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Abstract: Host plasma membrane protein SERINC5 is incorporated into budding retrovirus par-
ticles where it blocks subsequent entry into susceptible target cells. Three structurally unrelated
proteins encoded by diverse retroviruses, human immunodeficiency virus type 1 (HIV-1) Nef, equine
infectious anemia virus (EIAV) S2, and ecotropic murine leukemia virus (MLV) GlycoGag, disrupt
SERINC5 antiviral activity by redirecting SERINC5 from the site of virion assembly on the plasma
membrane to an internal RAB7+ endosomal compartment. Pseudotyping retroviruses with particular
glycoproteins, e.g., vesicular stomatitis virus glycoprotein (VSV G), renders the infectivity of parti-
cles resistant to inhibition by virion-associated SERINC5. To better understand viral determinants
for SERINC5-sensitivity, the effect of SERINC5 was assessed using HIV-1, MLV, and Mason-Pfizer
monkey virus (M-PMV) virion cores, pseudotyped with glycoproteins from Arenavirus, Coronavirus,
Filovirus, Rhabdovirus, Paramyxovirus, and Orthomyxovirus genera. SERINC5 restricted virions
pseudotyped with glycoproteins from several retroviruses, an orthomyxovirus, a rhabdovirus, a
paramyxovirus, and an arenavirus. Infectivity of particles pseudotyped with HIV-1, amphotropic-
MLV (A-MLV), or influenza A virus (IAV) glycoproteins, was decreased by SERINC5, whether the
core was provided by HIV-1, MLV, or M-PMV. In contrast, particles pseudotyped with glycoproteins
from M-PMV, parainfluenza virus 5 (PIV5), or rabies virus (RABV) were sensitive to SERINC5, but
only with particular retroviral cores. Resistance to SERINC5 did not correlate with reduced SERINC5
incorporation into particles, route of viral entry, or absolute infectivity of the pseudotyped virions.
These findings indicate that some non-retroviruses may be sensitive to SERINC5 and that, in addition
to the viral glycoprotein, the retroviral core influences sensitivity to SERINC5.

Keywords: retroviruses; glycoproteins; restriction factor; SERINC5; gag; virion; pseudotype

1. Introduction

HIV-1 Nef is important for maximal virus replication in vivo and for progression to
AIDS [1–3]. Nef is a multifunctional accessory protein that downregulates CD4, MHC
Class I, and other molecules from the cell surface [4–9]. Nef also enhances HIV-1 infectivity
in single-round infection experiments [10–17] by overcoming the antiviral effects of SER-
INC5 and SERINC3 [18,19], though, of the two, SERINC5 is the more potent restriction
factor. SERINC5 is incorporated into budding virions where it inhibits subsequent fusion of
the virion membrane with target cell membranes. Nef counteracts SERINC5 by removing
it from the cell surface so that it is not incorporated into nascent virions [18–21].

HIV-1 is not the only virus inhibited by SERINC5. Simian immunodeficiency viruses
(SIV) lacking nef are also inhibited by SERINC5 and SIV nef counteracts this inhibition [18]
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with a potency that is proportional to the prevalence of SIV in feral primate populations [22].
Two examples of convergent evolution of anti-SERINC function by virally encoded proteins
are found outside of primate immunodeficiency viruses. MLV GlycoGag and EIAV S2 are
viral antagonists of SERINC5 activity, and neither share sequence or structural homology
with Nef, nor to each other [18,23–25].

The mechanism by which virion-associated SERINC5 inhibits HIV-1 entry is unknown.
The block is manifest after virion attachment to target cells, apparently at the stage of fusion
pore expansion; virion contents mix with target cell cytoplasm but virion core transfer to
the cytoplasm is inhibited [18,20,26]. Virions that are otherwise isogenic exhibit a range
of dependency on Nef and of sensitivity to SERINC5 when pseudotyped with HIV-1 Env
glycoproteins from different HIV-1 isolates [27,28]. SERINC5 increases HIV-1 sensitivity to
antibodies and peptides targeting the membrane-proximal external region (MPER) of HIV-1
TM/gp41, suggesting that it somehow alters the conformation of the HIV-1 glycoprotein
near the virion membrane [20,27]. Importantly, HIV-1 particles pseudotyped with VSV G
or Ebola virus (EBOV) glycoprotein are resistant to SERINC5 antiviral activity [18,19,25].
These initial observations suggest a correlation between the location of viral fusion and
sensitivity to SERINC5 activity, with glycoproteins that mediate fusion at the cell surface
(Env from HIV-1 and A-MLV) being sensitive and those that mediate fusion in endo-
lysosomal compartments (VSV and EBOV) being resistant [18,25], though one study is
not consistent with this idea [29]. Taken together these results indicate that the virion
glycoprotein is a viral determinant of sensitivity to SERINC5.

SERINC5 is a multipass transmembrane protein that localizes almost exclusively to
the plasma membrane [18,19]. As such, in the absence of countermeasures, all enveloped
viruses that bud through the plasma membrane would be expected to encounter SERINC5
during viral egress, and to potentially be subject to its antiviral effects. We sought to
address the breadth of SERINC5 antiviral activity and assess whether the route of entry
impacts the sensitivity of viral glycoproteins to the antiviral effects of SERINC5. To do
so, we investigated whether the co-expression of SERINC5 during viral production could
inhibit a variety of glycoprotein pseudotypes of HIV, MLV, or M-PMV cores. Using this
system, we tested the sensitivity of a number of retroviral Env glycoproteins as well as
representative glycoproteins from the Arenavirus, Coronavirus, Filovirus, Rhabdovirus,
Paramyxovirus, and Orthomyxovirus families. Consistent with previous findings, we
observed that the glycoprotein is a major determinant of SERINC5 sensitivity. While many
glycoproteins were insensitive to the antiviral effects of SERINC5 under all conditions
tested here, pseudotypes with the glycoproteins from HIV-1NL4-3, A-MLV, and IAV were
inhibited by SERINC5 in the context of all virion cores tested. No correlation was observed
between SERINC5 sensitivity and the route of viral entry mediated by the viral glycoprotein.
Unexpectedly, we also observed that sensitivity to SERINC5 antiviral activity for M-PMV,
PIV5, and RABV glycoproteins depended on the retroviral core onto which they were
pseudotyped. Our findings reveal that the interplay between virion core and glycoprotein
is a determinant of virion sensitivity to SERINC5 antiviral activity.

2. Materials and Methods
2.1. Plasmid DNA

Plasmids used in this study are described in Supplementary Table S1, including
Addgene or NIH AIDS Reagent Program code numbers (where applicable), where full
plasmid sequences can be obtained. A pcDNA3.1 based vector bearing codon-optimized
pNL4-3 env with a cytoplasmic tail truncation after residue 710 (HXB2 residue 712), similar
to that previously described [30], was generated using standard cloning techniques and is
available from Addgene.

2.2. Cell Culture

HEK293 cells were obtained from the ATCC. The HIV indicator cell line TZM-bl was
obtained from the AIDS Research and Reference Reagent Program (Cat#8129, Division of
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AIDS, NIAID, NIH) and were deposited by Drs. John C. Kappes and Xiaoyun Wu [31].
Both cell lines were maintained in DMEM supplemented with 10% FBS and 10 mM HEPES.

2.3. Virus Production, and Transductions

All viral stocks were generated by Mirus TransIT-LT1 (Mirus Bio, Madison, WI, USA)
mediated transfection of HEK293 cells. Twelve-well plates were seeded with 3 × 105

cells per well 24 h prior to transfection. Then, 3.375 µL LT1 reagent was used to trans-
fect plasmids as follows: For the production of pseudotyped HIV-1 virions 625 ng pNL-
EGFP/CMV-WPRE∆U3 [32] and 465 ng pCD/NL-BH*∆∆∆ [33] were co-transfected with
155 ng glycoprotein expression vector. For the production of pseudotyped MLV virions
625 ng pLXIN-GFP [34] and 465 ng pCS2+mGP [35] were co-transfected with 155 ng gly-
coprotein expression vector. For the production of pseudotyped M-PMV virions, 1090 ng
pSARM-EGFP [32] was co-transfected with 155 ng glycoprotein expression vector. In all
cases, either 100 ng pcDNA-SERINC5 [18] or 110 ng empty pcDNA3.1 (Thermo Fisher
Scientific, Waltham, MA, USA) vector was included in these transfections. After 16 h,
transfection medium was replaced with fresh DMEM and virus containing supernatant
was harvested 48 h after media change. This supernatant was spun for 10 min at 2500× g
to remove cellular debris and stored at 4 ◦C until used for transduction.

HEK293 or TZMbl cells were seeded at 1 × 105 or 5 × 104, respectively, in 12-well
plates 24 h prior to transduction. For experiments involving ecotropic MLV or avian
leukosis virus A, HEK293 cells were transfected in 6-well plates with 2.5 µg of pBABE-puro-
mCAT or pCMMP-TVA800 using TransIT-LT1 and the subsequent day these transfected
cells were split and plated for transductions. For transductions, culture supernatant was
replaced with three dilutions of virus containing supernatant and incubated at 37 ◦C. Virus
containing medium was replaced at 16 h and cells were incubated for an additional 48 h,
following which they were trypsinized and assessed for GFP expression via fluorescent
activated cell sorting using the Accuri C6 (BD Biosciences, San Jose, CA, USA). Analysis
was performed using FlowJo Macintosh v10.1 (FlowJo, LLC, Ashland, OR, USA).

2.4. Virion Purification and Western Blotting

Viral pseudotypes were produced as above, except transfections were performed in 6-
well plates so the number of cells plated and DNA introduced were doubled. The resulting
virus-containing supernatant was overlayed on 20% sucrose in TNE buffer (50 mM TRIS,
100 mM NaCl, 0.1 mM EDTA, pH7.4) and viruses were pelleted via ultracentrifugation
for 2 h at 125,000× g at 4 ◦C using an SW55-Ti rotor (Beckman Coulter, Indianapolis,
IN, USA). Following centrifugation, tubes were washed with 1 mL of ice cold PBS and
viral pellets were directly lysed in 50 µL 2× Laemmli buffer containing 50 mM TCEP
[Tris(2-carboxyethyl)phosphine] incubated at room temp for 5 min. Cell lysates were
prepared in parallel by washing transfected HEK293s once with 1 mL ice cold PBS, de-
taching from the plate by scraping, pelleting, and subsequently lysing for 20 min on ice in
150 µL SERINC lysis buffer (10 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM TCEP [Tris(2-
carboxyethyl)phosphine], 1% DDM [n-Dodecyl-β-D-maltoside]) containing cOmplete mini
protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA). Lysates were clarified by centrifu-
gation for 5 min at 10,000× g and 4 ◦C, following which supernatants were transferred to a
new centrifuge tube and protein content was quantified via Reducing Agent Compatible
BCA Assay (Thermo Scientific, Waltham, MA, USA) Volumes of lysate corresponding to
equal protein content were combined 1:1 with 2× Laemmli buffer containing 50 mM TCEP
and incubated at room temp for 5 min.

One half of the denatured viral pellet and approximately 8 µg protein from cellular
lysates were run on 4–15% gradient acrylamide gels, and transferred to nitrocellulose
membranes. SERINC5 levels were assessed via C-terminal HA tag using the mouse
monoclonal HA.11 (Biolegend, San Diego, CA, USA) at 1 µg/mL in Odyssey blocking
buffer (LI-COR Biotechnology, Lincoln, NE, USA). HIV-1 p24 was detected using human
monoclonal antibody 241-D [36] at a concentration of 1 µg/mL in Odyssey blocking buffer.
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MLV p30 was detected with rat monoclonal antibody R187 [37] from unpurified culture
medium following five days of culturing the R187 hybridoma (ATCC, Manassas, VA,
USA). This medium was diluted 1:200 in Odyssey blocking buffer. Cellular actin was
detected using mouse anti-actin monoclonal ACTN05 (C4) (Abcam, Cambridge, MA, USA)
at a concentration of 0.5 µg/mL in Odyssey blocking buffer. All blots were developed
using 1:10,000 dilutions of 680RD or 800CW fluorescently tagged secondary antibodies
(LI-COR Biotechnology, Lincoln, NE, USA) in Odyssey blocking buffer. Imaging of blots
was performed using an Odyssey CLx system (LI-Cor Biotechnology) at a resolution of
84 µm using the ‘high quality’ setting. Quantitation of bands was done using the box
tool in the Odyssey software package with adjacent pixels to the box serving as reference
background levels for background subtraction.

2.5. Statistics

All statistical analysis was performed with Prism v8.3.0 (GraphPad Software, LLC,
San Diego, CA, USA) and all tests were considered statistically significant when p < 0.05.

For all calculations of statistical significance the ‘Fold Reduction in Titer with SERINC5’
values were transformed to log10. This transformation was considered an appropriate
approach [38] since the variances of the data were unequal, with the variance being
proportional to the magnitude of the observed restriction—owing to the fact that the data
were a ratio of infectivities.

To determine the statistical significance of SERINC5 sensitivity of pseudotypes of a
given viral core, one-way ANOVA was performed with Dunnett’s multiple comparisons
post-test for each pseudotype against an idealized no restriction control. This control set
consisted of 4 randomly generated data points with an average (log10 value) of 0. Further,
the standard deviation of this control set was designed to be equal to the average standard
deviation of the fold reduction in infectivity with SERINC5 values from the 60 glycopro-
tein/core combinations tested (0.21328). We performed additional statistical analyses on
those glycoproteins identified as being differentially sensitive to SERINC5 antiviral activity
when pseudotyped on the different viral cores. For each glycoprotein, Brown-Forsythe
and Welsh ANOVA tests with Dunnett’s T3 multiple comparisons post-test were used to
compare each viral core against both others.

The Grubbs test was used to identify outlier data points (p < 0.05). Single data points
that were identified as outliers and excluded from further analysis were in the following
datasets: SARS CoV and EcoMLV pseudotypes of HIV-1 cores, SARS CoV and HTLV-1
pseudotypes of MLV cores, and LCMV, RD114, and EcoMLV pseudotypes of M-PMV cores.

Linear regression analysis was used to measure correlation between SERINC5 incor-
poration and the average SERINC5-restriction.

3. Results

To determine which viral glycoproteins are sensitive to the antiviral activity of SER-
INC5, pseudotyped GFP-expressing HIV-1 vectors were produced in the presence or
absence of SERINC5, and infectivity was assessed. Since antiviral activity correlates with
the level of SERINC5 expression [18], to minimize false negatives, SERINC5 was expressed
from the relatively strong CMV promoter. The panel of glycoproteins examined for SER-
INC5 sensitivity included a diverse selection of retroviral Env glycoproteins, including
those encoded by HIV-1, avian leukosis virus A (ALV-A), human endogenous retrovirus K
(HERV-K), feline endogenous retrovirus RD114, M-PMV, ecotropic MLV (EcoMLV), A-MLV,
and human T-cell lymphoma virus-1 (HTLV-1). We also tested the glycoproteins from an as-
sortment of RNA viruses including IAV (H7/N1), PIV5, measles virus, RABV, lymphocytic
choriomeningitis virus (LCMV), Marburg virus (MARV), EBOV Zaire [Mayinga], severe
acute respiratory virus coronavirus (SARS CoV), and VSV.

SERINC5 caused a greater than 100-fold reduction in viral infectivity for HIV-1 and A-
MLV Env pseudotypes, while no significant reduction was observed for EBOV or VSV gly-
coprotein pseudotypes (Figure 1a and Table 1). Nearly identical results were observed for
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HIV-1 Env when the cytoplasmic tail was truncated after residue 710 (Figure 2), a mutation
that disrupts interactions between the viral TM protein and the virion core [39]. Significant
reduction in infectivity was also observed for pseudotypes with the glycoproteins encoded
by M-PMV, A-MLV, PIV5, RD114, IAV H7/N1, RABV, and LCMV. These observations
indicate that SERINC5 restriction is not dictated by where in the cell the viral glycoprotein
mediates fusion, since fusion mediated by IAV [40], RABV [41], and LCMV [42] occurs in
a pH-dependent fashion in the endo-lysosomal compartment, while fusion mediated by
HIV-1 [43,44], A-MLV, M-PMV [45], or PIV5 [46] occurs in a pH-independent manner at
the cell surface (Figure 3).

Figure 1. Sensitivity of HIV-1 pseudotypes to SERINC5 antiviral activity. (a) Effect of SERINC5
on transduction efficiency by HIV-1 cores pseudotyped with a diverse panel of viral glycoproteins.
Transductions used HEK293 cells as target cells except that HIV-1 pseudotypes used TZMbl cells.
HEK293 cell targets were transfected with the cognate viral receptor prior to transduction with
ecotropic MLV or avian leukosis virus A pseudotypes. (b) Sensitivity of filoviral glycoprotein
pseudoviruses to SERINC5. Plotted is the difference in infectivity between viruses produced in the
absence versus the presence of SERINC5. Each condition shows results of vector production from
at least three independent transfections. Statistical significance of observed SERINC5 effects was
determined via one-way ANOVA with Dunnett’s multiple comparisons post-test as indicated in the
Materials and Methods. *, p < 0.05; **, p < 0.01; ****, p < 0.0001. HIV-1: human immunodeficiency
virus-1; ALV-A: avian leukosis virus A; HERV-K: human endogenous retrovirus K; RD114: feline
endogenous retrovirus RD114; M-PMV: Mason-Pfizer monkey virus; EcoMLV: ecotropic MLV; AMLV:
amphotropic MLV; HTLV-1: human T cell lymphotropic virus type 1; IAV: influenza A virus; PIV5:
parainfluenza virus 5; RABV: rabies virus; LCMV: lymphocytic choriomeningitis virus; MARV:
Marburg virus; EBOV: Mayinga isolate of Zaire Ebolavirus; SARS CoV: severe acute respiratory
syndrome coronavirus; VSV: vesicular stomatitis virus; LLOV: Lloviu virus; RESTV: Reston virus;
SUDV: Sudan virus; BDBV: Bundibugyo virus; TAFV: Taï Forest virus; Mayinga: Mayinga isolate of
Ebola virus; Makona: Makona isolate of Ebola virus.
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Table 1. Magnitude of SERINC5-mediated restriction and absolute infectivity for pseudotypes with the indicated viral
glycoproteins on the indicated virion cores.

HIV-1 Core MLV Core M-PMV Core

Glycoprotein Fold
Restriction a SEM n

b
Avg. Inf.

(TU/mL) c

Fold
Re-

stric-
tion

a

SEM n
b

Avg. Inf.
(TU/mL) c

Fold Re-
striction

a
SEM n

b
Avg. Inf.

(TU/mL) c

HIV-1 132.9 **** 35.6 3 1.50 × 105 23.5 ** 10.6 3 7.50 × 103 360.1
**** 181.1 3 2.63 × 104

ALV-A 3.6 1.0 4 9.30 × 106 3.4 0.6 4 1.61 × 105 3.9 1.2 4 4.32 × 105

HERV-K 1.2 0.3 3 4.96 × 102 3.2 1.4 5 2.43 × 102 1.2 0.2 4 2.10 × 103

RD114 4.6 ** 0.7 4 1.19 × 107 7.4 2.5 5 1.04 × 106 24.8 **** 10.9 6 9.40 × 105

M-PMV 1.5 0.2 3 6.50 × 104 46.3
**** 18.7 6 1.76 × 105 104.2

**** 31.9 8 3.72 × 105

EcoMLV 1.7 0.6 3 1.30 × 107 2.3 0.6 4 6.19 × 105 3.2 1.6 5 1.17 × 106

A-MLV 123.8 **** 22.7 12 1.68 × 106 61.7
**** 33.7 7 4.68 × 105 315.8

**** 87.9 12 9.80 × 105

HTLV-1 1.2 0.4 3 1.66 × 103 2.1 0.8 5 8.06 × 102 1.1 0.2 4 2.60 × 103

Flu (H7) 27.3 **** 10.6 5 6.61 × 106 67.1
**** 27.2 4 5.90 × 104 31.2 **** 9.6 8 1.01 × 106

PIV5 2.1 0.6 6 4.06 × 105 2.7 0.9 3 2.04 × 104 9.6 ** 3.5 7 2.21 × 105

Measles 2.0 0.2 4 5.49 × 104 1.5 1.0 3 9.98 × 101 0.9 0.1 4 9.01 × 103

RABV 12.0 **** 3.6 3 3.28 × 106 24.2 * 10.8 6 2.46 × 104 1.1 0.5 4 3.91 × 103

LCMV 4.1 * 1.1 3 9.76 × 106 1.2 0.1 3 1.19 × 105 5.1 2.4 7 4.65 × 105

MARV 1.9 0.5 3 9.08 × 106 2.6 0.4 3 7.19 × 104 3.1 0.8 4 2.67 × 105

EBOV 1.9 0.1 3 3.64 × 105 4.6 1.7 3 2.41 × 103 1.7 0.2 4 2.50 × 104

SARS CoV 0.9 0.2 5 1.80 × 104 3.5 1.0 4 1.42 × 103 1.0 0.2 4 5.11 × 103

VSV 3.1 0.6 11 7.86 × 107 1.1 0.2 6 2.38 × 106 1.0 0.1 11 3.68 × 106

a Pseudotypes with statistically significant SERINC5 restriction activity are highlighted in bold: *, p < 0.05; **, p < 0.01; ****, p < 0.0001.
b Number of independent viral stocks assessed. c TU = Transducing Units.

Figure 2. HIV-1 Env with a deletion in the cytoplasmic tail is sensitive to SERINC5 restriction
activity. HIV-1 pseudotypes bearing HIV-1 Env, either WT or with deletion of amino acids after 710,
were produced by co-transfection of HEK293 cells with a SERINC5 expression plasmid or control.
Target cells were TZMbl cells. Each condition shows results of vector production from at least three
independent transfections. Statistical significance of the observed SERINC5 effects was determined
as in Figure 1, and in each case p < 0.0001.
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Figure 3. Transduction of TZMbl cells is pH-dependent when vectors are pseudotyped with glyco-
protein encoded by IAV but not by HIV-1. HIV-1 virions pseudotyped with glycoproteins encoded
by either HIV-1 or IAV H7/N1 were produced by transfection of HEK293 cells. TZMbl cells were
then challenged with the pseudotyped vectors, either in the presence of NH4Cl or without. Each
condition shows results of vector production from at least three independent transfections. Statistical
significance of the observed effects of NH4Cl on IAV was p < 0.0001, determined as in Figure 1.

Next we tested a panel of filoviral glycoproteins for sensitivity to SERINC5 restriction.
All of these glycoproteins require proteolytic processing [47,48] following internalization
into the target cell and utilize the lysosomal protein NPC1 to initiate viral fusion [49,50]. In
addition to the EBOV and MARV glycoproteins tested in Figure 1a, this panel included
glycoproteins from Bundibugyo (BDBV), Lloviu (LLOV), Reston (RESTV), Sudan (SUDV),
Taï Forest (TAFV), and the 2014 Makona glycoprotein variant (A82) that initiated the 2013-
2016 outbreak, along with an infectivity-enhancing variant (GP-A82V) that arose during the
outbreak [51,52]. The magnitude SERINC5 inhibition did not achieve statistical significance
for any of the filoviral glycoproteins (Figure 1b). Among them, though, there appeared to
be modest differences in sensitivity. The RESTV and TAFV glycoproteins appeared to be
slightly more sensitive (4.3- and 2.9-fold, respectively) to SERINC5 inhibition than were
the glycoproteins of either Mayinga or Makona EBOV (1.65- and 1.2-fold, respectively).

HIV-1 Nef, MLV GlygoGag, and EIAV S2 counteract SERINC5 antiviral activity by
removing SERINC5 protein from the cell surface and relocalizing it to an endosomal
compartment [18,19,23]. Given that HIV-2 Env inhibits the human antiviral protein BST2
by downregulating it from the cell surface [53], a particular viral glycoprotein might confer
resistance to SERINC5 antiviral activity by internalizing it. That being said, there was
no obvious decrease in SERINC5 incorporation into virions in the presence of any of the
viral glycoproteins (Figure 4a,b). In fact, virions bearing glycoproteins from SARS CoV
or VSV, two glycoproteins that are resistant to SERINC5, incorporated at least twice as
much SERINC5 as did particles pseudotyped with HIV-1 or A-MLV, two glycoproteins that
are sensitive to SERINC5. When SERINC5 incorporation into particles with all seventeen
glycoproteins was considered, no correlation between SERINC5 exclusion from virions
and resistance to its antiviral effects was evident (Figure 4c).
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Figure 4. SERINC5 incorporation efficiency does not correlate with its antiviral activity. (a) [Top]
Western blots of enriched HIV-1 pseudovirions produced in the presence or absence of C-terminally
HA-tagged SERINC5. Blots were probed with mouse monoclonal anti-HA and human anti-p24
monoclonal 241-D. [Bottom] Western blots of lysates from the HEK293 cells that were used to
produce the pseudovirions in the top panel. Blots were probed with mouse anti-actin in addition
to anti-HA and anti-p24. (b) Quantitation of blots shown in panel A. The signal for SERINC5
incorporated into cell-free HIV-1 pseudovirions was normalized to p24. (c) Linear regression analysis
of normalized amounts of SERINC5 incorporated into pseudovirions (b) versus the magnitude
SERINC5 inhibition (a).

In retroviruses, glycoprotein incorporation into virions is dependent on the identity
of the virion core [54] and dictated in part by interaction between the glycoprotein TM
subunit and gag-encoded MA [55,56]. We therefore tested the effect of SERINC5 when the
same glycoproteins tested on HIV-1 cores (Figure 1a) were pseudotyped on MLV virion
cores. Several glycoproteins that were sensitive to SERINC5 restriction on HIV-1 cores
were also restricted when pseudotyped on MLV cores (the glycoproteins of HIV-1, A-MLV,
IAV, and RABV; Figure 5a and Table 1). In contrast to what was observed with HIV-1 cores,
pseudotypes with LCMV glycoprotein were not inhibited by SERINC5 to a significant
extent when incorporated on MLV cores (Figure 5a and Table 1). Though RD114 Env
pseudotyped on MLV cores was restricted ~7-fold, the magnitude of the inhibitory effect on
MLV cores did not reach statistical significance (Figure 5a and Table 1). Although M-PMV
Env was not sensitive to SERINC when pseudotyped on HIV-1, it was sensitive when
pseudotyped onto cores from MLV (Figure 5a and Table 1).



Viruses 2021, 13, 1279 9 of 14

Figure 5. Sensitivity of MLV and M-PMV pseudotypes to SERINC5 antiviral activity. The effect of
SERINC5 on the infectivity of glycoprotein pseudotypes using MLV (a) or M-PMV (b) cores was
assessed as described in Figure 1. Plotted is the difference in infectivity between virus produced in
the absence versus the presence of SERINC5 from at least three independent transfections. Statistical
significance was determined via one-way ANOVA with Dunnett’s multiple comparisons post-test as
for Figure 1. *, p < 0.05; **, p < 0.01; ****, p < 0.0001.

Analysis of the panel of glycoproteins was then extended to M-PMV cores (Figure 5b
and Table 1), on which infectivity with M-PMV Env was reduced significantly in the
presence of SERINC5. Pseudotypes of M-PMV cores with HIV-1, A-MLV, and IAV gly-
coproteins were sensitive to SERINC5 restriction, similar to these pseudotypes produced
on HIV-1 and MLV cores. RD114 Env pseudotypes of M-PMV cores were sensitive to
SERINC5 restriction as was the case with HIV-1 cores. In contrast to results with HIV-1
cores, LCMV pseudotypes on M-PMV cores were insensitive to SERINC5 antiviral activity.
RABV glycoprotein pseudotypes on M-PMV cores were not significantly affected by the
antiviral effects of SERINC5, which differs from what was observed on HIV-1 and MLV
cores. Finally, PIV5 was uniquely sensitive to the antiviral effects of SERINC5 when it was
pseudotyped on M-PMV cores.

Of the seventeen glycoproteins tested here, RD114, M-PMV, RABV, PIV5, and LCMV
displayed sensitivity to SERINC5 antiviral activity in a manner that depended on the
viral core. To determine if these core-specific differences were significant, the SERINC5
inhibitory effect for pseudotypes on each core were assessed against every other core using
analysis of variance (ANOVA). By these parameters, M-PMV pseudotypes on HIV-1 cores
were less sensitive to SERINC5 than were pseudotypes based on either MLV or M-PMV
cores (Table 2). Additionally, the analysis determined that PIV5 and RABV glycoprotein
pseudotypes built on M-PMV cores were statistically more sensitive to SERINC5 antiviral
effects than when these same glycoproteins were displayed on HIV-1 cores (Table 2). Finally,
the SERINC5 sensitivity of RD114 and LCMV glycoprotein pseudotypes did not differ
significantly on different cores (Table 2).
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Table 2. Virion core dependency of SERINC5 antiviral activity.

HIV-1 Core vs. MLV Core vs.

Glycoprotein MLV Core M-PMV Core M-PMV Core

M-PMV p = 0.0012 a p < 0.0001 N.S. b

PIV5 N.S. p = 0.0355 N.S.
Rabies N.S. p = 0.0118 N.S.
RD114 N.S. N.S. N.S.
LCMV N.S. N.S. N.S.

footera For each glycoprotein, Brown-Forsythe and Welsh ANOVA tests with Dunnett’s T3 multiple comparisons
post-test compared fold reduction in infectivity with SERINC5 for each virion core against every other virion core.
The p-value is reported for statistically significant pairwise comparisons. b N.S. = not significant (p > 0.05).

4. Discussion

Initial reports demonstrated that the viral glycoprotein is a determinant of sensitivity
to SERINC5 antiviral activity [18,19,27,28] and suggested that viral glycoproteins mediating
fusion via a pH-dependent, endocytic entry pathway are resistant to SERINC5 antiviral
activity [18,25]. Here, we examined the SERINC5 susceptibility of glycoproteins from
diverse families of enveloped viruses. Virus production from HEK293 cells in the presence
of ectopically expressed SERINC5 showed that SERINC5 inhibits virions pseudotyped
with glycoproteins from several retroviruses (HIV-1, A-MLV, RD114, and M-PMV), an
orthomyxovirus (IAV), a rhabdovirus (RABV), a paramyxovirus (PIV5), and an arenavirus
(LCMV). Nef exerts its effects within virion producer cells [17,57], so infectivity on a range
of target cells was not examined here, though relative SERINC5 restriction activity was
nearly identical when HEK-293 or NIH-3T3 were used as target cells (W.E. Diehl and J.
Luban, unpublished data). To our knowledge, these experiments are the first time that
SERINC5 restriction of non-retroviral glycoproteins has been detected. Further studies
will be needed to determine whether the glycoproteins identified here as being restricted
by SERINC5 in the context of pseudotypes—including IAV, RABV, PIV5, and LCMV—are
inhibited by endogenous SERINC5 in the context of autologous virions.

In contrast to expectations based on the SERINC5 resistance of pseudotypes with
the VSV and EBOV glycoproteins [18,19,58,59], the results reported here with IAV, RABV,
and LCMV glycoproteins demonstrate that a low pH-dependent endocytic entry pathway
does not preclude sensitivity to the antiviral effects of SERINC5. Strain-specific differences
in sensitivity to SERINC5 restriction exist for HIV-1 [18,27,28], and might exist for other
viruses, but none were detected for EBOV (Figure 1b) and the broad survey of virus
glycoproteins that was conducted here generally did not test multiple strains for each
virus. Additionally, sensitivity to SERINC5 might be expected to correlate inversely with
levels of glycoprotein incorporation on virions. This however seems unlikely since the
number of Env trimers incorporated from SERINC5-sensitive HXB2, NL4-3, and SF162
strains of HIV-1 is nearly identical to the number of trimers incorporated from SERINC5-
resistant JRFL, ADA, and YU2 strains of HIV-1 [18,27,28,60,61]. One might expect that
the magnitude SERINC5 sensitivity of the heterologous pseudoparticles used here would
correlate with absolute infectivity (Table 1). However, this was not the case since linear
regression slope values comparing SERINC5 sensitivity with absolute infectivity for the
different glycoproteins on each of the virion cores were small values approaching zero.

While retroviral Env glycoproteins from HIV-1, MLV, and RD114 have all previously
been found to be inhibited by SERINC5 [18,19], we now report that M-PMV glycoprotein is
SERINC5-sensitive as well. Given that other retroviruses encode anti-SERINC5 proteins, the
~100-fold reduction in infectivity of autologously pseudotyped M-PMV cores produced in
the presence of SERINC5 is not what might have been expected for what was an essentially
complete provirus. If the simian virus M-PMV does encode a SERINC5 antagonist, perhaps
ectopic production of SERINC5 saturated its activity, or this putative M-PMV factor lacks
the ability to inhibit SERINC5 in non-native human cells.
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Susceptibility of particular glycoproteins to the antiviral effects of SERINC5 depended
on the virion core. Comparison of SERINC5-mediated restriction with an idealized control
(see statistics Section 2 for details) identified M-PMV, PIV5, RD114, RABV, and LCMV
glycoproteins as differentially sensitive to SERINC5 inhibition (Figure 1a, Figure 3a,b, and
Table 1). However, when the magnitude of SERINC5 restriction was assessed for a given
glycoprotein across the three virions cores, differences were statistically significant for only
M-PMV, PIV5, and RABV glycoproteins (Table 2). Specifically, M-PMV glycoprotein was
sensitive to SERINC5 restriction when on MLV or M-PMV cores, but resistant when on
HIV-1 cores (Figure 1a, Figure 3a,b, and Tables 1 and 2). In contrast, RABV glycoprotein
was sensitive to SERINC5 restriction when on HIV-1 or MLV cores, but not on M-PMV
cores (Figure 1a, Figure 3a,b, and Table 1), but only RABV glycoprotein pseudotypes on
HIV-1 and M-PMV cores differed significantly (Table 2). Similarly, PIV5 glycoprotein
pseudotypes on M-PMV cores, but not on HIV-1 or MLV cores, were sensitive to SERINC5
antiviral activity (Figure 1a, Figure 3a,b, and Table 1), though only the pseudotypes on
HIV-1 and M-PMV cores differed significantly in their sensitivities to SERINC5 (Table 2). In
contrast, while LCMV glycoprotein pseudotypes on HIV-1 cores were sensitive to SERINC5
restriction, the difference in magnitude of the restriction was not statistically significant
when compared to pseudotypes on MLV or M-PMV. Finally, HIV-1 and M-PMV cores
pseudotyped with RD114 Env were sensitive to SERINC5, while pseudotypes of MLV
cores were not (Figure 1a, Figure 3a,b, and Table 1). However, no statistically significant
differences in SERINC5 restriction were identified between these viral cores, a point that
is consistent with a previous report demonstrating a magnitude of inhibition for RD114
Env-pseudotyped MLV cores by SERINC5 that was similar to what was reported here [25].

While the mechanism underlying the core-dependent antiviral activity of SERINC5
remains to be determined, several possible explanations can be envisioned. SERINC5
alters the sensitivity of HIV-1 virions to neutralization by monoclonal antibodies targeting
the HIV-1 TM MPER [20,27]. Given that MA, the membrane proximal domain of the
Gag polyprotein, contacts the retroviral TM [55,56], incorporation of SERINC5 into the
virion membrane has the potential to influence interactions between MA and TM in the
HIV-1 virion that are essential for infectivity. Similarly, SERINC5 might influence retroviral
core interactions made by the heterologous glycoproteins tested here, for which SERINC5
restriction activity was core-dependent, i.e., the M-PMV, PIV5, and RABV glycoproteins
(Table 2).

Alternatively, though the lipid composition of HIV-1 virions is not detectably altered by
SERINC5 [62], there might be conditions in which SERINC5 antiviral activity is influenced
by virion lipid composition. Retroviruses assemble at different subcellular locations and
incorporate unique assemblages of lipids during budding. For instance, HIV-1 and MLV
virions, both of which assemble and bud from cholesterol-rich microdomains of the plasma
membrane, differ in the proportions of glycerophosphatidylinositol bisphosphate (PIP2),
glycerophosphatidylethanolamine (PE), plasmalogen-glycerophosphatidylethanolamine
(pl-PE), and glucosylceramide (Glu-Cer) that they contain [63]. The lipid composition of
M-PMV virions is less well studied, but they are likely to have a different lipid makeup than
HIV-1 or MLV. This is because M-PMV does not assemble at the plasma membrane like HIV-
1 and MLV. Rather, it assembles immature particles in a perinuclear region of the cytosol and
these preformed proteinaceous shells are then transported to the plasma membrane where
the pre-assembled spherical protein shell is enveloped and released [64,65]. Additionally,
the lipid composition of non-retroviruses such as IAV is critical for virion infectivity and
may be a determinant of pathogenicity [66]. The differences in SERINC5 sensitivity for
glycoprotein pseudotypes on particular cores (Table 2) might therefore be explained by
differences in lipid content.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/v13071279/s1. Table S1. Expression plasmids used in this study.

https://www.mdpi.com/article/10.3390/v13071279/s1
https://www.mdpi.com/article/10.3390/v13071279/s1


Viruses 2021, 13, 1279 12 of 14

Author Contributions: Conceptualization, W.E.D., M.P., J.M.W. and J.L; methodology, W.E.D.,
M.H.G., T.V. and P.P.K.; formal analysis, W.E.D.; writing—original draft preparation, W.E.D. and J.L.;
writing—review and editing, W.E.D., M.P., J.M.W., and J.L.; funding acquisition, J.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH grants RO1AI148784 and 1R37AI147868 to J.L.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The following reagents were obtained through the NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH: anti-HIV-1 p24 monoclonal antibody (241-D) from Susan Zolla-Pazner
and TZMbl cells from John Kappes. Plasmids were generously provided by Juan de la Torre, Shuetsh
Fukushi, Eric Hunter, Paul Bieniasz, Miguel Sena-Esteves, Sean Whelan, John Olsen, Els Verhoyen,
François-Loïc Cosset, Didier Trono, Jakob Reiser, Graham Simmons, and Edward Callaway.

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

References
1. Deacon, N.J.; Tsykin, A.; Solomon, A.; Smith, K.; Ludford-Menting, M.; Hooker, D.J.; McPhee, D.A.; Greenway, A.L.; Ellett, A.;

Chatfield, C.; et al. Genomic Structure of an Attenuated Quasi Species of HIV-1 from a Blood Transfusion Donor and Recipients.
Science 1995, 270, 988–991. [CrossRef]

2. Kestler, H.W., 3rd; Ringler, D.J.; Mori, K.; Panicali, D.L.; Sehgal, P.K.; Daniel, M.D.; Desrosiers, R.C. Importance of the Nef Gene
for Maintenance of High Virus Loads and for Development of AIDS. Cell 1991, 65, 651–662. [CrossRef]

3. Kirchhoff, F.; Greenough, T.C.; Brettler, D.B.; Sullivan, J.L.; Desrosiers, R.C. Absence of Intact Nef Sequences in a Long-Term
Survivor with Nonprogressive HIV-1 Infection. N. Engl. J. Med. 1995, 332, 228–232. [CrossRef] [PubMed]

4. Anderson, S.; Shugars, D.C.; Swanstrom, R.; Garcia, J.V. Nef from Primary Isolates of Human Immunodeficiency Virus Type 1
Suppresses Surface CD4 Expression in Human and Mouse T Cells. J. Virol. 1993, 67, 4923–4931. [CrossRef] [PubMed]

5. Mariani, R.; Skowronski, J. CD4 down-Regulation by Nef Alleles Isolated from Human Immunodeficiency Virus Type 1-Infected
Individuals. Proc. Natl. Acad. Sci. USA 1993, 90, 5549–5553. [CrossRef]

6. Garcia, J.V.; Miller, A.D. Serine Phosphorylation-Independent Downregulation of Cell-Surface CD4 by Nef. Nature 1991, 350,
508–511. [CrossRef]

7. Stove, V.; Van de Walle, I.; Naessens, E.; Coene, E.; Stove, C.; Plum, J.; Verhasselt, B. Human Immunodeficiency Virus Nef Induces
Rapid Internalization of the T-Cell Coreceptor CD8alphabeta. J. Virol. 2005, 79, 11422–11433. [CrossRef] [PubMed]

8. Schwartz, O.; Maréchal, V.; Le Gall, S.; Lemonnier, F.; Heard, J.M. Endocytosis of Major Histocompatibility Complex Class I
Molecules Is Induced by the HIV-1 Nef Protein. Nat. Med. 1996, 2, 338–342. [CrossRef]

9. Schindler, M.; Schmökel, J.; Specht, A.; Li, H.; Münch, J.; Khalid, M.; Sodora, D.L.; Hahn, B.H.; Silvestri, G.; Kirchhoff, F. Inefficient
Nef-Mediated Downmodulation of CD3 and MHC-I Correlates with Loss of CD4+T Cells in Natural SIV Infection. PLoS Pathog.
2008, 4, e1000107. [CrossRef]

10. Chowers, M.Y.; Spina, C.A.; Kwoh, T.J.; Fitch, N.J.; Richman, D.D.; Guatelli, J.C. Optimal Infectivity in Vitro of Human
Immunodeficiency Virus Type 1 Requires an Intact Nef Gene. J. Virol. 1994, 68, 2906–2914. [CrossRef]

11. Schaeffer, E.; Geleziunas, R.; Greene, W.C. Human Immunodeficiency Virus Type 1 Nef Functions at the Level of Virus Entry by
Enhancing Cytoplasmic Delivery of Virions. J. Virol. 2001, 75, 2993–3000. [CrossRef] [PubMed]

12. Tobiume, M.; Lineberger, J.E.; Lundquist, C.A.; Miller, M.D.; Aiken, C. Nef Does Not Affect the Efficiency of Human Immunodefi-
ciency Virus Type 1 Fusion with Target Cells. J. Virol. 2003, 77, 10645–10650. [CrossRef] [PubMed]

13. Campbell, E.M.; Nunez, R.; Hope, T.J. Disruption of the Actin Cytoskeleton Can Complement the Ability of Nef to Enhance
Human Immunodeficiency Virus Type 1 Infectivity. J. Virol. 2004, 78, 5745–5755. [CrossRef] [PubMed]

14. Cavrois, M.; Neidleman, J.; Yonemoto, W.; Fenard, D.; Greene, W.C. HIV-1 Virion Fusion Assay: Uncoating Not Required and No
Effect of Nef on Fusion. Virology 2004, 328, 36–44. [CrossRef] [PubMed]

15. Day, J.R.; Münk, C.; Guatelli, J.C. The Membrane-Proximal Tyrosine-Based Sorting Signal of Human Immunodeficiency Virus
Type 1 gp41 Is Required for Optimal Viral Infectivity. J. Virol. 2004, 78, 1069–1079. [CrossRef] [PubMed]

16. Schwartz, O.; Maréchal, V.; Danos, O.; Heard, J.M. Human Immunodeficiency Virus Type 1 Nef Increases the Efficiency of Reverse
Transcription in the Infected Cell. J. Virol. 1995, 69, 4053–4059. [CrossRef]

17. Aiken, C.; Trono, D. Nef Stimulates Human Immunodeficiency Virus Type 1 Proviral DNA Synthesis. J. Virol. 1995, 69, 5048–5056.
[CrossRef]

18. Rosa, A.; Chande, A.; Ziglio, S.; De Sanctis, V.; Bertorelli, R.; Goh, S.L.; McCauley, S.M.; Nowosielska, A.; Antonarakis, S.E.; Luban,
J.; et al. HIV-1 Nef Promotes Infection by Excluding SERINC5 from Virion Incorporation. Nature 2015, 526, 212–217. [CrossRef]

19. Usami, Y.; Wu, Y.; Göttlinger, H.G. SERINC3 and SERINC5 Restrict HIV-1 Infectivity and Are Counteracted by Nef. Nature 2015,
526, 218–223. [CrossRef] [PubMed]

http://doi.org/10.1126/science.270.5238.988
http://doi.org/10.1016/0092-8674(91)90097-I
http://doi.org/10.1056/NEJM199501263320405
http://www.ncbi.nlm.nih.gov/pubmed/7808489
http://doi.org/10.1128/jvi.67.8.4923-4931.1993
http://www.ncbi.nlm.nih.gov/pubmed/8331733
http://doi.org/10.1073/pnas.90.12.5549
http://doi.org/10.1038/350508a0
http://doi.org/10.1128/JVI.79.17.11422-11433.2005
http://www.ncbi.nlm.nih.gov/pubmed/16103193
http://doi.org/10.1038/nm0396-338
http://doi.org/10.1371/journal.ppat.1000107
http://doi.org/10.1128/jvi.68.5.2906-2914.1994
http://doi.org/10.1128/JVI.75.6.2993-3000.2001
http://www.ncbi.nlm.nih.gov/pubmed/11222724
http://doi.org/10.1128/JVI.77.19.10645-10650.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970449
http://doi.org/10.1128/JVI.78.11.5745-5755.2004
http://www.ncbi.nlm.nih.gov/pubmed/15140972
http://doi.org/10.1016/j.virol.2004.07.015
http://www.ncbi.nlm.nih.gov/pubmed/15380356
http://doi.org/10.1128/JVI.78.3.1069-1079.2004
http://www.ncbi.nlm.nih.gov/pubmed/14722262
http://doi.org/10.1128/jvi.69.7.4053-4059.1995
http://doi.org/10.1128/jvi.69.8.5048-5056.1995
http://doi.org/10.1038/nature15399
http://doi.org/10.1038/nature15400
http://www.ncbi.nlm.nih.gov/pubmed/26416733


Viruses 2021, 13, 1279 13 of 14

20. Sood, C.; Marin, M.; Chande, A.; Pizzato, M.; Melikyan, G.B. SERINC5 Protein Inhibits HIV-1 Fusion Pore Formation by
Promoting Functional Inactivation of Envelope Glycoproteins. J. Biol. Chem. 2017, 292, 6014–6026. [CrossRef]

21. Trautz, B.; Pierini, V.; Wombacher, R.; Stolp, B.; Chase, A.J.; Pizzato, M.; Fackler, O.T. The Antagonism of HIV-1 Nef to SERINC5
Particle Infectivity Restriction Involves the Counteraction of Virion-Associated Pools of the Restriction Factor. J. Virol. 2016, 90,
10915–10927. [CrossRef]

22. Heigele, A.; Kmiec, D.; Regensburger, K.; Langer, S.; Peiffer, L.; Stürzel, C.M.; Sauter, D.; Peeters, M.; Pizzato, M.; Learn, G.H.;
et al. The Potency of Nef-Mediated SERINC5 Antagonism Correlates with the Prevalence of Primate Lentiviruses in the Wild.
Cell Host Microbe 2016, 20, 381–391. [CrossRef] [PubMed]

23. Chande, A.; Cuccurullo, E.C.; Rosa, A.; Ziglio, S.; Carpenter, S.; Pizzato, M. S2 from Equine Infectious Anemia Virus Is an
Infectivity Factor Which Counteracts the Retroviral Inhibitors SERINC5 and SERINC3. Proc. Natl. Acad. Sci. USA 2016, 113,
13197–13202. [CrossRef] [PubMed]

24. Pizzato, M. MLV Glycosylated-Gag Is an Infectivity Factor That Rescues Nef-Deficient HIV-1. Proc. Natl. Acad. Sci. USA 2010, 107,
9364–9369. [CrossRef]

25. Ahi, Y.S.; Zhang, S.; Thappeta, Y.; Denman, A.; Feizpour, A.; Gummuluru, S.; Reinhard, B.; Muriaux, D.; Fivash, M.J.; Rein, A.
Functional Interplay Between Murine Leukemia Virus Glycogag, Serinc5, and Surface Glycoprotein Governs Virus Entry, with
Opposite Effects on Gammaretroviral and Ebolavirus Glycoproteins. MBio 2016, 7, e01985-16. [CrossRef] [PubMed]

26. Ward, A.E.; Kiessling, V.; Pornillos, O.; White, J.M.; Ganser-Pornillos, B.K.; Tamm, L.K. HIV-Cell Membrane Fusion Intermediates
Are Restricted by Serincs as Revealed by Cryo-Electron and TIRF Microscopy. J. Biol. Chem. 2020, 295, 15183–15195. [CrossRef]

27. Lai, R.P.J.; Yan, J.; Heeney, J.; McClure, M.O.; Göttlinger, H.; Luban, J.; Pizzato, M. Nef Decreases HIV-1 Sensitivity to Neutralizing
Antibodies That Target the Membrane-Proximal External Region of TMgp41. PLoS Pathog. 2011, 7, e1002442. [CrossRef] [PubMed]

28. Usami, Y.; Göttlinger, H. HIV-1 Nef Responsiveness Is Determined by Env Variable Regions Involved in Trimer Association and
Correlates with Neutralization Sensitivity. Cell Rep. 2013, 5, 802–812. [CrossRef]

29. Timilsina, U.; Umthong, S.; Lynch, B.; Stablewski, A.; Stavrou, S. SERINC5 Potently Restricts Retrovirus Infection In Vivo. MBio
2020, 11, e00588-20. [CrossRef] [PubMed]

30. Wilk, T.; Pfeiffer, T.; Bosch, V. Retained in Vitro Infectivity and Cytopathogenicity of HIV-1 despite Truncation of the C-Terminal
Tail of the Env Gene Product. Virology 1992, 189, 167–177. [CrossRef]

31. Wei, X.; Decker, J.M.; Liu, H.; Zhang, Z.; Arani, R.B.; Kilby, J.M.; Saag, M.S.; Wu, X.; Shaw, G.M.; Kappes, J.C. Emergence of
Resistant Human Immunodeficiency Virus Type 1 in Patients Receiving Fusion Inhibitor (T-20) Monotherapy. Antimicrob. Agents
Chemother. 2002, 46, 1896–1905. [CrossRef] [PubMed]

32. Diehl, W.E.; Stansell, E.; Kaiser, S.M.; Emerman, M.; Hunter, E. Identification of Postentry Restrictions to Mason-Pfizer Monkey
Virus Infection in New World Monkey Cells. J. Virol. 2008, 82, 11140–11151. [CrossRef] [PubMed]

33. Zhang, X.-Y.; La Russa, V.F.; Bao, L.; Kolls, J.; Schwarzenberger, P.; Reiser, J. Lentiviral Vectors for Sustained Transgene Expression
in Human Bone Marrow-Derived Stromal Cells. Mol. Ther. 2002, 5, 555–565. [CrossRef] [PubMed]

34. Newman, R.M.; Hall, L.; Connole, M.; Chen, G.-L.; Sato, S.; Yuste, E.; Diehl, W.; Hunter, E.; Kaur, A.; Miller, G.M.; et al. Balancing
Selection and the Evolution of Functional Polymorphism in Old World Monkey TRIM5alpha. Proc. Natl. Acad. Sci. USA 2006, 103,
19134–19139. [CrossRef]

35. Yamashita, M.; Emerman, M. Capsid Is a Dominant Determinant of Retrovirus Infectivity in Nondividing Cells. J. Virol. 2004, 78,
5670–5678. [CrossRef] [PubMed]

36. Gorny, M.K.; Gianakakos, V.; Sharpe, S.; Zolla-Pazner, S. Generation of Human Monoclonal Antibodies to Human Immunodefi-
ciency Virus. Proc. Natl. Acad. Sci. USA 1989, 86, 1624–1628. [CrossRef]

37. Chesebro, B.; Britt, W.; Evans, L.; Wehrly, K.; Nishio, J.; Cloyd, M. Characterization of Monoclonal Antibodies Reactive with
Murine Leukemia Viruses: Use in Analysis of Strains of Friend MCF and Friend Ecotropic Murine Leukemia Virus. Virology 1983,
127, 134–148. [CrossRef]

38. Liermann, M.; Steel, A.; Rosing, M.; Guttorp, P. Random Denominators and the Analysis of Ratio Data. Environ. Ecol. Stat. 2004,
11, 55–71. [CrossRef]

39. Tedbury, P.R.; Freed, E.O. The role of matrix in HIV-1 envelope glycoprotein incorporation. Trends Microbiol. 2014, 22, 372–378.
[CrossRef] [PubMed]

40. Doms, R.W.; Gething, M.J.; Henneberry, J.; White, J.; Helenius, A. Variant Influenza Virus Hemagglutinin That Induces Fusion at
Elevated pH. J. Virol. 1986, 57, 603–613. [CrossRef] [PubMed]

41. Piccinotti, S.; Kirchhausen, T.; Whelan, S.P.J. Uptake of Rabies Virus into Epithelial Cells by Clathrin-Mediated Endocytosis
Depends upon Actin. J. Virol. 2013, 87, 11637–11647. [CrossRef] [PubMed]

42. Di Simone, C.; Zandonatti, M.A.; Buchmeier, M.J. Acidic pH Triggers LCMV Membrane Fusion Activity and Conformational
Change in the Glycoprotein Spike. Virology 1994, 198, 455–465. [CrossRef] [PubMed]

43. Stein, B.S.; Gowda, S.D.; Lifson, J.D.; Penhallow, R.C.; Bensch, K.G.; Engleman, E.G. pH-Independent HIV Entry into CD4-Positive
T Cells via Virus Envelope Fusion to the Plasma Membrane. Cell 1987, 49, 659–668. [CrossRef]

44. McClure, M.O.; Marsh, M.; Weiss, R.A. Human Immunodeficiency Virus Infection of CD4-Bearing Cells Occurs by a pH-
Independent Mechanism. EMBO J. 1988, 7, 513–518. [CrossRef] [PubMed]

45. McClure, M.O.; Sommerfelt, M.A.; Marsh, M.; Weiss, R.A. The pH Independence of Mammalian Retrovirus Infection. J. Gen.
Virol. 1990, 71, 767–773. [CrossRef]

http://doi.org/10.1074/jbc.M117.777714
http://doi.org/10.1128/JVI.01246-16
http://doi.org/10.1016/j.chom.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27631701
http://doi.org/10.1073/pnas.1612044113
http://www.ncbi.nlm.nih.gov/pubmed/27803322
http://doi.org/10.1073/pnas.1001554107
http://doi.org/10.1128/mBio.01985-16
http://www.ncbi.nlm.nih.gov/pubmed/27879338
http://doi.org/10.1074/jbc.RA120.014466
http://doi.org/10.1371/journal.ppat.1002442
http://www.ncbi.nlm.nih.gov/pubmed/22194689
http://doi.org/10.1016/j.celrep.2013.09.028
http://doi.org/10.1128/mBio.00588-20
http://www.ncbi.nlm.nih.gov/pubmed/32665269
http://doi.org/10.1016/0042-6822(92)90692-I
http://doi.org/10.1128/AAC.46.6.1896-1905.2002
http://www.ncbi.nlm.nih.gov/pubmed/12019106
http://doi.org/10.1128/JVI.00269-08
http://www.ncbi.nlm.nih.gov/pubmed/18799582
http://doi.org/10.1006/mthe.2002.0585
http://www.ncbi.nlm.nih.gov/pubmed/11991746
http://doi.org/10.1073/pnas.0605838103
http://doi.org/10.1128/JVI.78.11.5670-5678.2004
http://www.ncbi.nlm.nih.gov/pubmed/15140964
http://doi.org/10.1073/pnas.86.5.1624
http://doi.org/10.1016/0042-6822(83)90378-1
http://doi.org/10.1023/B:EEST.0000011364.71236.f8
http://doi.org/10.1016/j.tim.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/24933691
http://doi.org/10.1128/jvi.57.2.603-613.1986
http://www.ncbi.nlm.nih.gov/pubmed/3003392
http://doi.org/10.1128/JVI.01648-13
http://www.ncbi.nlm.nih.gov/pubmed/23966407
http://doi.org/10.1006/viro.1994.1057
http://www.ncbi.nlm.nih.gov/pubmed/8291229
http://doi.org/10.1016/0092-8674(87)90542-3
http://doi.org/10.1002/j.1460-2075.1988.tb02839.x
http://www.ncbi.nlm.nih.gov/pubmed/3259178
http://doi.org/10.1099/0022-1317-71-4-767


Viruses 2021, 13, 1279 14 of 14

46. Bissonnette, M.L.Z.; Connolly, S.A.; Young, D.F.; Randall, R.E.; Paterson, R.G.; Lamb, R.A. Analysis of the pH Requirement for
Membrane Fusion of Different Isolates of the Paramyxovirus Parainfluenza Virus 5. J. Virol. 2006, 80, 3071–3077. [CrossRef]

47. Chandran, K.; Sullivan, N.J.; Felbor, U.; Whelan, S.P.; Cunningham, J.M. Endosomal Proteolysis of the Ebola Virus Glycoprotein Is
Necessary for Infection. Science 2005, 308, 1643–1645. [CrossRef]

48. Gnirss, K.; Kühl, A.; Karsten, C.; Glowacka, I.; Bertram, S.; Kaup, F.; Hofmann, H.; Pöhlmann, S. Cathepsins B and L Activate
Ebola but Not Marburg Virus Glycoproteins for Efficient Entry into Cell Lines and Macrophages Independent of TMPRSS2
Expression. Virology 2012, 424, 3–10. [CrossRef]

49. Carette, J.E.; Raaben, M.; Wong, A.C.; Herbert, A.S.; Obernosterer, G.; Mulherkar, N.; Kuehne, A.I.; Kranzusch, P.J.; Griffin, A.M.;
Ruthel, G.; et al. Ebola Virus Entry Requires the Cholesterol Transporter Niemann-Pick C1. Nature 2011, 477, 340–343. [CrossRef]

50. Côté, M.; Misasi, J.; Ren, T.; Bruchez, A.; Lee, K.; Filone, C.M.; Hensley, L.; Li, Q.; Ory, D.; Chandran, K.; et al. Small Molecule
Inhibitors Reveal Niemann-Pick C1 Is Essential for Ebola Virus Infection. Nature 2011, 477, 344–348. [CrossRef]

51. Diehl, W.E.; Lin, A.E.; Grubaugh, N.D.; Carvalho, L.M.; Kim, K.; Kyawe, P.P.; McCauley, S.M.; Donnard, E.; Kucukural, A.;
McDonel, P.; et al. Ebola Virus Glycoprotein with Increased Infectivity Dominated the 2013-2016 Epidemic. Cell 2016, 167,
1088–1098.e6. [CrossRef] [PubMed]

52. Urbanowicz, R.A.; McClure, C.P.; Sakuntabhai, A.; Sall, A.A.; Kobinger, G.; Müller, M.A.; Holmes, E.C.; Rey, F.A.; Simon-Loriere,
E.; Ball, J.K. Human Adaptation of Ebola Virus during the West African Outbreak. Cell 2016, 167, 1079–1087.e5. [CrossRef]

53. Le Tortorec, A.; Neil, S.J.D. Antagonism to and Intracellular Sequestration of Human Tetherin by the Human Immunodeficiency
Virus Type 2 Envelope Glycoprotein. J. Virol. 2009, 83, 11966–11978. [CrossRef] [PubMed]

54. Jorgenson, R.L.; Vogt, V.M.; Johnson, M.C. Foreign Glycoproteins Can Be Actively Recruited to Virus Assembly Sites during
Pseudotyping. J. Virol. 2009, 83, 4060–4067. [CrossRef]

55. Freed, E.O.; Martin, M.A. Domains of the Human Immunodeficiency Virus Type 1 Matrix and gp41 Cytoplasmic Tail Required
for Envelope Incorporation into Virions. J. Virol. 1996, 70, 341–351. [CrossRef]

56. West, J.T.; Weldon, S.K.; Wyss, S.; Lin, X.; Yu, Q.; Thali, M.; Hunter, E. Mutation of the Dominant Endocytosis Motif in Human
Immunodeficiency Virus Type 1 gp41 Can Complement Matrix Mutations without Increasing Env Incorporation. J. Virol. 2002, 76,
3338–3349. [CrossRef]

57. Pandori, M.W.; Fitch, N.J.; Craig, H.M.; Richman, D.D.; Spina, C.A.; Guatelli, J.C. Producer-Cell Modification of Human
Immunodeficiency Virus Type 1: Nef Is a Virion Protein. J. Virol. 1996, 70, 4283–4290. [CrossRef] [PubMed]

58. Aiken, C. Pseudotyping Human Immunodeficiency Virus Type 1 (HIV-1) by the Glycoprotein of Vesicular Stomatitis Virus Targets
HIV-1 Entry to an Endocytic Pathway and Suppresses Both the Requirement for Nef and the Sensitivity to Cyclosporin A. J. Virol.
1997, 71, 5871–5877. [CrossRef]

59. Chazal, N.; Singer, G.; Aiken, C.; Hammarskjöld, M.L.; Rekosh, D. Human Immunodeficiency Virus Type 1 Particles Pseudotyped
with Envelope Proteins That Fuse at Low pH No Longer Require Nef for Optimal Infectivity. J. Virol. 2001, 75, 4014–4018.
[CrossRef]

60. Chertova, E.; Bess, J.W., Jr.; Crise, B.J.; Sowder, R.C., II; Schaden, T.M.; Hilburn, J.M.; Hoxie, J.A.; Benveniste, R.E.; Lifson, J.D.;
Henderson, L.E.; et al. Envelope Glycoprotein Incorporation, Not Shedding of Surface Envelope Glycoprotein (gp120/SU), Is the
Primary Determinant of SU Content of Purified Human Immunodeficiency Virus Type 1 and Simian Immunodeficiency Virus. J.
Virol. 2002, 76, 5315–5325. [CrossRef] [PubMed]

61. Brandenberg, O.F.; Magnus, C.; Rusert, P.; Regoes, R.R.; Trkola, A. Different Infectivity of HIV-1 Strains Is Linked to Number of
Envelope Trimers Required for Entry. PLoS Pathog. 2015, 11, e1004595. [CrossRef] [PubMed]

62. Trautz, B.; Wiedemann, H.; Uumlchtenborg, C.L.; Pierini, V.; Kranich, J.; Glass, B.A.; Kr Aumlusslich, H.-G.; Brocker, T.;
Pizzato, M.; Ruggieri, A.; et al. The Host-Cell Restriction Factor SERINC5 Restricts HIV-1 Infectivity without Altering the Lipid
Composition and Organization of Viral Particles. J. Biol. Chem. 2017, 292, 13702–13713. [CrossRef]

63. Chan, R.; Uchil, P.D.; Jin, J.; Shui, G.; Ott, D.E.; Mothes, W.; Wenk, M.R. Retroviruses Human Immunodeficiency Virus and Murine
Leukemia Virus Are Enriched in Phosphoinositides. J. Virol. 2008, 82, 11228–11238. [CrossRef] [PubMed]

64. Chopra, H.C.; Mason, M.M. A New Virus in a Spontaneous Mammary Tumor of a Rhesus Monkey. Cancer Res. 1970, 30, 2081–2086.
[PubMed]

65. Sfakianos, J.N.; LaCasse, R.A.; Hunter, E. The M-PMV Cytoplasmic Targeting-Retention Signal Directs Nascent Gag Polypeptides
to a Pericentriolar Region of the Cell. Traffic 2003, 4, 660–670. [CrossRef]

66. Ivanova, P.T.; Myers, D.S.; Milne, S.B.; McClaren, J.L.; Thomas, P.G.; Brown, H.A. Lipid composition of viral envelope of three
strains of influenza virus—Not all viruses are created equal. ACS Infect. Dis. 2015, 1, 399–452. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.80.6.3071-3077.2006
http://doi.org/10.1126/science.1110656
http://doi.org/10.1016/j.virol.2011.11.031
http://doi.org/10.1038/nature10348
http://doi.org/10.1038/nature10380
http://doi.org/10.1016/j.cell.2016.10.014
http://www.ncbi.nlm.nih.gov/pubmed/27814506
http://doi.org/10.1016/j.cell.2016.10.013
http://doi.org/10.1128/JVI.01515-09
http://www.ncbi.nlm.nih.gov/pubmed/19740980
http://doi.org/10.1128/JVI.02425-08
http://doi.org/10.1128/jvi.70.1.341-351.1996
http://doi.org/10.1128/JVI.76.7.3338-3349.2002
http://doi.org/10.1128/jvi.70.7.4283-4290.1996
http://www.ncbi.nlm.nih.gov/pubmed/8676450
http://doi.org/10.1128/jvi.71.8.5871-5877.1997
http://doi.org/10.1128/JVI.75.8.4014-4018.2001
http://doi.org/10.1128/JVI.76.11.5315-5325.2002
http://www.ncbi.nlm.nih.gov/pubmed/11991960
http://doi.org/10.1371/journal.ppat.1004595
http://www.ncbi.nlm.nih.gov/pubmed/25569556
http://doi.org/10.1074/jbc.M117.797332
http://doi.org/10.1128/JVI.00981-08
http://www.ncbi.nlm.nih.gov/pubmed/18799574
http://www.ncbi.nlm.nih.gov/pubmed/4195910
http://doi.org/10.1034/j.1600-0854.2003.00125.x
http://doi.org/10.1021/acsinfecdis.5b00040
http://www.ncbi.nlm.nih.gov/pubmed/26448476

	Introduction 
	Materials and Methods 
	Plasmid DNA 
	Cell Culture 
	Virus Production, and Transductions 
	Virion Purification and Western Blotting 
	Statistics 

	Results 
	Discussion 
	References

