). The extent of inhibition was approximately 2~3 fold for IFITM2
and IFITM3 and <30% for IFITM1, respectively, which were comparable to the original report by Neil
and colleagues [8]. We noticed that, while the CCR5-using JRFL HIV-1 was relatively less sensitive
to inhibition by IFITM2 and IFITM3 compared with the CXCR4-using viruses HXB2 and NL4.3,
another CCR5-using HIV-1 primary isolate, AD8, was as sensitive as HXB2 and NL4.3 to inhibition by
IFITM2 and IFITM3. In no case, however, have we found that IFITM1 exhibited a stronger inhibition
of any viruses, including CCR5 viruses, than IFITM2 and IFITM3 did (Figure 1B,C). Note that the
efficiency of entry by the dual tropic 89.6 in U87.CD4.CCR5 cells was extremely low, as measured by
GFP-positive cell population (data not shown); therefore, the result was not informative thus excluded
from Figure 1C.

The modest inhibition of IFITMs on entry of different HIV-1 strains shown above (2~3-fold)
made us to speculate that perhaps the window of flow cytometry-based entry assay might be too
narrow to distinguish the possible difference between CCR5 and CXCR4 viruses inhibited by different
IFITMs. To address this potential problem, we took advantage of the recently developed intron-gaussia
luciferase-based system for HIV (HIV-inGLuc) [13,14] and re-examined the functional effects of IFITM
proteins on CXCR4, CCR5 and dual tropic HIV-1 strains in U87 ells. The HIV-inGLuc system is
highly sensitive and quantitative compared to the classical colorimetric assays, including fluorescence
imaging and flow cytometry; and because the expression of inGLuc solely relies on infection of new
target cells, attributed to an insertion of antisense orientation of Gluc cassette in reporter vector [14],
this assay measures a single-round HIV-1 infection.
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Figure 1. Ectopic expression of IFITM proteins inhibits entry of HIV-1 CXCR4 (X4) and CCR5
(R5) strains at equivalent efficiency independent of co-receptor usage. (A) FLAG-tagged IFITM1,
2, 3 expression levels in U87.CD4.CXCR4 and U87.CD4.CCR5 stable cell lines were examined by
immunoblotting using an anti-FLAG antibody. β-actin served as loading control. (B,C) One-round
pLenti-GFP HIV-1 infection assay was performed by infecting indicated cells with pLenti-GFP
pseudotypes bearing Env of interest and percentages of GFP+ cells were quantified by flow cytometry.
Relative entry efficiency was calculated by comparing the percentages of HIV-1 GFP+ cells expressing
IFITMs with that of pQCXIH vector controls. Note that CXCR4 tropic viruses NL4.3 and HXB2 and
dual tropic virus 89.6 were examined in U87.CD4.CXCR4 cells (B); CCR5 tropic viruses AD8 and
JRFL and dual tropic 89.6 were examined in U87.CD4.CCR5 cells (C). (D,E) Single-round infection of
HIV-1 NL4.3, AD8 and 89.6 and MLV 10A1 was measured by using HIV-inGLuc reporter pseudotypes
in U87.CD4.CXCR4 (D) or U87.CD4.CCR5 cells (E). See detailed methods in the text. All data are
presented as mean ± SD of at least three independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Similar to GFP-expressing lentiviral pseudotypes described above, we produced inGLuc-reporter
viruses by co-transfection of HEK293T cells with an HIV-inGLuc (Env-deficient) vector, a packaging
vector ∆8.2 encoding HIV-1 Gag-Pol and all accessory/regulatory genes, along with the Env construct
of interest, including murine leukemia virus (MLV) 10A1 Env constructs; 10 A1 was known to be
refractory to IFITM restriction; hence, it served as a negative control [10]. As shown in Figure 1D,E,
IFITM2 and IFITM3 were more potent than IFITM1 to suppress infection of CXCR4-tropic viruses NL4.3
and HXB2 in U87.CD4.CXCR4 cells, infection of CCR5-tropic viruses AD8 and JRFL in U87.CD4.CCR5
cells, as well as infection of the dual tropic HIV-1 89.6 in both U87.CD4.CXCR4 and U87.CD4.CCR5
cells, regardless their co-receptor usages. As would be expected, IFITM2 and IFITM3 showed no
significant effect on 10A1 MLV infection, yet IFITM1 slightly enhanced 10A1 infection (Figure 1D,E).
Similar to GFP-expressing HIV-1 pseudotypes shown above, we found that JRFL was relatively
resistant to IFITMs, that is, almost no inhibition by IFITM1 and a modest inhibition by IFITM2 and
IFITM3 (Figure 1E).

We noticed that infection by the dual tropic HIV-1 89.6 in U87.CD4.CCR5 cells was almost
equivalently inhibited by IFITM1 and IFITM2; however, IFITM3 still exhibited the strongest inhibition
among all three IFITMs (Figure 1E). Additionally, the infection efficiency of the dual tropic 89.6 HIV-1
in both U87.CD4.CXCR4 and U87.CD4.CCR5 parental cells was much lower than other strains of
HIV-1 and this was particularly the case for infection of HIV-1 89.6 in U87.CD4.CCR5 cells, which was
approximately 2~3-fold above the control background. Overall, our results did not support the notion
that IFITM proteins restrict HIV-1 entry dependent of co-receptors CCR5 and CXCR4 usage.

3.2. Entry of T/F Viruses in U87 Cells Is More Sensitive to Inhibition by IFITM2 and IFITM3 than by IFITM1

We next examined a panel of HIV-1 subtype B transmitted founder (T/F) Env constructs (NIH
AIDS Reagent Program) using the highly sensitive inGLuc system described above and the results
were summarized in Figure 2A,B. Overall, IFITM3 showed the strongest inhibition on entry of all T/F
Env-mediated HIV-1 into U87.CD4/CCR5 cells, that is, approximately by 2~8-fold compared to vector
controls (Figure 2A). IFITM1 had the least effect, about 0–40% reduction relative to the mock control
(Figure 2A). The inhibitory effect of IFITM2 was between IFITM1 and IFITM3, although in several
cases IFITM2 and IFITM3 exhibited an equivalent inhibitory inhibition (Figure 2A).

The absolute infection efficiency of these T/F viruses in U87.CD4.CCR5 cells, as measured by the
gaussia luciferase activity, was plotted in Figure 2B. We noticed that three T/F HIV-1 strains, that is,
p6240_08.TA5.4622, pBRB958_06.TB1.4305 and pBRB931_06.TC3.4930 infected U87.CD4.CCR5 cells
with an efficiency comparable to or even higher than that of AD8 (Figure 2B). Eleven of these T/F
viruses had an intermediate infection efficiency, with luciferase activity ~500 fold above the mock
control (Figure 2B). The rest six T/F viruses showed a very low efficiency of infection, especially
p1059_09.A4.1460, p9012_14.B2.4571, p1058_11.B11.1550 and pWEAUd15.410.5017; the latter two were
dual tropic Env clones and exhibited a gaussia luciferase activity approximately 5~20-fold above
the background.

We further tested HIV-1 entry mediated by a panel of 12 global T/F Envs (NIH AIDS Reagent
Program) that cover subtypes A, B, C, G, AE, BC and AC in U87.CD4/CCR5 cells expressing different
IFITM orthologs. As shown in Figure 2C, IFITM3 displayed the strongest inhibition on all of these
T/Fs, that is, up to 5-fold reduction; IFITM2 showed an intermediate level of inhibition (about 2~3-fold
reduction); and IFITM1 exhibited the least effect (20–50%). Similar to the results of the subtype B Env
panel, the absolute rates of infection for these global Env pseudotypes also varied, with pBJOX2000,
pX1632 and pCH119 T/F strains highly efficient yet other T/F viruses, in particular p246F3, much less
efficient (Figure 2D).

Taken all the data from subtype B and global Env panels together, we concluded that HIV-1 T/F
strains are sensitive to restriction by IFITMs, with efficiency of inhibition ranged from high to low as
IFITM3 > IFITM2 > IFITM1, in U87.CD4.CCR5 cells. These results differed from some of those shown
by Neil and colleagues [8].
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Figure 2. Entry of T/F viruses is more sensitive to inhibition by IFITM2 and 3 than by IFITM1.
Twenty subtype B HIV-1 Envs from American countries (A,B) and twelve global (C,D) T/F HIV-1
Envs were used to pseudotype the HIV-inGLuc vector and their entry into U87.CD4.CCR5 cells
was determined by measuring the gaussia luciferase activity. The relative (A,C) and absolute (B,D)
comparisons of viral infection, indicative of entry, were plotted, respectively. Red squares indicate two
dual tropic T/F viruses. Relative entry was calculated by comparing the gaussia luciferase activities
of IFITM-expressing cells with those of pQCXIH vector control; data are mean ± SD of at least three
independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. Expression of IFITM Proteins in HuT78, SupT1 and THP-1 Cells Equivalently Inhibits CXCR4 and CCR5
HIV-1 Entry

The U87 cell lines used by Neil and colleagues [8], as well as in our experiments shown above,
are neuroblastoma-derived cells, which are not the natural targets of HIV-1 infection. We next sought
to determine if the above results obtained from U87 cells could be corroborated in CD4+ T cells and
monocytes. To achieve infection of both CXCR4 and CCR5 HIV-1 strains, we utilized a HuT78 cell
line, which expresses an endogenous level of CD4 and CXCR4 [15] but was transiently transduced to
express CCR5 and different IFITMs. After being confirmed to express an equal level of IFITM proteins
in these cells as shown in Figure 3A, these cells were infected with HIV-inGLuc reporter viruses
bearing Env proteins of NL4.3, AD8 or 89.6. We observed that, IFITM3 and to a lesser extent IFITM2,
was more potent than IFITM1 to inhibit entry mediated by NL4.3, AD8 and 89.6 Env (Figure 3B),
regardless of their co-receptor preferences. As would be expected, IFITMs had no effect on entry
mediated by 10A1 MLV Env (Figure 3B,C). Of note, AD8 Env-mediated entry in HuT78/CCR5 cells was
relatively resistant to all three IFITM orthologs compared with NL4.3 and 89.6 (Figure 3B), which was
consistent with previously published results [7]. The efficiencies of NL4.3, AD8 and 89.6 infection,
as measured by their original luciferase activities in parental Hut-78/CCR5 cells, were plotted in
Figure 3C, showing that AD8 had the highest rate of infection, ~4~fold and ~50-fold above HIV-1
NL4.3 and 89.6, respectively.

We next examined entry of NL4.3, AD8 and 89.6 pseudotypes in monocyte-derived CD4+ THP-1
cells stably expressing IFITMs. The expression levels of IFITM1, IFITM2 and IFITM3 in these THP-1
cells were comparable, as confirmed by western blotting (Figure 3D). Interestingly, we found that
IFITM2 and IFITM3 proteins were almost equally efficient, as compared with IFITM1, to inhibit
entry of all three HIV-1 pseudotypes, despite that AD8 was relatively resistant to all three IFITMs
(Figure 3E). The absolute infection efficiency of these pseudotyped viruses in these THP-1 cells is
shown in Figure 3F, again with NL4.3 being the highest, compared with AD8 and 89.6, which were
3~6-fold above the background control. Accumulatively, these data showed that IFITM2 and IFITM3
are strong inhibitors of HIV-1 entry in CD4+ HIV-relevant T lymphocytes and monocytes, similar to
what was observed in U87 cells.

To determine if FLAG-tagged IFITM constructs used in above experiments had the same antiviral
activities as their untagged wildtypes (WTs), we generated SupT1 cells stably expressing FLAG-IFITMs
and WT IFITMs, respectively. We first compared the expression levels of these IFITMs in SupT1 cells,
in parallel with that of parental SupT1 cells treated with different doses of IFNα2b. We observed
that the levels of FLAG-tagged IFITMs were comparable to those of untagged IFITMs, the levels of
both corresponded to approximately 300 U (for IFITM2/3) or 1000 U (for IFITM1) IFNα2b-induced
endogenous IFITMs in SupT1 cells (Figure 3G). We next examined the effect of these FLAG-tagged
IFITMs and WT IFITMs on infection of SupT1 cells by using HIV-1 NL4.3 inGLuc pseudotypes and
observed that FLAG-tagged IFITMs were generally 25–30% more potent to inhibit HIV-1 infection
compared with the corresponding WT IFITMs (Figure 3H). However, the trend of inhibition in term of
potency by WT IFITMs was the same as that of FLAG-IFITMs, that is, IFITM3 > IFITM2 > IFITM1.
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Figure 3. Ectopic expression of IFITM proteins in CD4+ HuT78 and THP-1 cells equivalently inhibits
entry of HIV-1 CXCR4 and CCR5 isolates. Experiments were performed the same as described for
Figures 1 and 2, except that HuT78 and THP-1 cells expressing individual IFITMs were used for
infection. (A) IFITM1, 2, 3 expression levels in HuT78/CCR5 cells were examined by immunoblotting
using an anti-FLAG antibody. (B,C) Infection of HIV-inGLuc bearing the Env of MLV 10A1, HIV-1
NL4.3, AD8 or 89.6, indicative of entry, in HuT78/CCR5 cells was shown. Relative entry efficiency was
shown in (B) and absolute luciferase activities were plotted in (C). (D) IFITM1, 2, 3 expression levels in
THP-1/CCR5 cells were examined by immunoblotting using an anti-FLAG antibody. (E,F) Infection
of HIV-inGLuc bearing the Env of MLV 10A1, HIV-1 NL4.3, AD8 or 89.6, indicative of entry,
in THP-1/CCR5 cells was presented. Relative entry efficiency was shown in (E) and absolute luciferase
activities were plotted in (F). (G) Expression of FLAG-tagged and untagged wildtype (WT) IFITMs in
SupT1 cells, as well as their comparisons with endogenous IFITMs in SupT1 cells induced by IFNα2b
treatment (0, 100, 300 and 1000 U/mL). β-actin served as loading control. (H) Effect of FLAG-tagged
and WT IFITMs on HIV-1 NL4.3 inGLuc infection in SupT1 cells determined by gaussia luciferase
activities 48 h after infection. Data are mean ± SD from at least three independent experiments;
* p < 0.05, ** p < 0.01, *** p < 0.001.
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3.4. Endogenous IFITM Proteins in CD4+ T Cells Play Critical Role in IFN-Mediated Restriction of HIV-1
Replication but Contribute Less at the Entry Level

We next interrogated the roles of endogenous IFITM proteins in modulating HIV-1 infection
in primary human CD4+ PBMCs and purified T lymphocytes. Because short-hairpin RNAs against
IFITMs (shRNA IFITMs) exhibit cross-knockdown activities against different IFITM orthologs [6],
making the evaluation of the contributions of individual IFITMs to HIV-1 entry challenging, we decided
to knock down all three IFITMs altogether by using a mixed pool of shRNAs and compared the overall
function of IFITMs on infection of CXCR4 and CCR5 HIV-1 strains, i.e., NL4.3 and AD8, respectively.
Human PBMCs of two healthy donors were transiently transduced with lentiviral pseudovirions
expressing a mixed pool of human IFITM shRNAs (IFITM1, 2 and 3) and the IFITM knockdown
efficiency, in the presence or absence of IFNα2b, was assessed and confirmed by western blotting
shown in Figure 4A. Single-round infection assays using inGLuc pseudotypes showed that in the
absence of IFNα2b, knockdown of IFITMs in donor 1 and donor 2 (Figure 4B,C) modestly increased
HIV-1 NL4.3 entry (~50%), yet more potently elevated entry of AD8 (~2–3-fold). Notably, treatment
of PBMCs with IFNα2b decreased NL4.3 and AD8 entry by roughly 2-fold in the shRNA control,
yet had very modest effect, approximately 30–50% increase, on PBMCs treated with shRNA IFITMs
(Figure 4B,C). These results suggested that IFITMs do not significantly contribute to the IFN-mediated
inhibition of HIV-1 entry and implied that other ISGs as yet to be discovered in target PBMCs are
likely involved in restricting HIV-1 entry. The ~2-fold increase in HIV-1 entry as a result of IFITM
knockdown was actually consistent with the ~2–3-fold inhibition by IFITM overexpression in most cell
lines, including U87, HuT78, SupT1 and THP-1 cells shown above.

The modest effect of type I IFN, especially IFITMs, on HIV-1 entry observed above prompted
us to directly compare the effects of type I IFN on one-round HIV infection (based on inGLuc) and
multiple-around HIV-1 replication (based on viral infectivity in HeLa-TZM cells). We purified human
CD4+ T cells from PBMCs of two additional donors, donor 3 and donor 4, and utilized the same set of
shRNAs to knock down IFITMs in purified CD4+ cells; cells were subsequently treated with IFNα2b
for 24 h before being infected with HIV-inGLuc or infectious NL4.3. The knockdown efficiency of
IFITMs was evaluated and confirmed by flow cytometry using mixed anti-IFITM antibodies shown in
Figure 4D,G. We observed that IFITM proteins were indeed induced by type I IFN and that treatment
of cells with IFITM shRNAs efficiently knocked down the IFITM protein expression (Figure 4D,G).
Type I IFN greatly suppressed the replication of HIV-1 NL4.3 in shRNA control cells, that is, by 5- and
10-fold in donor 3 and donor 4, respectively, and knockdown of IFITMs attenuated the IFN-mediated
restriction of HIV-1 replication to 2~2.5-fold (Figure 4E,H), implicating that IFITMs indeed play a
critical role in IFN-mediated restriction of HIV-1 replication. In one-round HIV-1 inGLuc infection
assays, which was performed side-by-side, we observed a ~2-fold reduction of HIV-1 infection in
IFNα2b-treated CD4+ T cells of both donors and that knockdown of IFITMs did not significantly rescue
the IFN-mediated inhibition on HIV-1 infection (approximately 50%) (Figure 4F,I), suggesting that
endogenous IFITMs in target CD+ T cells do not significantly contribute to IFN-mediated inhibition of
HIV-1 entry. Taken together, these data, combined with previous reports from our group and others
showing that IFITMs potently impaired HIV-1 infectivity in viral producer cells [4–6], reinforce the
notion that IFITMs do not drastically block HIV-1 entry in target CD4+ cells, which explained, in part,
why HIV-1 was originally not found to be sensitive to IFITM restriction by Brass et al. [16].
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Figure 4. Effects of type I IFN and endogenous IFITM proteins on HIV-1 entry and replication in
human PBMCs and CD4+ cells. (A–C) PBMCs from two healthy human donors were activated by
20 IU/mL IL-2 and 5 µg/mL PHAP for 3 days and were transduced with lentiviral shRNA control
or pooled shRNA IFITMs for 24 h. Cells were then treated with 500 IU/mL IFNα2b for 24 h or left
untreated and were infected with HIV-inGluc bearing Env of NL4.3 or AD8 for 24 h before being
collected for immunoblotting (A), or for measuring the luciferase activities (B,C). Relative entry was
calculated by setting the luciferase activities of cells transduced by shRNA control pseudotypes and
untreated with IFNα2b to 1.0. Different comparisons were performed as indicated, with p values
shown. (D through I) CD4+ T cells were isolated from PBMCs and transduced with lentiviral shRNA
control or pooled shRNAs against IFITM1, 2 and 3. Cells were treated with 500 IU/mL IFNα for 24 h
or were left untreated. The expression levels of IFITMs were determined by flow cytometry shown in
(D,G) for two different donors. For replication assay, cells were infected with infectious NL4.3 (E,H) for
48 h and harvested virions were used to infect HeLa-TZM cells, with firefly luciferase activities being
measured 24–48 h after infection. For one-round entry assay, cells were infected with HIV-inGLuc
reporter viruses (F,I) and gaussia luciferase activities were directly measured from the harvested
supernatants. Relative infectivity and relative entry were determined by setting the values of shRNA
control and IFNα-untreated cells to 1.0. Data were mean ± SD of three experiments, each performed in
duplicates; * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

IFITMs are one of the few ISGs that have been characterized to block viral entry [1,2,17]. Although
the detailed antiviral mechanisms remain elusive, it is generally believed that expression of IFITMs
changes the local lipid property and/or membrane mechanics, thus inhibiting virus fusion with
the host cell membrane [10]. However, recent studies from HIV and other viruses have suggested
additional mechanisms of action for IFITMs, that is, IFITMs can act in viral producer cells and/or viral
particles to impair viral infectivity [4–6,17,18]. Even more interestingly, IFITMs have been shown to
enhance human CMV assembly and human coronavirus OC43 entry, although the exact mechanisms
of which are currently unknown [19,20].

Earlier investigations into the effect of IFITMs on HIV-1 have mainly focused on the effects of
IFITM proteins on entry in target cells and revealed generally no or moderate inhibition of HIV-1
entry [16,21]. However, long-term HIV-1 replication assay revealed that IFITM proteins indeed potently
suppress HIV-1 spread in SupT1 and other cells, as well as block cell-to-cell transmission [3,5,6,22,23].
The discrepancy was partially resolved by several recent studies, including ours, showing that IFITM
proteins mainly act in viral producer cells and/or in IFITM-bearing virions by diminishing HIV-1
infectivity [4–6]. In a recent study, our collaborator Chen Liang’s group has found that some CCR5
viruses, including AD8, YU-2 and certain T/F viruses, are relatively resistant to IFITM-mediated
inhibition of HIV-1 infectivity compared with some CXCR4 viruses, such as NL4.3 and dual tropic
89.6 [7]. Interestingly, a recent study by Neil and colleagues reported that the effect of IFITMs on HIV-1
entry in target cells is co-receptor dependent, showing that IFITM1 preferentially inhibited entry of
CCR5-using HIV-1, including T/F viruses, whereas IFITM2 and 3 were more potent to block entry of
CXCR4-using HIV-1 isolates [8], which differed from some of the previous reports [4,6,7,24]. To clarify
the discrepancies for the effect of IFITMs on HIV-1 entry, in this work we generated a set of U87.CD4
cell lines expressing either CCR5 or CXCR4, along with different IFITMs similar to those reported by
Neil and colleagues and applied GFP as well as intron gaussia luciferase reporter viruses to examine
the effects of different IFITMs on the entry of some representative HIV-1 strains and primary isolates.
In addition to U87 cells, we also tested the effect of IFITMs on HIV-1 infection of more physiologically
relevant human CD4+ T cells and monocytes. We observed that, despite the comparable IFITM1, 2 and
3 expression in different cell line systems, the patterns of IFITM inhibition on HIV-1 entry—as ranked
by their potency of inhibition—remained the same, that is, IFITM3 > IFITM2 > IFITM1, irrespective of
the virus strains tested and the cell lines used.

It has been generally agreed that IFITM1 is expressed predominantly on the plasma membrane
and thus more potently inhibit entry of viruses that fuse on the cell surface; in contrast, IFITM2 and
IFITM3 are predominantly localized in the endosomal membranes, thus more potently inhibiting
viruses that enter cells through endocytosis. In this respect, our results may favor a model that HIV-1
fusion predominantly occurs in endosome, as having been shown by Melikyan’s group and others,
regardless of co-receptor usages [25,26]. However, we must stress that this mechanism of HIV-1 entry
currently remains controversial [27–30]. Furthermore, the subcellular localization of IFITM2 and 3 in
endosomes may not necessarily be associated with their inhibition of HIV-1 entry [31,32]. It is possible
that IFITM1 is intrinsically weaker than IFITM2 and IFITM3 to suppress entry of HIV-1 and other
viruses [16,33,34], regardless of the viral entry pathways. It has been frequently demonstrated that
overexpression of IFITM1 can result in its abundant expression in endolysosomes, in addition to the
plasma membrane; however, its effect on entry of many viruses tested still remains poor, supporting
that the intrinsic less potent effect of IFITM1 on entry of HIV-1 and other viruses [2,35] may be due to
its extended C-terminal amino acid sequence [6,36,37].

One of the most exciting yet highly controversial findings over the past few years is that
T/F viruses are more resistant to the host innate immunity, including restriction by IFITMs [38,39].
T/F virus is a single variant selected from a diverse pool of HIV-1 quasispecies during the establishment
of early infection and is responsible for establishment of primary infection, bottleneck transmission and
virus spread [40,41]. Indeed, we and others have reported that some of HIV-1 T/F strains are relatively
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resistant to IFITM3-mediated inhibition of viral infectivity [7,8]; however, the detailed effect of IFITMs
in target cells on entry of T/F viruses is less clear. In this work, we analyzed the effects of IFITMs on
entry of 20 subtype B and 12 global clades T/F viruses (all CCR5 tropic except two dual tropic viruses)
by using the highly sensitive HIV-inGLuc system and we observed that despite their diverse entry
efficiency, IFITM1 was consistently less potent in restricting entry of all T/F isolates compared with
IFITM2 and IFITM3. These results therefore argue against the finding by Foster et al. that IFITM1
preferentially blocks entry of CCR5 viruses [8], including T/Fs. Our results may also suggest that T/F
viruses utilize the same entry pathway as that of chronic primary isolates and lab-adapted strains.
The fact that some T/F viruses were even more potently inhibited by IFITMs, especially IFITM2
and IFITM3, compared with those of the lab-adapted NL4.3 and HXB2 viruses, argues that IFITM1
may be inherently less potent to block HIV-1 entry. However, we cannot completely rule out the
possibility that some of the effect we observed could be cell type-dependent. While it remains to
be established whether or not T/F viruses are truly refractory to inhibition by type I IFN, including
IFN-induced IFITM proteins, one recent study reported that subtype C T/F viruses failed to show
higher replicative capacity and resistance to IFN-mediated inhibition [39]. This finding, along with
some others [42–44], raise the possibility that T/F viruses may not be universally refractory to type
I IFN as having been previously thought [38]. Using the perfectly matched T/F viruses and chronic
viruses and testing them in different and more physiologically relevant cell systems are necessary to
address this important issue.

It is still of interest but also puzzling as to why IFITM proteins expressed in our system behaved
differently from those of Foster et al., even in the same type of target U87 cells [8]. We speculated that
this could be due to the expression levels of IFITM proteins in our system versus those in Neil and
colleague’s study [8]. In addition, the N-terminal FLAG-tag in our IFITMs could contribute to some
of the differences observed. Indeed, we have observed that FLAG-tagged IFITMs are approximately
25–30% more potent than their WTs to inhibit HIV-1 infection; however, the order of potency in inhibition
for the untagged WT IFITMs and FLAG-IFITMs remains the same, that is, IFITM3 > IFITM2 > IFITM1.
Another possibility, which also needs to be explored, is whether or not some HIV-1 accessory proteins
present in pseudotyped viruses could influence the effect of different IFITMs on HIV-1 infection.

In this work, we also examined the role of endogenous IFITMs in HIV-1 entry and compared
with their effect on HIV-1 replication in parallel. We found that knockdown of IFITMs had modest
effect on rescuing IFN-mediated inhibition of HIV-1 entry, in contrast to its stronger effect on viral
replication. In addition, we showed that the type I IFN itself was not highly effective to block HIV-1 entry,
as compared its suppression of HIV-1 replication—based on results from both PBMCs and purified CD4+

T cells. Overall, the results presented here, along with our previous study that compared the functional
role of IFITMs in viral producer cells and target cells in parallel [6], led us to the conclusion that the
predominant effect of IFITMs on HIV-1 is in viral producer cells that diminishes the viral infectivity but
not in target cells to block viral entry. This conclusion is also supported by several recent studies [4–6]
and explains, at least in part, why HIV-1 was originally not found to be restricted by IFITMs [16,21].

Author Contributions: J.Y. performed the experiments; J.Y. and S.-L.L. conceived and designed the experiments,
analyzed the data, wrote the paper and contributed to the editing.

Funding: This research was funded by NIH grant to SLL (R01 AI112381).

Acknowledgments: We thank members of the Liu lab for thoughtful discussion. We thank Chen Liang and Jesse
Kwiek for provision of essential reagents that made this work possible. We thank Eric Freed for provision of
human PBMCs and for valuable suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bailey, C.C.; Zhong, G.; Huang, I.C.; Farzan, M. IFITM-family proteins: The cell’s first line of antiviral
defense. Annu. Rev. Virol. 2014, 1, 261–283. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-virology-031413-085537
http://www.ncbi.nlm.nih.gov/pubmed/25599080


Viruses 2018, 10, 413 14 of 16

2. Perreira, J.M.; Chin, C.R.; Feeley, E.M.; Brass, A.L. IFITMs restrict the replication of multiple pathogenic
viruses. J. Mol. Biol. 2013, 425, 4937–4955. [CrossRef] [PubMed]

3. Lu, J.; Pan, Q.; Rong, L.; He, W.; Liu, S.L.; Liang, C. The IFITM proteins inhibit HIV-1 infection. J. Virol. 2011,
85, 2126–2137. [CrossRef] [PubMed]

4. Tartour, K.; Appourchaux, R.; Gaillard, J.; Nguyen, X.N.; Durand, S.; Turpin, J.; Beaumont, E.; Roch, E.;
Berger, G.; Mahieux, R.; et al. IFITM proteins are incorporated onto HIV-1 virion particles and negatively
imprint their infectivity. Retrovirology 2014, 11, 103. [CrossRef] [PubMed]

5. Compton, A.A.; Bruel, T.; Porrot, F.; Mallet, A.; Sachse, M.; Euvrard, M.; Liang, C.; Casartelli, N.; Schwartz, O.
IFITM proteins incorporated into HIV-1 virions impair viral fusion and spread. Cell Host Microbe 2014, 16,
736–747. [CrossRef] [PubMed]

6. Yu, J.; Li, M.; Wilkins, J.; Ding, S.; Swartz, T.H.; Esposito, A.M.; Zheng, Y.M.; Freed, E.O.; Liang, C.; Chen, B.K.;
et al. IFITM proteins restrict HIV-1 infection by antagonizing the envelope glycoprotein. Cell Rep. 2015, 13,
145–156. [CrossRef] [PubMed]

7. Wang, Y.; Pan, Q.; Ding, S.; Wang, Z.; Yu, J.; Finzi, A.; Liu, S.L.; Liang, C. The V3 loop of HIV-1 Env
determines viral susceptibility to IFITM3 impairment of viral infectivity. J. Virol. 2017, 91, e02441-16.
[CrossRef] [PubMed]

8. Foster, T.L.; Wilson, H.; Iyer, S.S.; Coss, K.; Doores, K.; Smith, S.; Kellam, P.; Finzi, A.; Borrow, P.;
Hahn, B.H.; et al. Resistance of transmitted founder HIV-1 to IFITM-mediated restriction. Cell Host Microbe
2016, 20, 429–442. [CrossRef] [PubMed]

9. Qian, J.; Le Duff, Y.; Wang, Y.M.; Pan, Q.H.; Ding, S.L.; Zheng, Y.M.; Liu, S.L.; Liang, C. Primate lentiviruses
are differentially inhibited by interferon-induced transmembrane proteins. Virology 2015, 474, 10–18.
[CrossRef] [PubMed]

10. Li, K.; Markosyan, R.M.; Zheng, Y.M.; Golfetto, O.; Bungart, B.; Li, M.; Ding, S.; He, Y.; Liang, C.; Lee, J.C.; et al.
IFITM proteins restrict viral membrane hemifusion. PLoS Pathog. 2013, 9, e1003124. [CrossRef] [PubMed]

11. deCamp, A.; Hraber, P.; Bailer, R.T.; Seaman, M.S.; Ochsenbauer, C.; Kappes, J.; Gottardo, R.; Edlefsen, P.;
Self, S.; Tang, H.; et al. Global panel of HIV-1 Env reference strains for standardized assessments of
vaccine-elicited neutralizing antibodies. J. Virol. 2014, 88, 2489–2507. [CrossRef] [PubMed]

12. Cote, M.; Kucharski, T.J.; Liu, S.L. Enzootic nasal tumor virus envelope requires a very acidic pH for fusion
activation and infection. J. Virol. 2008, 82, 9023–9034. [CrossRef] [PubMed]

13. Zhong, P.; Agosto, L.M.; Ilinskaya, A.; Dorjbal, B.; Truong, R.; Derse, D.; Uchil, P.D.; Heidecker, G.; Mothes, W.
Cell-to-cell transmission can overcome multiple donor and target cell barriers imposed on cell-free HIV.
PLoS ONE 2013, 8, e53138. [CrossRef] [PubMed]

14. Mazurov, D.; Ilinskaya, A.; Heidecker, G.; Lloyd, P.; Derse, D. Quantitative comparison of HTLV-1 and HIV-1
cell-to-cell infection with new replication dependent vectors. PLoS Pathog. 2010, 6, e1000788. [CrossRef]
[PubMed]

15. Wu, L.; Martin, T.D.; Vazeux, R.; Unutmaz, D.; KewalRamani, V.N. Functional evaluation of DC-sign
monoclonal antibodies reveals DC-sign interactions with ICAM-3 do not promote human immunodeficiency
virus type 1 transmission. J. Virol. 2002, 76, 5905–5914. [CrossRef] [PubMed]

16. Brass, A.L.; Huang, I.C.; Benita, Y.; John, S.P.; Krishnan, M.N.; Feeley, E.M.; Ryan, B.J.; Weyer, J.L.;
van der Weyden, L.; Fikrig, E.; et al. The IFITM proteins mediate cellular resistance to influenza a H1N1
virus, West Nile virus, and dengue virus. Cell 2009, 139, 1243–1254. [CrossRef] [PubMed]

17. Shi, G.; Schwartz, O.; Compton, A.A. More than meets the i: The diverse antiviral and cellular functions of
interferon-induced transmembrane proteins. Retrovirology 2017, 14, 53. [CrossRef] [PubMed]

18. Tartour, K.; Nguyen, X.N.; Appourchaux, R.; Assil, S.; Barateau, V.; Bloyet, L.M.; Burlaud Gaillard, J.;
Confort, M.P.; Escudero-Perez, B.; Gruffat, H.; et al. Interference with the production of infectious
viral particles and bimodal inhibition of replication are broadly conserved antiviral properties of IFITMs.
PLoS Pathog. 2017, 13, e1006610. [CrossRef] [PubMed]

19. Xie, M.R.; Xuan, B.Q.; Shan, J.Y.; Pan, D.; Sun, Y.M.; Shan, Z.; Zhang, J.P.; Yu, D.; Li, B.; Qian, Z.K. Human
cytomegalovirus exploits interferon-induced transmembrane proteins to facilitate morphogenesis of the
virion assembly compartment. J. Virol. 2015, 89, 3049–3061. [CrossRef] [PubMed]

20. Zhao, X.; Guo, F.; Liu, F.; Cuconati, A.; Chang, J.; Block, T.M.; Guo, J.T. Interferon induction of IFITM proteins
promotes infection by human coronavirus OC43. Proc. Natl. Acad. Sci. USA 2014, 111, 6756–6761. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.jmb.2013.09.024
http://www.ncbi.nlm.nih.gov/pubmed/24076421
http://dx.doi.org/10.1128/JVI.01531-10
http://www.ncbi.nlm.nih.gov/pubmed/21177806
http://dx.doi.org/10.1186/s12977-014-0103-y
http://www.ncbi.nlm.nih.gov/pubmed/25422070
http://dx.doi.org/10.1016/j.chom.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25464829
http://dx.doi.org/10.1016/j.celrep.2015.08.055
http://www.ncbi.nlm.nih.gov/pubmed/26387945
http://dx.doi.org/10.1128/JVI.02441-16
http://www.ncbi.nlm.nih.gov/pubmed/28100616
http://dx.doi.org/10.1016/j.chom.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27640936
http://dx.doi.org/10.1016/j.virol.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25463599
http://dx.doi.org/10.1371/journal.ppat.1003124
http://www.ncbi.nlm.nih.gov/pubmed/23358889
http://dx.doi.org/10.1128/JVI.02853-13
http://www.ncbi.nlm.nih.gov/pubmed/24352443
http://dx.doi.org/10.1128/JVI.00648-08
http://www.ncbi.nlm.nih.gov/pubmed/18632865
http://dx.doi.org/10.1371/journal.pone.0053138
http://www.ncbi.nlm.nih.gov/pubmed/23308151
http://dx.doi.org/10.1371/journal.ppat.1000788
http://www.ncbi.nlm.nih.gov/pubmed/20195464
http://dx.doi.org/10.1128/JVI.76.12.5905-5914.2002
http://www.ncbi.nlm.nih.gov/pubmed/12021323
http://dx.doi.org/10.1016/j.cell.2009.12.017
http://www.ncbi.nlm.nih.gov/pubmed/20064371
http://dx.doi.org/10.1186/s12977-017-0377-y
http://www.ncbi.nlm.nih.gov/pubmed/29162141
http://dx.doi.org/10.1371/journal.ppat.1006610
http://www.ncbi.nlm.nih.gov/pubmed/28957419
http://dx.doi.org/10.1128/JVI.03416-14
http://www.ncbi.nlm.nih.gov/pubmed/25552713
http://dx.doi.org/10.1073/pnas.1320856111
http://www.ncbi.nlm.nih.gov/pubmed/24753610


Viruses 2018, 10, 413 15 of 16

21. Schoggins, J.W.; Wilson, S.J.; Panis, M.; Murphy, M.Y.; Jones, C.T.; Bieniasz, P.; Rice, C.M. A diverse range of
gene products are effectors of the type I interferon antiviral response. Nature 2011, 472, 481–485. [CrossRef]
[PubMed]

22. Wilkins, J.; Zheng, Y.M.; Yu, J.; Liang, C.; Liu, S.L. Nonhuman primate IFITM proteins are potent inhibitors
of HIV and SIV. PLoS ONE 2016, 11, e0156739. [CrossRef] [PubMed]

23. Jia, R.; Pan, Q.; Ding, S.; Rong, L.; Liu, S.L.; Geng, Y.; Qiao, W.; Liang, C. The N-terminal region of IFITM3
modulates its antiviral activity by regulating IFITM3 cellular localization. J. Virol. 2012, 86, 13697–13707.
[CrossRef] [PubMed]

24. Wu, W.L.; Grotefend, C.R.; Tsai, M.T.; Wang, Y.L.; Radic, V.; Eoh, H.; Huang, I.C. Delta20 IFITM2 differentially
restricts X4 and R5 HIV-1. Proc. Natl. Acad. Sci. USA 2017, 114, 7112–7117. [CrossRef] [PubMed]

25. Miyauchi, K.; Kim, Y.; Latinovic, O.; Morozov, V.; Melikyan, G.B. HIV enters cells via endocytosis and
dynamin-dependent fusion with endosomes. Cell 2009, 137, 433–444. [CrossRef] [PubMed]

26. Carter, G.C.; Bernstone, L.; Baskaran, D.; James, W. HIV-1 infects macrophages by exploiting an endocytic
route dependent on dynamin, Rac1 and Pak1. Virology 2011, 409, 234–250. [CrossRef] [PubMed]

27. Herold, N.; Anders-Osswein, M.; Glass, B.; Eckhardt, M.; Muller, B.; Krausslich, H.G. HIV-1 entry in
SupT1-R5, CEM-SS, and primary CD4+ T cells occurs at the plasma membrane and does not require
endocytosis. J. Virol. 2014, 88, 13956–13970. [CrossRef] [PubMed]

28. Pelchen-Matthews, A.; Clapham, P.; Marsh, M. Role of CD4 endocytosis in human immunodeficiency virus
infection. J. Virol. 1995, 69, 8164–8168. [PubMed]

29. Herold, N.; Muller, B.; Krausslich, H.G. Reply to “Can HIV-1 entry sites be deduced by comparing bulk
endocytosis to functional readouts for viral fusion?”. J. Virol. 2015, 89, 2986–2987. [CrossRef] [PubMed]

30. Marin, M.; Melikyan, G.B. Can HIV-1 entry sites be deduced by comparing bulk endocytosis to functional
readouts for viral fusion? J. Virol. 2015, 89, 2985. [CrossRef] [PubMed]

31. Compton, A.A.; Roy, N.; Porrot, F.; Billet, A.; Casartelli, N.; Yount, J.S.; Liang, C.; Schwartz, O. Natural
mutations in IFITM3 modulate post-translational regulation and toggle antiviral specificity. EMBO Rep.
2016, 17, 1657–1671. [CrossRef] [PubMed]

32. Jakobsdottir, G.M.; Iliopoulou, M.; Nolan, R.; Alvarez, L.; Compton, A.A.; Padilla-Parra, S. On the
whereabouts of HIV-1 cellular entry and its fusion ports. Trends Mol. Med. 2017, 23, 932–944. [CrossRef]
[PubMed]

33. Mudhasani, R.; Tran, J.P.; Retterer, C.; Radoshitzky, S.R.; Kota, K.P.; Altamura, L.A.; Smith, J.M.; Packard, B.Z.;
Kuhn, J.H.; Costantino, J.; et al. IFITM-2 and IFITM-3 but not IFITM-1 restrict rift valley fever virus. J. Virol.
2013, 87, 8451–8464. [CrossRef] [PubMed]

34. Weidner, J.M.; Jiang, D.; Pan, X.B.; Chang, J.; Block, T.M.; Guo, J.T. Interferon-induced cell membrane proteins,
IFITM3 and tetherin, inhibit vesicular stomatitis virus infection via distinct mechanisms. J. Virol. 2010, 84,
12646–12657. [CrossRef] [PubMed]

35. Diamond, M.S.; Farzan, M. The broad-spectrum antiviral functions of IFIT and IFITM proteins.
Nat. Rev. Immunol. 2013, 13, 46–57. [CrossRef] [PubMed]

36. Li, K.; Jia, R.; Li, M.; Zheng, Y.M.; Miao, C.; Yao, Y.; Ji, H.L.; Geng, Y.; Qiao, W.; Albritton, L.M.; et al. A
sorting signal suppresses IFITM1 restriction of viral entry. J. Biol. Chem. 2015, 290, 4248–4259. [CrossRef]
[PubMed]

37. Jia, R.; Ding, S.; Pan, Q.; Liu, S.L.; Qiao, W.; Liang, C. The C-terminal sequence of IFITM1 regulates its
anti-HIV-1 activity. PLoS ONE 2015, 10, e0118794. [CrossRef] [PubMed]

38. Fenton-May, A.E.; Dibben, O.; Emmerich, T.; Ding, H.; Pfafferott, K.; Aasa-Chapman, M.M.; Pellegrino, P.;
Williams, I.; Cohen, M.S.; Gao, F.; et al. Relative resistance of HIV-1 founder viruses to control by
interferon-alpha. Retrovirology 2013, 10, 146. [CrossRef] [PubMed]

39. Deymier, M.J.; Ende, Z.; Fenton-May, A.E.; Dilernia, D.A.; Kilembe, W.; Allen, S.A.; Borrow, P.; Hunter, E.
Heterosexual transmission of subtype C HIV-1 selects consensus-like variants without increased replicative
capacity or interferon-alpha resistance. PLoS Pathog. 2015, 11, e1005154. [CrossRef] [PubMed]

40. Rambaut, A.; Posada, D.; Crandall, K.A.; Holmes, E.C. The causes and consequences of HIV evolution.
Nat. Rev. Genet. 2004, 5, 52–61. [CrossRef] [PubMed]

41. Haase, A.T. Targeting early infection to prevent HIV-1 mucosal transmission. Nature 2010, 464, 217–223.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature09907
http://www.ncbi.nlm.nih.gov/pubmed/21478870
http://dx.doi.org/10.1371/journal.pone.0156739
http://www.ncbi.nlm.nih.gov/pubmed/27257969
http://dx.doi.org/10.1128/JVI.01828-12
http://www.ncbi.nlm.nih.gov/pubmed/23055554
http://dx.doi.org/10.1073/pnas.1619640114
http://www.ncbi.nlm.nih.gov/pubmed/28630320
http://dx.doi.org/10.1016/j.cell.2009.02.046
http://www.ncbi.nlm.nih.gov/pubmed/19410541
http://dx.doi.org/10.1016/j.virol.2010.10.018
http://www.ncbi.nlm.nih.gov/pubmed/21056892
http://dx.doi.org/10.1128/JVI.01543-14
http://www.ncbi.nlm.nih.gov/pubmed/25253335
http://www.ncbi.nlm.nih.gov/pubmed/7494343
http://dx.doi.org/10.1128/JVI.03376-14
http://www.ncbi.nlm.nih.gov/pubmed/25657215
http://dx.doi.org/10.1128/JVI.03352-14
http://www.ncbi.nlm.nih.gov/pubmed/25657214
http://dx.doi.org/10.15252/embr.201642771
http://www.ncbi.nlm.nih.gov/pubmed/27601221
http://dx.doi.org/10.1016/j.molmed.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28899754
http://dx.doi.org/10.1128/JVI.03382-12
http://www.ncbi.nlm.nih.gov/pubmed/23720721
http://dx.doi.org/10.1128/JVI.01328-10
http://www.ncbi.nlm.nih.gov/pubmed/20943977
http://dx.doi.org/10.1038/nri3344
http://www.ncbi.nlm.nih.gov/pubmed/23237964
http://dx.doi.org/10.1074/jbc.M114.630780
http://www.ncbi.nlm.nih.gov/pubmed/25527505
http://dx.doi.org/10.1371/journal.pone.0118794
http://www.ncbi.nlm.nih.gov/pubmed/25738301
http://dx.doi.org/10.1186/1742-4690-10-146
http://www.ncbi.nlm.nih.gov/pubmed/24299076
http://dx.doi.org/10.1371/journal.ppat.1005154
http://www.ncbi.nlm.nih.gov/pubmed/26378795
http://dx.doi.org/10.1038/nrg1246
http://www.ncbi.nlm.nih.gov/pubmed/14708016
http://dx.doi.org/10.1038/nature08757
http://www.ncbi.nlm.nih.gov/pubmed/20220840


Viruses 2018, 10, 413 16 of 16

42. Song, H.S.; Hora, B.; Giorgi, E.E.; Kumar, A.; Cai, F.P.; Bhattacharya, T.; Perelson, A.S.; Gao, F. Transmission
of multiple HIV-1 subtype c transmitted/founder viruses into the same recipients was not determined by
modest phenotypic differences. Sci. Rep. 2016, 6, 38130. [CrossRef] [PubMed]

43. Oberle, C.S.; Joos, B.; Rusert, P.; Campbell, N.K.; Beauparlant, D.; Kuster, H.; Weber, J.; Schenkel, C.D.;
Scherrer, A.U.; Magnus, C.; et al. Tracing HIV-1 transmission: Envelope traits of HIV-1 transmitter and
recipient pairs. Retrovirology 2016, 13, 62. [CrossRef] [PubMed]

44. Kijak, G.H.; Sanders-Buell, E.; Chenine, A.L.; Eller, M.A.; Goonetilleke, N.; Thomas, R.; Leviyang, S.;
Harbolick, E.A.; Bose, M.; Pham, P.; et al. Rare HIV-1 transmitted/founder lineages identified by deep viral
sequencing contribute to rapid shifts in dominant quasispecies during acute and early infection. PLoS Pathog.
2017, 13, e1006620.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep38130
http://www.ncbi.nlm.nih.gov/pubmed/27909304
http://dx.doi.org/10.1186/s12977-016-0299-0
http://www.ncbi.nlm.nih.gov/pubmed/27595568
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines and Reagents 
	Virus Production 
	Stable Cell Line Generation 
	Virus Infection 
	Flow Cytometry 
	Immunoblotting 
	Statistical Analysis 

	Results 
	Ectopic Expression of IFITMs in U87 Cells Inhibits CXCR4 and CCR5 HIV-1 Entry with Equivalent Efficiency 
	Entry of T/F Viruses in U87 Cells Is More Sensitive to Inhibition by IFITM2 and IFITM3 than by IFITM1 
	Expression of IFITM Proteins in HuT78, SupT1 and THP-1 Cells Equivalently Inhibits CXCR4 and CCR5 HIV-1 Entry 
	Endogenous IFITM Proteins in CD4+ T Cells Play Critical Role in IFN-Mediated Restriction of HIV-1 Replication but Contribute Less at the Entry Level 

	Discussion 
	References

