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Analysis of viral particle heterogeneity produced from infected cells has been limited
by the inefficiency of traditional analytical methods to characterize large populations of
viruses at an individual particle level. Flow virometry (FVM) is an emerging technique
based on flow cytometry principles that enables a high throughput, multiparametric, and
phenotypic characterization of viruses at a single particle resolution. Here, we performed
FVM to analyze surface markers found on Murine Leukemia Virus (MLV) and glycosylated
Gag-deficient (glycoGag) MLV. The glycoGag viral accessory protein has several roles in
the MLV viral infection cycle including directing retroviral assembly and particle release
at lipid rafts. Based on previous studies, we hypothesize that glycoGag modulates host
protein incorporation into the viral envelope during viral assembly and budding. Here, by
using FVM, we reveal that glycoGag is associated with an increased incorporation of the
host-derived tetraspanins CD81 and CD63 along with the lipid raft marker and immune
antigen Thy1.2 during the assembly and release of viral particles from infected NIH 3T3,
EL4, and primary CD4+ T cells. Moreover, we show differences in the uptake of host
proteins by viruses that are released from the two cell lines and primary T lymphocytes.
Additionally, at the individual viral particle level, we observed a degree of expression
heterogeneity of host-derived antigens within the viral population. Finally, certain cellular
antigens can show either enrichment or exclusion from the viral envelope depending on
whether glycoGag is expressed by the virus. This suggests that glycoGag is involved in
a mechanism of selective host protein incorporation into the viral envelope.

Keywords: Murine Leukemia Virus (MLV), glycoGag, retroviruses, viral envelope, flow virometry

Frontiers in Virology | www.frontiersin.org

1 October 2021 | Volume 1 | Article 747253


https://www.frontiersin.org/journals/virology
https://www.frontiersin.org/journals/virology#editorial-board
https://www.frontiersin.org/journals/virology#editorial-board
https://www.frontiersin.org/journals/virology#editorial-board
https://www.frontiersin.org/journals/virology#editorial-board
https://doi.org/10.3389/fviro.2021.747253
http://crossmark.crossref.org/dialog/?doi=10.3389/fviro.2021.747253&domain=pdf&date_stamp=2021-10-29
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org
https://www.frontiersin.org/journals/virology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:langlois@uottawa.ca
https://doi.org/10.3389/fviro.2021.747253
https://www.frontiersin.org/articles/10.3389/fviro.2021.747253/full

Maltseva and Langlois

Host Molecule Incorporation Into Retroviral Envelopes
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GRAPHICAL ABSTRACT | We profiled the expression of a selection surface proteins on infected cells and compared their relative abundance on the surface of two
variants of Moloney murine leukemia virus that express or not the accessory protein glycoGag (lllustration made in BioRender.com).

Phenotypic Characterization

Virus

HIGHLIGHTS

- When retroviruses egress from an infected cell, they capture
some of the cell membrane which becomes part of its viral
envelope. Host proteins are not randomly inserted into the
envelope of budding retroviral particles. Certain cellular and
viral factors influence the type and abundance of host proteins
incorporated into the viral envelope at the site of viral
egress. These proteins can have functional roles in immune
escape, infectivity and even pathogenesis. Here we explore how
the retroviral accessory protein glycoGag can modulate host
protein incorporation into the viral envelope.

INTRODUCTION

Retroviruses are a diverse group of enveloped, single-stranded,
RNA viruses that infect a wide variety of vertebrates. Murine
Leukemia Virus (MLV) is often used as the prototypical
model to study more complex retroviruses such as the Human
Immunodeficiency Virus type 1 (HIV-1) and Human T-cell
Lymphotropic Virus (HTLV). MLV is a simple enveloped
retrovirus, initially presumed to code for three essential genes
that are required for the retroviral replication cycle: Group
Specific Antigen (Gag), envelope glycoprotein (Env), and viral
RNA-dependent DNA polymerase and integrase (Pol). However,
it has been shown that the MLV genome can also code for
an additional glycosylated variant of Gag known as glycoGag
which harbors an additional 88 amino acids in its N-terminus
(Figure 1A) (1-3). Recognition of an alternative CUG start
codon upstream and in frame of the gag gene codes for
a new leader sequence that directs the glycoGag protein to
the endoplasmic reticulum for N-glycosylation. Upon post-
translational modification, glycoGag is cleaved into two subunits
with the amino-terminal cleavage product of the protein
becoming membrane-associated and subsequently inserted into

the viral envelope of budding progeny virions in the NexoCeyto
orientation of a type I integral membrane protein (1, 4-6).

GlycoGag has been postulated to be an accessory protein of
MLV since it is not required for viral replication in vitro but
enhances the replication and pathogenesis of MLV in vivo (7-
14). GlycoGag has also been shown to influence viral budding
in the producer cell by directing virion assembly and release to
lipid raft microdomains, which are lipid-rich environments in the
cell membrane that are highly saturated in cholesterol (10, 11).
Finally, glycoGag provides stability to the viral core and aids MLV
in circumventing the antagonistic functions of host restriction
factors including the APOBEC3 cytidine deaminase and serine
incorporated proteins (Serinc) (3, 6, 15-17).

The majority of newly assembled retroviral particles bud at
the cell surface (18). In doing so, they capture a portion of the
lipid bilayer from the cell, viral glycoproteins, and host-associated
surface markers. This process ensures a highly controlled and
precisely executed colocalization, incorporation, and assembly
of all the virus’ structural components. In the case of MLV,
particles released are structurally extremely homogenous and
monodisperse (6, 19-21). However, the underlying mechanism
that governs host cellular antigen uptake by retroviruses and
budding viruses is not clearly understood. Several different
models have been proposed, including both passive and active
models of host-derived antigen incorporation (22-24). The
former suggests that the producer cell type predominantly
determines the viral antigenic profile (22). In contrast, several
studies have shown that cellular surface antigen uptake is not only
a passive outcome of viral egress, and that viral components can
directly influence their specific uptake. This active uptake model
involves a selective mechanism of antigen incorporation that can
be observed by the extent of viral phenotypic variability of surface
markers and their effect on infection, adhesion, neutralization,
and pathogenesis (22-29). Many of these studies note that
antigen expression levels on the surface of a host cell do not
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FIGURE 1 | Identification of the viral population by side scatter and GFP fluorescence. (A) Schematic representation of wild-type MLV (MLV) and glycoGag-deficient
MLV (MLVgg-). MLV virions present a similar scatter plot profile to MLVgg- virions when released from (B,E) NIH 3T3 fibroblast, (C,F) EL4 T lymphocytes and (D,G)
primary CD4+ T cells. The viral population of interest is resolved from background by sfGFP fluorescence and side scatter (405-SCC) intensity (B-D). Gated particles
express similar monodisperse 405-SSC and sfGFP profiles and are resolved from supernatant (sup.) collected from uninfected cells as visualized here by histogram
plots (E-G).

necessarily correlate by stoichiometry to the abundance of a
given protein on the viral envelope (25, 28-30). Although the
cell type from which the viral particles are released from is
an important determinant of viral envelope composition, viral
factors may also play an active role in influencing the envelope’s
antigenic composition. For example, myristylation sites detected
in the viral matrix protein are essential for targeting Gag assembly
to detergent-resistant microdomains and lipid rafts, areas in

which MLV and HIV-1 preferentially egress from (28, 31-33).
In conjunction, Fan and colleagues have shown that glycoGag of
wild-type MLV facilitates viral release through lipid rafts (10, 11).
Intriguingly, Jalaguier et al. (26) have demonstrated that certain
viral matrix mutations significantly impact host-derived ICAM-
1 incorporation in the HIV-1 viral envelope thereby elucidating
the matrix protein’s contribution to host protein incorporation.
Furthermore, HIV-1 accessory proteins Nef and viral protein u
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(Vpu) downregulate host surface antigens such as CD4, MHC
class I, and tetherin (6, 15-17, 30, 34-36). Functionally similar to
Nefin some aspects, glycoGag first delocalizes the host restriction
factors Serinc 3 and Serinc 5 from the plasma membrane by
clathrin-dependent endocytosis and subsequently induces their
processing through lysosomal degradation (6, 16, 17, 37). Despite
extensive investigation into the role of HIV-1’s accessory proteins
and the various observations of down-modulation of select
antigens on the surface of the infected cells, the impact of viral
factors on the viral envelope composition has been understudied.

Viral surface antigens have been mostly characterized
indirectly through bulk methodologies (e.g., Western Blot,
ELISA, mass spectrometry) due to the relative scarcity of
technologies capable of characterizing large numbers of viruses
in a population at a single particle level. Bulk analyses generally
lack the ability to provide critical information on: i) the surface
protein composition of individual enveloped viruses, ii) the
heterogeneity of viral populations, and iii) the presence of viral
subpopulations (38, 39). While electron microscopy is extremely
effective at investigating antigens on individual viruses, it is
restricted in the number of particles analyzed simultaneously,
labor intensive and only provides a relatively small snapshot
of the heterogenous viral population. Recently, flow cytometry
principles have been adapted to analyze submicron particles
such as viruses and extracellular vesicles (EVs) (19, 20, 38-
40). Analysis of viruses by flow cytometry is a technique called
flow virometry (FVM) which provides information regarding
the relative size of viruses in a population, their light-scattering
features indicative of population homogeneity, the abundance of
total intact particles in a sample, and the relative expression level
of proteins on their surface (20).

Here, we investigated by FVM the impact of glycoGag
on the incorporation of host-derived proteins into the viral
envelope of Moloney MLV. For this purpose, we compared
the uptake of host surface antigens between wild-type MLV
(MLV) and glycoGag-deficient (MLVgg-) particles released from
three different murine cell types. Both viruses are replication-
competent and express an Env-sfGFP fusion protein on their
surface (19). We performed a direct comparison of populations
of these two MLV variants released from infected NIH 3T3
fibroblasts, EL4 T lymphocytes, and primary CD4+4 T cells. Our
study revealed a broad range in expression of host-derived
proteins in the envelope of populations of the two viruses. We
also show that the glycoGag accessory protein is associated with
a selective increase or decrease in the incorporation of certain
host-derived proteins into the viral envelope. Thus, our findings
further support a role for glycoGag in governing host cellular
protein incorporation into the MLV envelope during viral release.

MATERIALS AND METHODS

Mice

All breeding and experiments performed on animals were
conducted in accordance with the Ontario Animals for Research
Act and were approved by the University of Ottawa Animal
Ethics Committee (protocol number ME-133). As previously

described by our lab, Apobec3-deficient (mA3~/7) mice (mA3-
knockout mice) were backcrossed 12 times to a C57BL/6 mouse
background (41). C57BL/6 (mA3 wild-type [WT]) and mA3-KO
mice were maintained in the barrier unit of the University of
Ottawa Animal Care Facility.

Cell Culture

Mouse embryonic fibroblasts (NIH 3T3) were cultured in DMEM
(Wisent), and mouse T lymphocytes (EL4) and primary CD4+
T lymphocytes were cultured in RPMI 1640 (Wisent) and
propagated in an incubator at 37°C with 5% CO,. Media was
supplemented with 10% FBS (Corning), 100 U/mL penicillin,
and 100 pLg/mL streptomycin (Wisent). Mouse splenocytes were
isolated from mA3-knockout 6-week old C57BL/6 mice. Briefly,
spleens were homogenized by enforcing passage through a 70 pm
nylon cell strainer as previously described (3). Primary CD4+ T
cells were isolated with total CD4 T cell isolation kit (Miltenyi
Biotec) using MACS separator following the manufacturer’s
instructions. Following isolation, cells were activated with
anti-CD3 (1 pug/mL) (clone 172A, Biolegend) and anti-CD28
(I pg/mL) (clone E18, Biolegend) antibodies and resuspended
in RPMI 1640 media substituted with human IL-2 50 units/mL
(Peprotech) and 0.01 M Betamercaptoethanol (BME) (Sigma)
for 48 h.

Expression Plasmids and Virus Production

Plasmids encoding WT and glycogag-deficient Moloney MLV-
sfGFP (MLVgg-) were described previously by our group (19,
21). Briefly, both plasmids were generated using restriction-
free cloning to replace eGFP in the proline-rich region of
Env in Moloney MLV vector with a sfGFP as previously
reported (6, 42). Forward primer 5-TTCAGTCACCAAACCA
CCCAGTGGGAGCAAGGGCGAGGAACTGTTCACC-3, and
reverse primer 5-CGGTACGTACGCACCGGTGGACTTGTA
CAGCTTGTACAGCTCGTCCATGCCGTGGG-3' were used.
Thus, both WT and MLVgg- express stGFP as a fusion protein
with Env, where sfGFP is exposed on the outer side of the
viral envelope. Consequently, wild-type MLV has an additional
88 amino acid leader sequence compared to the MLVgg- due
the recognition of an alternative CUG start codon upstream
and in frame of the gag gene (Figure 1A). MLV and MLVgg-
were produced from chronically infected NIH 3T3 cells as
previously described (6, 15, 19, 20). Virus harvested from stably
infected NIH 3T3 cells was used to infect EL4 cells. Briefly,
chronically infected NTH 3T3 cells were seeded at 2.5 x 10° in
a 10 cm dish and cultured for 72 h. Collected viral supernatant
was filtered through a 0.45pm filter and ultra-centrifuged at
100,000 g for 3.5h in a 70Ti rotor at 4°C. Lastly, the viral pellet
was resuspended in RPMI 1640 and used to infect EL4 cells
seeded in a 6 well plate at 5 x 10° cells per well. Infected EL4
cells were identified by sfGFP expression and were subsequently
sorted by flow cytometry. These cells were expanded and used
for this study. For viral production, chronically infected NIH
3T3 and EL4 cells were seeded at 5x10° cells in a 10 cm dish in
10 mL of DMEM media (Wisent) or RPMI 1640 media (Wisent)
that did not contain phenol red, supplemented with 10% (v/v)
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EV-depleted FBS, and cultured for 72 h. Viral supernatants were
collected, centrifuged at 900g for 5min, and filtered with a
0.45pm filter. Lastly, the supernatant was diluted in 0.1 um
filtered 1X PBS (Wisent) and analyzed by FVM analysis without
additional enrichment.

TABLE 1 | List of antibodies used for cell and viral stainings.

Ex vivo Infections of Primary CD4+ T Cells

Activated primary CD44 T cells were infected with either
MLV or MLVgg-. As previously described, viral supernatant
harvested from chronically infected NIH 3T3 producer cells was
collected, passed through a 0.45 pm filter, and ultra-centrifuged
at 100,000 g for 3.5h in a 70Ti rotor at 4°C. The viral pellet was
resuspended in RPMI 1640 medium (IL-2 50 units/mL, 0.01 M
BME) and used to spin infect activated primary CD4T cells.
At 24h post-infection, cells were washed thoroughly with PBS

Antibody name Clone Company and resuspended in RPMI 1640 media supplemented with [IL-2
50 units/mL, 0.01 M BME, and 1 ng/mL IL-7 (Miltenyi Biotec)].
PE-Conjugated monoclonal anti-CD8 Fat2 BioLegend After 48 h of incubation, viral supernatants were collected and
PE-Conjugated monaclonal anti-CD63 NVG-2 BioLegend used for FVM analysis as described. Cells were analyzed by flow
PE-Conjugated monoclonal anti-CD9 KMC8 BD Biosciences  cytometry for sfGFP expression and screened for select antigen
PE-Conjugated monoclonal anti-CD3 17A2 BioLegend expression (Table 1).
PE-Conjugated monoclonal anti-LFA-1 H1565-78 BioLegend
PE-Conjugated monoclonal anti-CD45 30-F11 BioLegend FIOW Virometry Analysis and Staining
PE_CO”J_Ugated monoclonal a”tf'cxom 2B BP Biosciences A detailed methodology is available online describing antibody
PE-Conjugated monocional anti-CD29 HMB1-1 BioLegend staining of the viruses and instrument settings (19, 21). Briefly,
PE-Conjugated monoclonal anti-CD69 H12F3 BioLegend FVM analysis was conducted on a CytOFLEX S (Beckman
PE-Conjugated monoclonal anti-CD4 RM4-5 BioLegend Coulter) using the 405nm SSC-H as the threshold parameter
PE-Conjugated monoclonal anti-Thy1.2 53-2.1 BioLegend (threshold of 1,500 a.u). All viral supernatants were filtered and
PE-Conjugated monocional anti-CD55 RIKO-3 Biolegend centrifuged prior to dilution in 0.1 wm-filtered 1X PBS. Prior
PE-Conjugated monoclonal anti-CD59 mCD59.3 BioLegend to viral staining, the antibody was centrifuged at 17,000 g for
PE-Conjugated monoclonal anti-CD317 129c1 BioLegend 10 min in order to decrease the presence of antibody aggregates.
PE-Conjugated monoclonal anti-GFP FM264G BioLegend Briefly, all viral antibody labeling was performed with 1:1
PE-Conjugated polyclonal anti-V5 Ab72480 Abcam ratio viral supernatant to PE-conjugated antibody aliquot at
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final concertation of 0.2-1.6 ug/mL for 1 x 10° viral particles  this study. Figure 1 illustrates the gating strategy utilized for
for 60 min at 37°C. Stained viral supernatant was diluted in  antigen detection in the viral population of interest. Tables 3, 4
0.1um filtered PBS and acquired for 60s at a low setting  include a detailed analysis of labeled Moloney MLV particles for
at a sampling rate of 10 wL/min. Table 1 includes a detailed  select antigens that were significantly higher than media labeled
description of all PE-fluorophore conjugated antibodies used in  with antibody control.
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negative labeled cells (dotted) and virions (solid color) from (C). (E) Titration of anti-GFP PE antibody from 0.025 to 1.6 wg/ml. Staining performed on a mixture of
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Flow Cytometry

For flow cytometry analysis of uninfected and infected cells,
cells were stained with the same antibodies as used in the FVM
analysis (Table 1) for 20 min at 4C. Excess antibody was removed
by washing with 0.2% BSA-PBS.

Data and Statistical Analysis

Flow cytometry and FVM data was analyzed with FlowJo v.10.7.1
(FlowJo, Ashland, OR). For cell analysis, FSC-height vs. FSC-area
and SSC-area vs. FSC-area were used to exclude cell aggregates
and debris. Statistical analysis to test for normal distribution,
multiple unpaired ¢-test and unpaired Mann-Whitney test
was performed using GraphPad Prism (GraphPad Software,
San Diego, CA). To analyze the presence and distribution of

host-derived antigens on the surface of individual MLV particles,
the viral supernatants were stained against the previously
described antibodies chosen for cell phenotypic analysis. We
set out to assess the two separate null hypotheses stipulated
as follows:

Hy: MLV viral particles do not uptake cell-derived antigens on
their viral envelope during budding, thus the signal intensity
between stained MLV virus and negative control does not differ.
Hj: MLV viral particles do uptake cell-derived antigens on their
viral envelope during budding, thus the signal intensity between
stained MLV virus and negative control is different.

Hy: The glycoGag protein of MLV virus does not increase
the incorporation of the cell-derived antigens compared to
the MLV gg-.
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FIGURE 4 | Phenotypic analysis of surface antigens on murine cells and on MLV and MLVgg- particles. (A) Heat map of surface antigens analyzed on uninfected and
infected NIH 3T3, EL4, and primary CD4+ T cells with a panel of 15 PE-conjugated antibodies. (B) Heat map of surface antigen expression intensity on MLV and
MLVgg- virions released from infected NIH 3T3, EL4, and primary CD4+ T cells. Supernatants from uninfected cells were also analyzed (Uninfected Sup.). Media-only
with antibody was used to assess background fluorescence and non-specific binding. Tile intensity is the median fluorescence intensity transformed into log.
Presented data was compiled from 3 to 4 experiments.
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Hy’: The glycoGag protein of MLV does increase the incorporation
of the cell-derived antigens compared to the MLVgg-.

The distribution normality of the samples’ data was tested
using D’Agostino-Pearson and Kolomogorov-Smirnov statistical
criteria. Data distribution of all the samples analyzed was
confirmed not to be of Gaussian distribution (K2 > 191, KS
> 0.06, n > 10,000, p < 0.0001) on a high significance level.
Therefore, to assess whether the null hypothesis is rejected and
whether there is indeed a statistically significant difference in
signal between the two MLV viruses, the Mann-Whitney test was
applied. The standard error of mean (SEM) of each sample was

— SD
calculated as SEM = N

RESULTS

Generation of Chronically and Transiently

Infected Virus Producer Cells

To analyze the effect of the glycoGag accessory protein on
the uptake of host proteins between cell types, we chronically
infected NIH 3T3 fibroblast and EL4 T lymphocyte cell lines with
wild-type MLV and glycogag deficient MLV. Infected cells were
identified by sfGFP expression and sorted by flow cytometry.
Viral supernatants collected from NIH 3T3 cells were used
to transiently infect primary CD4+ T cells ex vivo. Activated
primary total CD4+ T cells isolated from APOBEC3-deficient
(mA3~/7) mice were infected with either MLV or MLVgg- as
described in the methods section. Supernatants from chronically
and transiently infected cells were collected for viral staining and
FVM analysis throughout the study without further enrichment
or purification.

Viruses produced by all three infected cell types were resolved
from the background by both 405-side scatter intensity (405-
SSC) and sfGFP fluorescence (Figure 1). Analysis of MLV virions
showed a highly monodisperse GFP+ population above a non-
fluorescent population composed of EVs and background noise
that is mostly visible when compared to the overlaid signal
of supernatant collected from uninfected cells (Figures 1E-G).
These GFP™ particles display heterogeneity in 405-SSC intensity
that is slightly different for each cell type analyzed. Diversity
in particle size, refractive index (RI), protein or nucleic acid
composition, or lipid content of the cell membrane that
constitutes the viral envelope can all be factors influencing
this heterogeneity (20, 43-45). The gating strategy used for
stained particles is depicted in Figure2 using CD81 as an
example. The GFP+ virus population can be clearly resolved
from the instrument background (Figures 1, 2). We have shown
previously that Env-sfGFP expressed on EVs account for <0.3%
of total GFP+ particles released from infected or transfected
cells, and are thereby negligible in the overall virus particle count
(19, 20).

Determining the Dynamic Range of
Signal-to-Noise for Virus Stainings
Small particle flow cytometry and FVM face a significant
challenge in analyzing surface antigen abundance on viruses
due to the substantially smaller particle sizes, surface area,

and antigen abundance compared to cells. For cell labeling,
quantification of highly expressed proteins resulted in a
dynamic range of ~ 2 — 2.5 logs in separation between
the positive and the negative signals for CD81, Thy 1.2
and GFP (Figures 3A,D). In contrast, we observed a very
limited dynamic range in our virus stainings (Figures 3B-E).
However, the contour plots clearly indicate that all of the
antigens tested can be clearly resolved from the isotype control
(Figure 3C). The Env-sfGFP fusion protein trimer is estimated
at ~300 molecules in the MLV viral envelope (21). Yet,
the analysis of stained MLVsSfGFP and nonspecific labeling
with anti-GFP-PE revealed a separation of ~1.5 log between
the two populations on our instrument (Figures 3B,D,E).
For the phenotypic characterization of surface antigens in
this study, we used PE-conjugated antibodies as the PE
fluorophore produced the highest stain index from the three
fluorophores tested in our previous study (21). To determine
the optimal antibody concentration for viral staining, we titrated
the anti-GFP-PE antibody on a mix of equal proportions
of MLVSfGFP and MLV particles with no GFP reporter
(MLVnoGFP), where the latter acted as a control to assess
for non-specific binding (Figure 3E). As such, the dynamic
range is closely affected by antigen expression levels in the
viral envelope and the background fluorescence of the sample,
which hinders the resolution of viral particles with low levels of
antigen expression.

Detection and Quantification of Surface
Proteins on Cells and Progeny Virions

Next, we performed a phenotypic screen of surface antigens
with a panel of 15 antibodies on three uninfected or infected
cell types, and also on the produced virions (Figure 4). Targets

TABLE 2 | Median fluorescence intensity of infected cells stained for select
antigens™.

Cell Type Antigen MLV MLVgg-
NIH 3T3 CD81 20,086 + 679 21,885 + 237
CD63 9,274 +£120 13,479+ 190
GFP 23,915 + 489 21,105 + 1,056
EL4 CD81 44425 45420
CD63 73420 77+
CD45 6,733+ 29 5,600 + 68
Thyt.2 3,620 £ 19 2,929 +£19
GFP 7,936 £72 8,468 + 81
CD4+ T CcD81 148 +£17 1656+ 13
CD63 129+ 24 133+ 31
CD9 1,163+ 13 1,188 £ 17
CD45 3,2061 £ 69 29,189 + 62
Thy1.2 10,311 £30 7,785+ 34
GFP 232+ 15 325+ 19

*As determined by flow cytometry. Results are displayed as median fluorescence intensity
of infected GFP positive cells + standard error of the mean. Values represent the
combined average of 3 experiments.
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for these antibodies were selected based on their previously  and chronically infected NIH 3T3 fibroblast cells with MLV and
described incorporation into HIV-1’s and EV’s envelope, their =~ MLVgg- demonstrate similar phenotypic profiles (Figure 4A).
abundance as tissue specific markers and as proteins that NIH 3T3 cells expressed tetraspanin-enriched microdomains
preferentially partition to lipid rafts (11, 22, 25, 29, 40, 46).  (TEMs) antigens CD81, CD63, and CD9, the CD29 integrin
We present the data as a heatmap of median fluorescence  marker, and lipid raft markers CD55, and Thy1.2. Of note, CD81
intensity. Our assessment of surface antigens on non-infected and CD63 were the most abundantly expressed cell-derived
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FIGURE 5 | Analysis of antigenic heterogeneity between MLV and MLVgg- virions released from murine cells. (A) Contour plots of superimposed labeled MLV, MLVgg-
and media-only with antibody control (Control). Antigenic heterogeneity varies between the two variants and the cell types that virions were released from. (B)
Histogram plot of labeled MLV and MLVgg- against selected antigens from (A) released from three different murine cell types: NIH 3T3, EL4 and primary CD4+ T cells.
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markers while sfGFP was the most abundant antigen on the
surface of the chronically infected NIH 3T3 cells. Uninfected
and chronically infected EL4T lymphocytes expressed similar
phenotypic profiles, with CD45, Thyl.2, and LFA-1 being the
most abundantly detected antigens, followed by CD3 and CXCR4
(Figure 4A). There was generally low expression of other lipid
raft marker (CD55, CD59, and CD317) on EL4 cells. Lastly,
primary CD4+ T cells displayed a similar phenotypic profile to
EL4T cells, with the expression of CD45, Thyl.2, and LFA-1
being the highest, followed by CD3, CD29, and CD9. There was
minimal expression of CD81, CD63, and CD55 on the primary
CD4+ T cells. We noted similar phenotypic profiles between
MLV and MLVgg-infected cells (Table 2).

To measure host-derived antigens on the surface of individual
MLV particles, the viral supernatant collected from these infected

cells was stained using the same panel of antibodies used for
the phenotyping of the infected cells (Figure 4B). From the 15
stainings that were performed on MLV and MLVgg- virions, we
noted that Env-sfGFP was the most abundantly expressed protein
on the viral envelope (Figure4B). Intriguingly, while Env-
sfGFP was the highest expressed cellular antigen on chronically
infected NIH 3T3 cells, its abundance was lower on infected
primary CD4+4 T cells. Nevertheless, despite its varied expression
between cell types, stGFP-Env is expressed at similar levels on
the virions released from these cells (Figure 3B). Analysis of
virions released from NIH 3T3 show presence of the highly
abundant cellular tetraspanin markers CD81 and CD63 on the
viral envelope of both variants (Figure 4B). These differences
can be visualized more clearly when the data is presented as
contour plots (Figure 5A). Other cellular markers present on

TABLE 3 | MLV particles positively stained for select antigens*.

Cell type Antigen MLV MLVgg-
Stained particles(%) Particles analyzed Stained particles (%) Particles analyzed
NIH 373 CD81 74.7 £0.20 236,049 47.440.30 207,446
CD63 34.440.30 237,026 23.74+0.20 209,624
EL4 CD81 0.62 & 0.07 77,088 0.59 4 0.07 76,076
CD63 1.20+£0.10 70,682 0.98 4 0.09 73,136
CD45 5.89 +0.29 44,345 5.65 4 0.28 46,130
Thy1.2 79.7 £0.49 44,092 80.2 +0.46 50,192
CDA+T CcD81 8.083 £0.43 26,231 9.58 £ 0.51 22,443
CD63 1.63+0.19 28,377 1.43 4+ 0.26 13,595
CD45 2.55 £0.25 26,382 3.30 £ 0.31 21,727
Thyt.2 60.1 £0.77 26,796 58.4 +£0.87 21,080

*As determined by FVM using the gating strategy described in Figure 2. Results are displayed as percentage of positively labeled viral particles + margin of error with a 99% confidence
interval determined using the statistical z-score approach. The value demonstrated represent a combined average of 3-4 experiments.

TABLE 4 | Median fluorescence intensity of MLV particles stained for select antigens*

Cell type Antigen MLV MLVgg- Control (Media + Antibody) Isotype Control
MLV MLVgg-
NIH 3T3 CD81 2,290+ 5 1,377 4 353 £+ 1 891+3 854+ 3
CD63 2,026 +5 1,644 +£6 396 + 1 781+2 704+ 2
GFP 23,796 £ 26 23,160 £ 27 379 £1 781+2 704+ 2
EL4 CDs1 566 + 16 539 +4 516 + 1 545 +1 552 + 1
CD63 863+ 6 884+5 772 +1 813+3 661+ 2
CD45 794+ 10 1,148+9 689 + 2 729+ 4 838+ 4
Thy1.2 5,583 + 51 4,916 + 40 1,047 £3 709+ 2 899 + 2
GFP 20,310+ 53 19,476 £107 603 + 1 709+ 2 899 + 2
CDA+T CD81 802+9 673+ 10 353 +1 596 + 4 589 + 6
CD63 652 + 6 653 + 6 397 + 1 598 + 4 57245
CD45 663 + 10 697 £13 420 £1 740 £ 4 731+6
Thyt.2 2,318+ 14 2,275+18 663 £+ 10 598 + 4 572+5
GFP 19, 869 + 66 20,711 £ 54 440 £1 598 + 4 572+5

*As determined by FVM using the gating strategy described in Figure 2. Results are displayed as median fluorescence intensity of gated viral or aggregate free (control media and
antibody) population + standard error of mean. The value demonstrated represent a combined average of 3—4 experiments.
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the cell surface were not detected in the viral envelope of MLV.
The characterization of virus released from EL4 cells revealed
the presence of the highly abundant mouse T cell and lipid
raft marker Thyl.2 (Figure 4B). Intriguingly, low levels of the
T cell CD45 marker were detected on MLV virions (Figure 4B,
Tables 3, 4). Lastly, we detected an overall low abundance of
the tetraspanin marker CD63 (Figure 4B), suggestive of possible
viral egress through the endosomal pathway as this antigen
was not present on the cell surface (Figures4A, 6) (47, 48).
For this purpose, we calculated the virus-to-cell surface antigen
expression ratio between MLV and MLVgg- to that of their
respective producer cells (Figure 6). Next, we evaluated whether
retroviral phenotypic analysis using FVM could be performed
directly on virions released from primary cells infected ex vivo.
Similar to the results with virus released from EL4 cells, Thyl.2
was the most concentrated host-derived protein on the viral
envelope, followed by CD45, and CD9 (Figure 4B). Despite
CD45 being among the most abundantly expressed antigens on
lymphocytes (Figure 4A), CD45 is observed at low abundance
on virions released from both EL4 and CD4+ T cells (Figure 6,
Tables 3, 4). Interestingly, although only a portion of the cells
staining positive for tetraspanin markers CD81 and CD63, we
observe a preferential uptake or enrichment of these TEM
markers on the surface of the virus (Figure 6).

GlycoGag Modulates Host-Derived
Antigens on the Surface of MLV

We next compared host-derived antigen expression between
MLV and MLVgg- released from the three cell types. FVM
analysis revealed that CD81 and CD63 on the surface of virus
released from NIH 3T3 cells were present on 74.7, and 34.4%
of MLV virions, and on 47.6 and 23.6% of MLVgg- virions,
respectively (Figure 5A, Table 3). Furthermore, we measured a
66% increase of CD81 antigen abundance on MLV particles
compared to MLVgg- virions released from NIH 3T3 cells. CD63

was also increased by 23% on the viral envelope of MLV virions
(Figure 7A).

Similarly, we reported an ~20% increase of CD81 protein
expression on MLV over MLVgg- virions released from primary
CD4+ T cells, while CD63 abundance was comparable between
the two viruses (Figure7C). The antigenic distribution of
CD81 and CD63 on MLV virions released from CD4+ T
cells showed one dominant monodisperse population and a
separate discrete subpopulation expressing an increased PE
signal (Figure 5B). Additionally, we detected an ~2% increase
of CD9 protein expression on MLV compared to MLVgg-
particles released from CD4+ T cells (Figure 7C). Interestingly,
CD45 protein expression was significantly increased on MLVgg-
particles released from both EL4 and primary CD4+ T infected
cells. In particular, we observed a 31% antigen increase on
MLVgg- virions produced by EL4 cells, while this increase was
less pronounced (~5%) when released from CD4+ T cells
(Figures 7B,C).

To help elucidate glycoGag’s role on viral budding at lipid
rafts microdomains, we labeled MLV particles with antibodies
against lipid raft markers CD55, CD59, CD317, and Thyl.2.
However, only Thyl.2 was expressed on all cell types tested,
while CD55 was only weakly expressed on NIH 3T3 and primary
CD4+ T cells (Figure4A). Thyl.2 was the only lipid raft
marker detected on 79.7 and 80.2%, and 60.1 and 58.4% of
MLV and MLVgg- particles released from EL4 and CD4+ T
cells, respectively (Table 3). In support of the findings observed
by Fan et al. we observed a significantly increased expression
of Thyl.2 on MLV virions released from EL4 cells (~14%)
while this increase was less pronounced with virus released
from primary CD4+ T cells (~ 2%) (Figures 7B,C) (11). We
consistently measured a slightly elevated fluorescent intensity
on wild-type MLV, however whether this small difference is
biologically relevant is unknown. Analysis of Thyl.2 expression
revealed a highly heterogeneous distribution of this cellular

CD45 (p < 0.00001) and Thy1.2 (o < 0.00001). *p < 0.0001, ***p < 0.00001.
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FIGURE 6 | Surface antigen expression levels in the viral envelope relative to that of their infected cell of origin. Bar graphs of virus-to-cell surface antigen expression
ratios and antigen expression differences between MLV and MLVgg- released from NIH 3T3, EL4 and primary CD4+ T cells. The median fluorescent intensity of
antigens expressed on MLV and MLVgg- was divided by the median fluorescence intensity of cognate antigens expressed on their respective producer cell. Presented
data was compiled from 3 experiments. Statistical analysis was performed with the multiple unpaired t-test with Welch’s correction. Significant antigen expression
enrichment observed on the MLV relative to MLVgg- for NIH 3T3 cells for CD81 (p < 0.00001) and CD63 (p < 0.00001). In contrast, virus-to-cell surface antigen
expression levels were found to be significantly enriched on the MLVgg- for: EL4 cells: CD45 (p < 0.00001), Thy1.2 (o < 0.0001); and primary CD4+ T cell cells:
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FIGURE 7 | Differences in antigen expression between MLV and MLVgg-
virions released from different murine cells. Bar graph of the enrichment in
surface antigen expression between MLV and MLVgg- released from (A) NIH
3T3, (B) EL4, and (C) primary CD4+ T cells. Pooled median fluorescence
intensity of antigens expressed on MLV was divided by the pooled median
fluorescence intensity of antigens expressed on MLVgg-. Statistical analysis
was performed with the Mann-Whitney test. Significant antigen enrichment
observed on the MLV viral envelope relative to MLVgg- for virions released from
NIH 3T3 cells: CD81 (p < 0.0001), CDE3 (p < 0.0001); EL4 cells: CD81 (p <
0.0001), CDE3 (p < 0.0001), Thy1.2 (o < 0.0001); primary CD4+ T cells:
CD81 (p < 0.0001) and Thy1.2 (o < 0.001). In contrast, CD45 was found to
be significantly enriched in the MLVgg- viral envelope relative to MLV for virions
released from EL4 cells (p < 0.0001) and primary CD4+ T cell cells (p <
0.0001). Results are displayed as median fluorescence intensity of gated viral
population + standard error margin. Presented data was compiled from 3 to 4
experiments.

antigen between the two MLV variants released from EL4 and
primary CD4+ T infected cells (Figure 5B). Taken together, our
results reveal a selective increase in TEM and Thyl.2 antigen
incorporation within the viral envelope of MLV virions produced
by NIH 3T3, EL4, and primary CD4+4 T cells. Our findings

provide support that glycoGag can facilitate the incorporation of
specific host-derived proteins during viral assembly and egress.

DISCUSSION

The aim of our study was to better understand host antigen
uptake by retroviruses and the effect of the glycoGag accessory
protein on this process. We revealed that the abundance of
antigen expression on the surface of a cell does not necessarily
result in proportional expression on the surface of a retrovirus.
An important challenge in this study was that the dynamic
range for the detection of labeled antigens on a virus is
limited by a much smaller surface area compared to that of a
cell, thus resulting in poor sensitivity to detect antigens with
very low levels of expression. This challenge is highlighted
when a comparison between cellular and viral stainings is
performed. For cells, we observed a ~2.5 log separation
between the negative and positive populations for the most
abundant antigens we tested. In contrast, for viral stainings
this was reduced to a ~1.5 log separation at most. For highly
expressed cellular markers such as CD81 and Thyl.2, where
the majority of the viral population was positively labeled, we
report an even greater decrease in the ratio of separation between
positive and negative signals relative to their cellular expression
(Figure 3).

In some cases, we detected highly expressed cell-derived
markers on the virus surface in a similar proportion to the
antigen density on the cell. Interestingly, we also observed
instances where there was either a relative enrichment of antigens
on the surface of the virus compared to the cognate infected cell,
or the opposite (Figure 6). In particular, despite high expression
on cells, we did not detect CD29 or LFA-1 in the viral envelope
of virions released from NIH 3T3 or EL4 and primary CD4+
T cells (Figure 4). Intriguingly, we revealed low levels of CD45
on MLV released from infected lymphocytes. This is in contrast
to its absence from the HIV-1 envelope (25, 28, 29, 49, 50).
CD45 is abundantly expressed on the surface of lymphocytes,
covering as much as 10-25% of the total surface area (51).
As such, if the viral egress mechanism was passive, a higher
relative amount of virion incorporated CD45 antigen would
be expected in the viral envelope. This was not the case in
our findings. Taken together, these data indicate a selective
process of host protein acquisition that can enrich or decrease
the incorporation specific host-derived proteins found in the
virus envelope. Prior studies have demonstrated that the site of
retroviral egress on the cell surface, but also alternative egress
pathways such as through the endosomal pathway, can influence
the type and abundance of host antigens captured in the viral
envelope (12, 18, 48, 52-54).

Next, we investigated the influence of glycoGag on host
antigen incorporation in the viral envelope, specifically the
uptake of lipid raft markers. However, due to low or
absent expression of these markers on the cells analyzed
in our study, we only measured a significant reduction of
the lipid raft marker Thyl.2 on MLVgg- particles released
from EL4T lymphocytes and primary CD4+ T cells. We
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observed a similar amount of positive labeled Thyl.2 MLV
and MLVgg- virions released from infected EL4 and primary
CD4+ T cells. However, the increased antigen abundance
observed on MLV compared to MLVgg- suggests that glycoGag
promotes increased incorporation of Thyl.2, but it must
also be considered that the site of egress for MLV virions
could have higher Thyl.2 density. Yet, Thyl.2 expression
on MLVgg- virions suggests that they egress at sites which
Thyl.2 also partitions to and potentially highlights a role
for Thyl.2 in viral replication (25, 28, 29, 49, 50). In
contrast, we observed a significant enrichment of CD45
protein on MLVgg- particles compared to MLV virions
(Figures 7B,C, Table 4). This further supports previous findings,
which showed that glycoGag directs viral egress at lipid
raft rich microdomains that are generally very poor in
CD45 (25, 28, 55).

Furthermore, the HIV-1 gag protein has been shown to
induce lipid raft and TEM domain merging at the site of its
viral assembly, while in the absence of viral infection these
two domains are distinct (46). In addition, Gaudin et al.
(40) suggest that some types of retroviruses may induce a
similar mechanism of coalescence as they showed labeled
virions that were positive for both host-derived CD9 and the
lipid raft marker cholera toxin B. As such, glycoGag could
also induce a similar reorganization of cellular microdomains.
We observed an enrichment of the tetraspanin markers
on MLV compared to MLVgg- virions produced from 3T3
NIH cells. Similarly, we noted an increase of CD81 on
MLV released from primary CD4+ T cells compared to
MLVgg-. These observations highlight how expression of
glycoGag influences the uptake of host proteins by viruses
that are released from different cell types. Several studies
show an effect by glycoGag on viral assembly and the
modulation of host proteins to enhance viral pathogenicity
(7, 8, 10-12, 15, 16, 37, 56, 57). GlycoGag’s evident beneficial
function in vivo is further supported by the reversion from
a glycoGag-deficient phenotype back to wild-type in mice
(7, 14). Thus, this raises the intriguing possibility that the
glycoGag protein has evolved functions to positively impact
the incorporation of biologically significant cellular proteins
to aid in its pathogenicity. Two important questions arise
from our observations: 1) whether glycoGag reorganizes
cellular microdomains at viral assembly sites, and 2) what
are the downstream pathways that govern glycoGag-induced
cellular microdomain reorganization. These findings will provide
the necessary information for elucidating the pathway by
which glycoGag can selectively modulate the uptake of host
protein incorporation.
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