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ABSTRACT The HIV-1 Env protein is exposed at the surface of virions and infected
cells. Env fluctuates between different closed and open structural states and these
conformations influence both viral infectivity and sensitivity to antibody binding and
neutralization. We established a flow virometry assay to visualize Env proteins at the
surface of human immunodeficiency virus type 1 (HIV-1) virions. The assay is per-
formed on ultracentrifuged fluorescent viral particles that are stained with a panel of
broadly neutralizing antibodies (bNAbs) and nonneutralizing antibodies (nnAbs) that
probe different epitopes of Env. We used this assay to compare Env at the surface
of producer cells and viral particles and to analyze the effect of Nef, CD4, and
SERINC5 on Env accessibility to antibodies. We studied the laboratory-adapted strain
NL4-3 and two transmitted/founder viruses, THRO and CH058. We confirm that anti-
body accessibility varies between viral strains and show that Nef, CD4, and SERINC5
additively impact Env conformations. We further demonstrate that the Env accessi-
bility profile on virions is globally similar to that observed on HIV-1-infected cells,
with some noticeable differences. For instance, nnAbs bind to virions more effi-
ciently than to producer cells, likely reflecting changes in Env conformational states
on mature viral particles. This test complements other techniques and provides a
convenient and simple tool for quantifying and probing the structure of Env at the
virion surface and to analyze the impact of viral and cellular proteins on these pa-
rameters.

IMPORTANCE HIV-1 Env conformation is one of the key parameters determining vi-
ral infectivity. The flow virometry-based assay developed in this study allows for the
characterization of proteins incorporated in HIV-1 particles. We studied the confor-
mation of HIV-1 Env and the impact that the viral protein Nef and the cellular pro-
teins CD4 and SERINC5 have on Env accessibility to antibodies. Our assay permitted
us to highlight some noticeable differences in the conformation of Env between
producer cells and viral particles. It contributes to a better understanding of the ac-
tual composition of HIV-1 particles.
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Human immunodeficiency virus type 1 (HIV-1) particles are surrounded by an
envelope, which consists of the host cell-derived membrane, cellular proteins, and

the viral envelope glycoproteins (Env) (1). Env mediates binding to the viral receptor
CD4 and the coreceptors CCR5 and CXCR4, which are expressed on target cells. The
interaction between Env and CD4/coreceptors is required for fusion between viral and
cellular membranes and the intracellular delivery of the viral genome (2). Env is the only
viral protein exposed at the surface of both infected cells and viral particles, and it is
one of the main targets of host antiviral antibody responses. Antibodies neutralize both
cell-free and cell-associated viral transmission (3, 4). Antibodies also exert Fc-mediated
antiviral functions such as antibody-dependent cellular cytotoxicity, complement-
dependent cytotoxicity, and antibody-dependent cellular phagocytosis (5–11).

Gp160 Env glycoprotein precursors are synthesized in the endoplasmic reticulum
(ER), transit through the Golgi compartments, and are cleaved by furin to generate
mature gp120/gp41 complexes that trimerize and then directed to the plasma mem-
brane. Between 0 and 20 Gp120 trimers are incorporated into single virions (12). A
fraction of Gp160 escapes correct glycosylation and/or processing and is expressed at
the cell surface but not incorporated in viral particles (13). Steady-state surface Env
levels depend on various factors, such as synthesis and recycling rates, and interaction
with Gag (14). The number and conformation of Env trimers influence virion infectivity
(15). Moreover, during viral capsid maturation, the trimers which are dispersed across
the surface of the virion relocalize and become more concentrated (16).

Various approaches have been developed to analyze Env structure. Recombinant
stable Env trimers reconstituted in vitro (such as SOSIP), coupled with X-ray crystallog-
raphy or cryo-electron microscopy analysis, are widely used tools (17–19). The use of
anti-Env antibodies and viral capture assays (VCAs), neutralization assays, single-
molecule fluorescence resonance energy transfer, or double electron-electron reso-
nance spectroscopy and compared results to soluble and virion-bound Env structures
also provided information about the conformations of virion-associated or recombinant
soluble Env (6, 20–24). Recently, flow virometry has been used to analyze particles from
different viral species, including vaccinia, Junin, and Nipah viruses and HIV-1 (25–30).
Flow virometry can also be used to assess the binding of some anti-Env antibodies (30,
31). However, with HIV, the binding of virions to synthetic nanoparticles was required
for efficient detection (31).

Env proteins fluctuate between closed and open conformations. Env proteins in
closed conformation are in a native form and are unable to fuse. This state is recognized
by broadly neutralizing antibodies (bNAbs) and generally not by nonneutralizing
antibodies (nnAbs). The interaction of Env with CD4 induces a conformational change
that opens the Env trimer to expose the regions required for fusion (19, 20, 23, 32).
HIV-1 isolates are divided into distinct tiers based on their neutralization sensitivity (33).
Laboratory-adapted strains, such as NL4-3, are highly sensitive to neutralizing antibod-
ies and belong to tiers 1A and 1B. Primary strains and transmitted/founder (T/F) viruses
are more resistant to neutralization and belong to tiers 2 and 3.

Various viral and cellular factors influence Env synthesis, processing, conformation
or incorporation into viral particles. For instance, the HIV-1 Nef protein enhances
infectivity at an early stage of the viral life cycle (34–37). Interestingly, the effect of Nef
on viral infectivity depends on the variable region of Env and is inversely correlates with
Env sensitivity to neutralization (37), suggesting that Nef indirectly affects Env confor-
mation. The cellular restriction factor SERINC5 decreases viral fusion/entry and is
targeted by Nef (38–40). SERINC5-mediated viral restriction also depends on Env, and
tier 1 Env appears to be more sensitive than tier 2/3 Env (41, 42). It has been suggested
that SERINC5 selectively targets open Env trimers (43).

In this study, we established a simple flow virometry assay to visualize HIV and
detect Env at the surface of virions. We then used our assay to compare the binding of
a panel of anti-Env broadly neutralizing and nonneutralizing antibodies to producer
cells and virions. We studied the laboratory adapted strain NL4-3 and two transmitted/
founder, tier 2/3, THRO and CH058 (44, 45). Because Nef, SERINC5 and CD4 proteins
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impact viral infectivity, we evaluated their effects on Env both in producer cells and in
virions.

RESULTS
Detection of HIV-1 particles by flow virometry. HIV-1 particles are around 120 nm

in size. To evaluate whether our flow cytometer, the Attune NTx, could detect and
analyze these virions, we first tested commercially available green fluorescent protein
(GFP)-positive nanobeads of different sizes, ranging from 100 to 1,000 nm (Fig. 1a). The
detection of nanoparticles by standard cytometer requires coupling of light scattering
(SSC-H) and fluorescence (46). Beads �200 nm were readily detected by both SSC-H
and GFP. The 100-nm beads were within the SSC-H background but were visible in the
GFP channel.

We then tested the detection of HIV-1 particles. The HIV-1 Vpr protein is incorpo-
rated into the virion during viral assembly through its interaction with Gag p6 (47). A
GFP-Vpr fusion protein is also incorporated, rendering the virions fluorescent and
allowing for instance the visualization of viral entry by immunofluorescence (48).
GFP-Vpr is incorporated in 40 to 80% of virions, without changing infectivity (12,
48–50). Moreover, the GFP-Vpr signal allows us to distinguish between viral particles
and microvesicles released into the supernatant (12).

We produced fluorescent HIV-1 by cotransfecting 293T cells with proviral NL4-3 and
GFP-Vpr plasmids. As controls, we used supernatants from cells transfected only with
GFP-Vpr. Supernatants filtered through a 0.45-�m filter were analyzed by flow cytom-
etry (Fig. 1b). None of the samples showed a significant number of GFP� events. Hence,
the GFP-Vpr signal is not sufficient to allow the visualization of single virions. We
reasoned that we could increase the sensitivity of the technique by concentrating and
aggregating the viral particles by ultracentrifugation and thus increasing their fluores-
cence (25). Filtered supernatants were ultracentrifuged for 1 to 2 h at 100,000 � g, and
the pellets were gently resuspended in 1:100 of the original volume. This procedure
allowed the recovery of about 50 to 80% of Gag p24 levels present in the supernatants.
Figure 1b shows representative dot plots of ultracentrifuged supernatants (termed
Ultra). The culture medium and concentrated supernatants of cells expressing only
GFP-Vpr remained negative. With HIV, we observed a GFP� population which likely
corresponds to the aggregated GFP-Vpr� viral particles. GFP� events were distributed
with a proportional increase of both SSC-H and fluorescence intensities. This suggests
that viral particles assemble in aggregates of different sizes.

The frequency of the GFP� events were variable across viral preparations (Fig. 1c).
A similar signal was observed with NL4-3ΔEnv GFP-Vpr� (Fig. 1c), indicating that Env is
not required to generate detectable viral aggregates.

The infectivity of ultracentrifuged virions, normalized for Gag p24 levels and mea-
sured in the TZM-bl reporter assay (51), was slightly increased compared to nonultra-
centrifuged supernatants (Fig. 1d). We repelleted ultracentrifuged virions with a mod-
erate spin (20,000 � g for 15 min) that should not bring down single viral particles. After
the spin, we collected the supernatants and analyzed their content by flow virometry,
Gag p24 levels and infectivity. The fluorescent signal, as well as 80% of Gag p24,
disappeared after the moderate spinning (Fig. 1e). Moreover, the aggregated fraction
contained most of viral infectivity (Fig. 1f and g).

Therefore, our protocol allows the detection of ultracentrifuged and aggregated
HIV-1 virions by flow virometry.

Sorting and characterization of viral aggregates. We further characterized ultra-
centrifuged viral particles. We verified that the GFP-Vpr� population was composed of
aggregates of various sizes. For this purpose, we sorted the GFP-Vpr� population
according to their GFP fluorescence and analyzed them by confocal microscopy. To sort
GFP-Vpr� aggregates, we used a MoFlo Astrios cytometer. We verified that this
cytometer detects nanoparticles. GFP� commercial beads from 160 to 500 nm were
readily detected on both SSC and GFP channels (Fig. 2a). Figure 2b shows the gating
strategy and results from one representative sorting experiment. We divided ultracen-

Env Detection by Flow Virometry Journal of Virology

March 2020 Volume 94 Issue 6 e01783-19 jvi.asm.org 3

https://jvi.asm.org


FIG 1 Visualization by flow virometry of nanoparticles and HIV-1 aggregates. (a) Representative dot plot analysis of the commercial
nanoparticles GFP� acquired on the standard cytometer Attune NTx. Different sizes of the beads are indicated in the gates. (b)
Representative dot plots of the analysis of viral productions by flow virometry. Culture medium, supernatants, or ultracentrifuged
supernatants (ultra) were acquired at the Attune NTx using the same setting established for the nanobeads in panel a. Numbers in the
gates indicate the percentages of the GFP-Vpr� events. (c) Mean and standard errors of the mean (SEM) of the percentages of the
GFP-Vpr� events in the ultra of multiple independent viral stocks of the NL4-3 and NL4-3ΔEnv viruses. Negative control corresponds to
the ultra of the GFP-Vpr alone supernatants. Each dot corresponds to one independent viral preparation. (d) Infectivity of the viral
supernatants versus the corresponding ultra. TZM-bl cells were exposed to the same amount of Gag-p24 and luciferase activity measured
36 h after infection. The means and SEM of at least three independent experiments conducted in triplicate are shown as relative
luminescence units (RLU). (e) Representative dot plots of the procedure used to remove aggregates from ultra. Ultra were left
untreated (No spin) or spun for 15 min at 20,000 � g. The supernatant devoid of aggregated particles was recovered (After spin)
and analyzed by flow virometry. Numbers indicate the percentages of GFP� events in the gate. (f) Quantification by ELISA of the
HIV-1 Gag-p24 associated with the ultra treated as shown in panel e of three independent experiments. (g) Infectivity of the viral
particles of the samples measured in panel f. Means and SEM are shown. Statistical analysis was performed using the Prism software
and a multiple unpaired t test. *, P � 0.05.
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FIG 2 Sorting and microscopy analysis of ultracentrifuged viral preparations. (a) Representative dot plot analysis of the
commercial nanoparticles GFP� acquired on the standard cytometer MoFLO Astrios. The background noise of the
instrument (medium alone) and the calibration beads are shown. Different sizes of the beads are indicated in the gates.

(Continued on next page)
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trifuged particles in negative/low, medium, and high GFP� populations. A postsorting
analysis demonstrated the enrichment of medium and high GFP� particles in the
respective populations. Of note, in medium and high sorted population, a low GFP
population was present after sorting and corresponded to the background noise of the
instrument. Alternatively, this may also correspond to GFP� viral aggregates that disas-
sembled during or after sorting. We detected similar levels of Gag p24 by ultrasensitive
enzyme-linked immunosorbent assay (ELISA; SIMOA) (52) in each fraction (Fig. 2c).

Confocal microscopy analysis showed that, before sorting, ultracentrifuged GFP-Vpr-
tagged virions were observed as clusters of different sizes, ranging from the limit of the
resolution of the confocal microscope (around 200 nm), to up to 1 �m (Fig. 2d). After
sorting, the size of GFP� events measured by confocal microscopy increased in the
“medium” fraction and to a higher extent in the “high” fractions, compared to the “low”
fraction.

Transfected cells also secrete extracellular vesicles incorporating cellular and viral
proteins. To test whether viral aggregates contained extracellular vesicles that could
impact the subsequent analysis of Env, we performed a correlative light electron
microscopy (CLEM) analysis of viral preparations (53, 54) (Fig. 2e). We analyzed by
fluorescence microscopy the unsorted ultracentrifuged virions, and selected spots with
increasing brightness and size. Low GFP� spots corresponded to single virions and
aggregates composed of up to three virions. Medium GFP� spots contained up to 12
viral particles and high GFP spots contained up to 20 viral particles. No or very few
extracellular vesicles were detected in the aggregates. Of note, viral particles appeared
to be held together by a relatively dense structure. We did not investigate its compo-
sition, but we speculate that it could be derived from the culture medium or the
producer cells.

Analysis of Env proteins at the cell surface and on viral particles. We sought to
determine whether our assay can be used to study Env proteins at the surface of viral
particles. Since HIV-1 Nef protein is known to enhance viral infectivity by acting at an
early postbinding step of the viral cycle (38, 39, 42, 55), we compared the conformation
of Env on WT and Nef deletion viruses.

For this pilot study, we selected three different HIV-1 strains, the laboratory-adapted
NL4-3 virus, two transmitted founder (T/F) viruses, THRO and CH058 (45). We first
characterized the three viruses by analyzing their protein content, their infectivity in
TZM-bl cells, and their replication kinetics in primary CD4� T cells. Wild-type (WT) and
Nef-deleted (ΔNef) NL4-3, THRO, and CH058 were generated by transfection of 293T
cells. We did not observe a defect in viral release in the absence of Nef (not shown). We
analyzed lysates of transfected 293T cells and released virions by Western blotting (Fig.
3a and b). The immature (Gag-Pol, p55, and p39) and mature (p24) forms of Gag were
similarly detected in cell lysates, irrespective of the presence of Nef, suggesting that
Gag processing is not affected (Fig. 3a). The Nef protein was only present in cells
infected with WT viruses. Moreover, there was no significant difference in Gag-p24/
Gag-p55 ratios and in Env/Gag ratios between WT and ΔNef virions (Fig. 3b). Their
infectivity in TZM-bl cells was reduced in the absence of Nef (Fig. 3c). In activated CD4�

T cells, efficient viral replication required the presence of Nef (Fig. 3d), with differences
between strains: Nef significantly enhanced replication of NL4-3 and THRO, whereas the

FIG 2 Legend (Continued)
(b) Sorting strategy. Ultracentrifuged viral preparations (Ultra) were acquired on a MoFLO Astrios cytometers and arbitrary
gates on the GFP– and GFP� samples were designed to sort aggregates accordingly with their relative fluorescence (low,
medium, and high). Histogram overlay shows the efficiency of sorting. Unsorted ultra and postsorting low, medium, and
high GFP samples are compared. A representative sorting out of at least four is depicted. (b) Quantification by ultrasensitive
SIMOA digital ELISA of the HIV-1 Gag-p24 associated with the sorted fractions. Means and SEM of two independent
quantifications are shown. (c) Confocal analysis of unsorted ultra (presorting) and postsorting fraction (low, medium, and
high). Images were taken using an LSM-700 confocal microscope and a 63� objective. The magnification shows the 10�
digital zoom on the indicated aggregates. Scale bar, 0.2 �m. (d) CLEM analysis of unsorted ultra. Ultra were left to settle
on a TEM grid. GFP low, medium, or high aggregates were identified in the sample and imaged using a fluorescence
microscope. The grid was then processed on a TEM and sample imaged to identify viral particles in the aggregates. Arrows
indicates single virions. Scale bars, 1 �m to 100 nm.
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effect was less marked for CH058. The three pairs of viruses were then used for further
analysis.

When we compared different viral strains (both laboratory-adapted and T/F viruses),
we found that variations in antibody binding are due to multiple parameters, including
Env sequence variability, expression levels, or conformations. To analyze Env proteins
on producer cells and on viral particles, we selected four broadly neutralizing antibod-
ies (bNAbs; PG16, 3BNC117, NIH45-46, and 10-1074) and four nonneutralizing antibod-
ies (nnAbs; 5-25, 4-8, 1-262, and 2-59) that cover some of the major domains of Env
(Table 1). Selected antibodies showed different neutralization capacities depending on
the viral strain (9, 56). We produced ultracentrifuged virions from transfected 293T cells
as described above. As controls, we used an IgG1 isotype for the staining, as well as an
Env deletion HIV-1 (NL4-3ΔEnv). The producer cells were collected and stained for Env
and Gag.

Figure 4a and b shows an example of Env staining of NL4-3 and NL4-3ΔEnv-
expressing cells and virions with 3BNC117. The isotype, as expected, did not stain the
cells and generated a slight background on NL4-3 and NL4-3ΔEnv virions. 3BNC117
bound to NL4-3-transfected cells, with 50% of double Gag� and Env� cells and did not

FIG 3 Characterization of viral isolates. (a) Western blot analysis of cell lysates of 293T cells transfected with the indicated viral strains. 293T cells were
transfected, and cell lysates were prepared 48 h after transfection. The expression of Gag, Nef, and actin in cells was determined with specific antibodies. A lysate
from nontransfected (NT) cells was used as negative control. A representative Western blot of two is shown. (b) Western blot analysis of purified aggregated
viral particles. The incorporation of HIV-1 Env and Gag was determined with specific antibodies. The ratio Env/Gag indicated at the bottom of each lane was
calculated after the analysis of the fluorescent signal associated with Gag and Env band using the Image Studio Lite software. One of two blots is shown. (c)
Infectivity of viral particles. A TZM-bl cell-based infectivity assay was used to calculate the infectivity of the indicated viral strains. The means and SEM of the
RLU in at least three independent assays, each conducted in triplicate, are shown. (d) The means and SEM of the replication of the indicated viral strains in
activated primary CD4� T cells derived from four healthy donors are shown. Primary CD4� T cells were infected, and viral replication was monitored by flow
cytometry over a week as the percentage of Gag� cells. (e) Area under the curve (AUC) of graph plotted in panel d. Statistical analysis was performed using
the Prism software and a multiple unpaired t test (c) and an unpaired t test (e). *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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bind to NL4-3ΔEnv-transfected cells. The antibody bound to 30% of NL4-3 virions and
to �2% of NL4-3ΔEnv particles without promoting further viral aggregation. Similar
results were obtained with the other antibodies tested (not shown).

Therefore, our assay allows the specific detection of Env on viral aggregates.
Impact of Nef on Env profile at the surface of cells and virions. We then

calculated for each antibody the percentage of Env� cells among Gag� cells and of
Env� particles among GFP-Vpr� virions. The bindings were represented with radar
plots to easily visualize the “Env profile” of a given viral strain (Fig. 4c and d). To have
a global vision of the binding differences between cells and viral particles we compared
for each virus the mean percentage of binding of nnAbs and bNAbs (Fig. 4e and f). As
we previously reported (8, 9), the CD4 binding site bNAbs 3BNC117 and NIH45-46
recognized cells infected with the three strains, whereas 10-1074 recognized NL4-3-
and CH058-transfected cells. The V1/V2-specific PG16 bNAb was unable to bind cells
producing CH058, but recognized NL4-3 and THRO. Nef did not alter the Env profile
detected by bNAbs on transfected cells. For all viral strains, the binding of nnAbs to
infected cells was significantly lower than that of the bNAbs (Fig. 4e). nnAbs 5-25 and
2-1262 (recognizing a gp41-immunodominant epitope and the CD4 binding site,
respectively) recognized 50 and 20% of NL4-3- and THRO-expressing cells, respectively,
whereas CH058-expressing cells were poorly or not recognized by these antibodies. The
V3-specific nnAb 2-59 was unable to bind to NL4-3- or THRO-transfected cells and
poorly recognized CH058 transfected cells. The CD4-induced antibody 4-8, inefficiently
bound Gag� cells. Nef did not change the Env profile recognized by nnAbs.

Env staining of viral particles was globally similar to that on transfected cells, with
noticeable differences. First, we observed that NL4-3 and THRO virions were easily
recognized by both nonneutralizing and neutralizing antibodies, whereas CH058 par-
ticles were barely detected (Fig. 4d and f). This may suggest that CH058 incorporate less
Env trimers than the other strains. Moreover, nnAbs bound to viral particles almost as
efficiently as the bNAbs, whereas this was not the case on Env-expressing cells (Fig. 4c
to f). This difference was particularly evident with T/F viruses. Second, some differences
in the intensity of the binding at the cell surface were lost on the viral particles. For
instance, the nnAb 2-59, which inefficiently bound NL4-3-infected cells, displayed a
moderate but consistent binding to viral particles. NL4-3ΔNef virions bound nnAbs
significantly more efficiently than WT virions, a phenomenon that was not visible on
producer cells (Fig. 4c to f). However, this difference was not observed with the two T/F
viruses. bNAb binding was also slightly different on virions and infected cells. PG16
recognized less than 20% of WT and ΔNef NL4-3 virions and was almost unable to bind
to WT THRO virions, whereas cells infected by those viruses are efficiently detected.
PG16 binding to ΔNef THRO was consistently stronger than to WT particles. 3BNC117,
10-1074, and NIH45-46 efficiently bound WT and ΔNef NL4-3 and THRO virions. 10-1074
and NIH45-46 both barely bound CH058 virions, while displaying a strong binding to
transfected cells.

TABLE 1 Epitope specificity of the antibodies used in this study

Antibody Epitope Reference

nnAbs
5-25 gp41 immunodominant 56
4-8 CD4-induced CoRBS 56
2-1262 CD4 binding site 56
2-59 V3 crown 56

bNAbs
PG16 V1/V2 glycan 77
3BNC117 CD4 binding site 78
NIH45-46 CD4 binding site 78
10-1074 N322-glycan supersite 76
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FIG 4 Comparative analysis of Env conformation at the surface of producer cells and viral particles. Transfected 293T cells and aggregated viral
particles were stained for the expression of Env using the indicated antibodies. (a) Representative dot plot analyses of 293T cells transfected with

(Continued on next page)
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Thus, antibody binding to infected cells is generally similar to that observed on
virions, with some variations depending on the viral strain or the antibody used. Some
tested nnAbs efficiently bind virions and not infected cells.

Impact of SERINC5 and CD4 expression in producer cells on Env detection. We
then investigated the impact of CD4 and SERINC5 on the detection of Env proteins.
SERINC5 strongly affected ΔNef and, to a lower extent, WT infectivity (39). CD4
expression has been recently suggested as modulating the effect of SERINC5 on Env
fusion (43). We produced fluorescent NL4-3 and THRO virions in 293T or 293T cells
stably expressing CD4 (293T-CD4), with or without transient transfection of SERINC5. To
limit possible artifacts due to excessive expression of SERINC5 in producer cells, we
used 20-fold less SERINC5 plasmid than proviral DNA (57). We tested the infectivity of
viral particles and stained producer cells and ultracentrifuged viral particles as de-
scribed above.

NL4-3 is known to be more restricted by SERINC5 than T/F viruses (41). As expected,
SERINC5 reduced the infectivity of WT viruses and inhibited ΔNef virions (Fig. 5a). NL4-3
was more inhibited by SERINC5 than by THRO (27 and 63% of the residual relative
infectivity, respectively) (Fig. 5a). CD4 expression in producer cells strongly reduced
viral infectivity, irrespective of Nef or SERINC5. However, in the presence of CD4,
SERINC5 further affected NL4-3, but not THRO, infectivity (Fig. 5a).

Figure 5b shows the Env profiles of infected 293T cells expressing or not SERINC5 or
CD4. The presence of SERINC5 did not affect these profiles, with neither WT nor ΔNef
viruses. As expected, the presence of CD4 impacted the Env profile. The binding of the
nnAb 4-8 was strongly enhanced for NL4-3- and THRO-transfected cells, as predicted by
the fact that it recognizes a CD4-induced epitope. Binding of PG16, 3BNC117, NIH45-46,
and 10-1074 bNAbs was reduced by CD4 in NL4-3-transfected cells but less in THRO-
transfected cells. This reduction was more evident with NL4-3ΔNef. Interestingly, in
293T-CD4� cells, SERINC5 induced an Env profile of NL4-3 WT similar to that observed
with the ΔNef virus. THRO-expressing 293T-CD4� cells bound anti-Env nnAbs highly
efficiently, and SERINC5 expression did not affect the binding. The absence of Nef did
not change this profile.

A different pattern was observed on viral particles. NL4-3ΔNef virions produced by
293T cells were significantly less recognized by both nnAbs and bNAbs in the presence
of SERINC5. This suggests that Env proteins incorporated in virions have been impacted
by SERINC5 in the absence of Nef. However, this effect of SERINC5 was less visible in the
presence of CD4. With THRO virions produced in the absence of CD4, the binding of
anti-Env antibodies was not affected by SERINC5. THRO WT or ΔNef virions produced
in 293T-CD4� cells were slightly more sensitive to anti-Env antibodies in the presence
of SERINC5.

Altogether, our results indicate that SERINC5 and CD4 independently or additively
change the Env profile of NL4-3 and THRO isolates in a Nef-dependent manner,
reflecting the impact of the two cellular proteins on viral infectivity. However, the effect
of SERINC5 and CD4 on Env accessibility varies with the viral strain and is more marked
in viral particles than in infected cells.

DISCUSSION

In past years, technology improvements opened the possibility to visualize 100- to
200-nm nanoparticles using flow cytometers by coupling light scatter and fluorescence

FIG 4 Legend (Continued)
the NL4-3-WT or -ΔEnv proviruses and stained for Gag and Env expression. 293T cells were plotted as Gag�/Env� events. Numbers indicate the
percentages of Gag/Env double-positive events (in red in the plots). (b) Representative dot plot analysis of viral aggregates stained to visualize Env
at the surface of the virions. Numbers indicate the percentages of GFP-Vpr/Env double-positive events (in red in the plots). (c and d) Radar plot
analysis showing the means (plain lines) and standard deviations (SD; dotted lines) of the Env profiles of the indicated transfected cells (c) and viral
aggregates (d). The percentages were calculated by flow cytometry or flow virometry, respectively. The means and SD of at least three independent
viral preparation for each viral isolate were determined. (e and f) Comparison of the binding efficiency of nnAbs and bNAbs on viral particles and
producer cells. Raw data of the percentages of anti-Env antibodies binding on transfected cells (e) and on viral aggregates (f). Each dot corresponds
to an individual independent staining. All bNAbs or nnAbs listed in Fig. 4 have been grouped together. Statistical analysis was performed using Prism
software and the Mann-Whitney t test. *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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FIG 5 Effect of CD4 and SERINC5 on Env conformation. 293T cells expressing or not CD4 were transfected with the indicated provirus alone or
cotransfected with a plasmid expressing SERINC5-HA. (a) Infectivity of viral particles tested using the TZM-bl infectivity assay. The means and SEM

(Continued on next page)
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detection (26, 27, 46). Mature HIV-1 virions have sizes of between 120 and 200 nm (58)
and should therefore be above the limit of detection.

About a dozen Env trimers and a few cellular proteins are present on the viral
envelope (1, 12). Variation in the number of Env trimers or in Env conformation can
positively or negatively impact viral infectivity (15). Cellular proteins incorporated into
virions also affect viral infectivity. For instance, virion-associated ICAM-1 improves
infectivity (59–61), whereas restriction factors such as SERINC5 or IFITMs proteins
reduce it (38, 39, 62–64). The exact mechanism used by SERINC5 to restrict HIV-1 entry
is not completely understood. A correlation between Env sensitivity to antibody
neutralization and to SERINC5 has been reported, suggesting that SERINC5 activity may
depend on Env conformations (41–43).

We developed a simple method to stain Env proteins at the virion surface and to
analyze their levels by flow virometry. Previous flow virometry-based studies charac-
terized the incorporation of some cellular proteins (28) or the conformation of Env
proteins (30, 31) at the surfaces of individual viral particles. Fluorescent magnetic
nanobeads coated with anti-Env antibodies were used to capture HIV-1 particles. One
caveat of this previous approach was that only virions carrying proteins recognized by
anti-Env antibody were analyzed. Here, we established a protocol based on ultracen-
trifugation that can be applied to any viral isolate and could be used to characterize any
protein or other component incorporated in the viral membrane. The aggregation of
virions by ultracentrifugation enhanced the fluorescent signal and the size of the
objects to analyze, making them detectable by cytometry. We then used this technique
to compare the conformation of Env at the surface of producer cells and on viral
particles and to analyze the impact of CD4, Nef, and SERINC5. We used a panel of eight
antibodies that covers different domains of Env to generate a so-called Env profile that
was established both on infected cells and on virions.

We initially conducted several experiments to validate our protocol. We confirmed
that ultracentrifugation did not decrease infectivity of the viruses and that aggregated
viruses corresponded to approximately 80% of the viral population. We could not
exclude that particles that are not aggregated (GFP-Vpr low) are somehow different
from those that aggregate. However, aggregation did not require the presence of Env
at the virion surface. Viral aggregates contained most of the infectivity of the viral
preparation, further suggesting that there is not a preselection of a particular subset of
viruses through the ultracentrifugation. Confocal and electron microscopy demon-
strated that the objects detected by flow virometry are mainly composed of aggre-
gated mature viral particles held together through a matrix-like structure with occa-
sional extracellular vesicles included. This is reminiscent of the biofilm-like structure of
virions reported for HTLV-1 (65). Moreover, electron microscopy indicated that aggre-
gates did not contain detectable extracellular vesicles incorporating Env, or other
cellular proteins, that could bias subsequent analyses. The method to stain viral
particles is similar to that used for cells. However, instead of washing antibodies, they
are progressively diluted. We confirmed the specificity of the binding by using ΔEnv
HIV-1, which triggered only a background signal. Of note, incubation with anti-Env
antibodies did not induce further aggregation, strongly suggesting that viral particles
are not cross-linked by antibodies. Moreover, the test is robust and the Env profile of
a given viral strain remains consistent from one preparation to another. We noticed that
not all GFP-Vpr� aggregates were positive for Env staining. This could be due to the
variability in the number of Env proteins incorporated into virions (12) or to the
presence of particles displaying defectives form of Env (i.e., gp41 stumps). These viruses

FIG 5 Legend (Continued)
of two independent experiments are shown. (b) Radar plot analyses of the Env profile in transfected cells (left) or viral aggregates (right) in the
presence (red) or absence (black) of SERINC5. The percentages were calculated by flow cytometry or flow virometry, respectively. The means of two
independent experiments are shown. Statistical analysis was performed using Prism software and a multiple unpaired t test. *, P � 0.05; **, P � 0.005;
***, P � 0.0005.
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are expected to be randomly present in aggregates, explaining why we observed Env–

events scattered along the GFP-Vpr� region.
As for all methods, there are some limitations associated with this flow virometry

technique. The requirement of Vpr-GFP incorporation into viral particles limits its use to
easy-to-transfect cells. We are currently developing other methods of staining with
fluorescent dyes that may solve this problem. The current relatively low sensitivity of
the technique was overcome by ultracentrifugation of virions, which is labor-intensive
and may modify their properties. Ultracentrifugation, however, did not impair but
rather increased viral infectivity, suggesting that this procedure did not induce Gp120
shedding from viral particles (66). Moreover, because of the acquisition settings, we
were able to analyze only a fraction of the total viral particles present inside each
preparation.

Despite its limits, our technique allowed an extensive and comparative analysis of
the native conformation of Env in producer cells and viral particles and its accessibility
to a large panel of antibodies and revealed unexpected differences.

We then sought to determine whether Nef, SERINC5, and CD4 impact Env confor-
mations in virions and in cells. Modifying the cellular proteins present in 293T cells
changed the Env profile in virions, in a manner that was, at least partially, expected. For
instance, binding of nnAb 4-8, recognizing a CD4-induced epitope, was higher in
viruses produced in the presence of CD4. Furthermore, ΔNef viruses were more
recognized by nnAb 4-8 than WT virions. This is in agreement with a recent publication
showing that viral particles produced in the presence of CD4 do bind more efficiently
to anti-CD4 induced antibodies in a VCA (24). As expected, in producer cells the bNAbs
were better binders than nnAbs, irrespective of the presence or absence of CD4 and
SERINC5. Binding of the nnAbs was higher for NL4-3 than for the T/F viruses (9). The
expression of CD4 induced the transition of Env proteins from a closed to an open state:
CD4-induced epitopes were more accessible, in particular in THRO-transfected cells.
Some bNAbs, in particular those targeting the CD4bs, were less efficient in the presence
of CD4. ΔNef viruses showed a marked shift in their Env profile in the presence of CD4.
This was also expected since CD4 is not downmodulated in the absence of Nef. The
presence of SERINC5 in producer cells affected the Env profile of NL4-3 only when cells
were CD4�. THRO was less sensitive to SERINC5. This is partially in agreement with
recent results showing a direct interplay between SERINC5 and Env, in the presence of
CD4, by a bimolecular fluorescence complementation assay (43).

Our analysis of the Env profile of virions revealed interesting features. For example,
nnAbs bound as efficiently as bNAbs to viral aggregates, whereas this was not the case
at the cell surface. This suggests that open Env forms are more represented on virions
than in producer cells. This may be in part explained by the presence of uncleaved Env
monomers at the cell surface that are not incorporated into virions (13). In addition, the
reorganization of Env trimers at the virion surface required for optimal infectivity may
modify the accessibility of antibodies (16). We also noticed a link between viral
infectivity and the breadth of the Env profile: (i) NL4-3 and THRO virions bound to
anti-Env antibodies more efficiently than CH058 virions and were two to three times
more infectious; (ii) the Env profile of virions produced in the presence of CD4 was
generally narrower than in the absence of CD4; (iii) NL4-3ΔNef virions produced in the
presence of SERINC5 were poorly infectious and almost inaccessible to antibodies; and
(iv) the amplitude of the Env profile appeared to follow the tiers categorization of the
viruses analyzed, with the NL4-3 profile being wider than that of the two T/F viruses. Of
note, the high levels of antibody binding to NL4-3-infected cells and viral particles
might reflect the fact that this strain has been selected for efficient replication in culture
in the absence of an immune pressure that may have reduced Env exposure.

Future work with a larger number of viral strains and an extended panel of anti-Env
antibodies will be necessary to confirm these observations. In particular, it will be
interesting to investigate directly how SERINC5 affects the exposure of other Env
domains, such as the Gp41/Gp120 interface or MPER. Previous studies suggested that
SERINC5 significantly increases the neutralization sensitivity to these anti-Env antibod-
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ies (41, 57, 67). Also, including Nef mutants unable to counteract SERINC5 (68) will help
dissecting the complex interplay between Nef, Env, and SERINC5 proteins.

Interestingly, von Bredow et al. recently showed that some bNAbs displayed potent
antibody-dependent cellular cytotoxicity activity without neutralizing viral particles and
vice versa (69, 70). These results are in line with our study and suggest that differences
in Env conformation at the cell surface and on viral particles may exist, with functional
consequences.

To gain further insight on the differences between cells and virions, it will be
interesting to investigate whether the conformation of Env at the sites of viral budding
are different from other membrane domains. Gag proteins present at the plasma
membrane, and in immature viral particles, are mostly unprocessed. The interactions
between Gag and Env change following Gag maturation, and this could modify the
conformation of Env proteins. It will be worth comparing Env profiles of mature and
immature viral particles to determine whether the latter recapitulate Env conformations
observed in producer cells.

MATERIALS AND METHODS
Cells. 293T cells, 293T-CD4� cells, and TZM-bl cells were grown at 37°C and 5% CO2 in Dulbecco

modified Eagle medium (DMEM) supplemented with 10% fetal calf serum and antibiotics (100 U/ml
penicillin, 100 �g/ml streptomycin, complete DMEM). Primary CD4� T cells were isolated from human
peripheral blood (obtained anonymously from the Etablissement Français du Sang) by Ficoll density
gradient followed by positive selection with anti-CD4 magnetic beads (Miltenyi Biotec), activated with
phytohemagglutinin (1 �g/ml; Oxoid) for 24 h and then cultivated in complete RPMI medium containing
interleukin-2 (IL-2; 50 IU/ml; R&D Systems).

Molecular constructs. The HIV-1 T/F infectious molecular clones pCH058 and pTHRO were obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH, from John Kappes and Christina
Ochsenbauer (catalog number 11919), and the pNL4-3 plasmid was described previously (71). The ΔNef
plasmids were obtained with a QuikChange II XL site-directed mutagenesis kit (Agilent Technologies)
according to the manufacturer’s instructions. Mutations were inserted in order to replace the first
methionine and the fourth lysine of Nef by two stop codons. The clones were verified by digestion with
XhoI/HindIII and BglII and sequencing. The NL4-3-GagGFP plasmid was kindly provided by H. G.
Krausslich (72). The GFP-Vpr plasmid was provided by the NIH AIDS Reagent program (catalog number
11386). The pcDNA-SERINC5-HA plasmid was kindly provided by M. Pizzato (39).

Virus production. Viruses were produced by transfection of 293T cells, either expressing or deficient
in CD4, using the Turbofect reagent (Thermo Fisher Scientific). Proviral DNA and, when indicated, the
GFP-Vpr plasmid (at a 1/0.3 ratio) were used. To produce viral particles in the presence of SERINC5, cells
were cotransfected with the proviral DNA, pGFP-Vpr plasmid, and pSERINC5-HA plasmid at a 1/0.3/0.05
ratio, respectively. The pcDNA3.1-SERINC5-HA plasmid has been described (39). The day after the
transfection, the medium was replaced with fresh medium, and viral supernatants were collected the
following day. The culture medium was previously filtered (0.1 �m) to remove microparticles that could
interfere with subsequent analyses. When indicated, viral supernatants were ultracentrifuged at
100,000 � g for 1 h in a SW41 rotor (Beckman Coulter). The viral pellet was resuspended in phosphate-
buffered saline (PBS), filtered (0.1-�m pore size), and concentrated 100-fold. To homogenize viral
resuspension, the pellets were gently shaken at 4°C for 1 h at 750 rpm with a Thermomixer (Eppendorf).
Ultracentrifuged particles were then aliquoted and stored at �80°C until use. The amount of virus
produced was quantified by ELISA according to the manufacturer’s instructions.

Infections. Primary CD4� T cells, at day 3 postactivation, were infected with the indicated virus (from
20 to 150 ng/ml of p24, depending on the virus) for 4 h at 37°C under gentle agitation in a Thermomixer.
After infection, the cells were washed to remove unbound viral particles and left in culture in medium
supplemented with IL-2.

Western blotting. Transfected 293T cells or viral particles were lysed on ice in 0.1% Triton X-based
buffer containing protease inhibitors (73). Lysates were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane. The
following primary antibodies were used: mouse monoclonal anti-HIV-1 Gag (clone 183-H12-5C [NIH AIDS
Reagents Program], catalog number 1513; diluted 1:1,000), rabbit polyclonal anti-HIV-1 Nef (NIH AIDS
Reagents Program; catalog number 2949; diluted 1:1,000), rabbit anti-actin (N-21 [Santa Cruz]; diluted
1:10,000), and sheep anti-HIV-1 Env (clone gp120b [NIH AIDS Reagents Program]; catalog number 288;
diluted 1:1,000). Species-specific fluorescent secondary antibodies were used. Fluorescent signals were
detected with a LI-COR Odyssey scanner and analyzed using ImageStudioLite software.

Analysis of viral infectivity. The TZM-bl cell line (originally called JC.53-BL) was generated from the
clone JC.53 (51) expressing a high level of CD4 and CCR5 and endogenously expressing CXCR4. Separate
integrated copies of the luciferase and �-galactosidase genes under the control of the HIV-1 promoter
were introduced into the JC.53 cell clone (74), and this cell lines is highly sensitive to infection by most
viral strains. TZM-bl based assay was performed as previously described, with minor modifications (75).
Briefly, TZM-bl cells were infected in triplicate with equivalent amount of Gag p24 (10 ng/ml) of WT or
ΔNef viruses. At 48 h after infection, the relative viral infectivity was measured by a luciferase assay using
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Bright-Glo (Promega) reagent according to the manufacturer’s instructions. When indicated, the infec-
tivity was measured by monitoring �-galactosidase expression using a CPRG assay (Roche).

Flow cytometry. The anti-Env antibodies used in this study do not bind Env proteins after they have
been fixed in paraformaldehyde (PFA). For this reason, we stained Env protein on unfixed cells.
Transfected cells (104 to 2 � 104 cells per well) were incubated with the indicated anti-Env antibodies or
isotype control (15 �g/ml) in culture medium for 45 min at 4°C. The cells were then washed and
incubated for 30 min at 4°C with anti-human IgG1(H�L) Alexa Fluor-647 (1:400 dilution; Life Technolo-
gies). The cells were then washed and fixed with 4% PFA. To quantify the percentages of Gag� cells, fixed
cells were permeabilized and stained with anti-HIV-1 p24 KC57-RD1 (Beckman Coulter; diluted 1:500 in
PBS supplemented with 1% bovine serum albumin [BSA], 0.05% saponin [Sigma], and 0.01% sodium
azide staining buffer) for 30 min at room temperature. After washing and resuspension in PBS, the
samples were acquired on a FACSCanto II (BD Biosciences) and analyzed with FlowJo software v10.

Anti-Env antibodies. Anti-Env nnAbs and bNAbs, as well as the isotypic control mGO53, were
produced as recombinant monoclonal antibodies carrying the same human IgG1 Fc region by the
cotransfection of 293T or 293F cells (obtained from the American Type Culture Collection) as previously
described (76). Antibodies were purified by batch/gravity-flow affinity chromatography using protein
G-Sepharose 4 Fast-Flow beads (GE Healthcare).

Flow virometry. The amount of Gag-p24 used in a single experiment depended on the final yield
of the viral preparation and was the same (30 or 50 ng of Gag-p24) for all virus compared. Of note, the
anti-Env antibodies used do not bind to Env proteins after PFA fixation. We thus stained Env protein
before fixation of the samples and acquisition at the cytometer. A “virus master mix” was prepared in a
final volume of 100 to 150 �l of culture medium supplemented with 20% fetal bovine serum (FBS)
previously filtered through a 0.1-�m filter. First, 10 to 15 �l/well of virus was distributed in a 96-well
round-bottom plate. Each antibody was diluted at 30 �g/ml (2� concentrated), and 10 to 15 �l was
distributed into each well to yield a final concentration of 15 �g/ml. After 30 to 45 min at 4°C, 20 to 30 �l
of the anti-human IgG1(H�L) Alexa Fluor 647 (1:200 dilution [Life Technologies] in medium 20% FBS) was
added to a final dilution of 1:400 and left 30 min at 4°C. After the staining, we fixed our samples with 6
to 8.5 �l of a stock of PFA 32% to yield a final concentration of 4%. Samples were left for 10 min at room
temperature, and then the volume was adjusted to 180 �l/well with complete medium 20% FBS. Viral
particles were acquired on an Attune NxT cytometer (Thermofisher), and the results were analyzed with
FlowJo 10 software.

Confocal microscopy. PFA-fixed ultracentrifuged viral particles (pre- or postsorting) were allowed to
settle onto poly-L-lysine (Sigma)-coated coverslips for 1 to 2 h. Samples were then mounted between
slide and coverslip in gel mounting medium (Fluoromount-G; Invitrogen) and analyzed on an LSM-700
(Zeiss, Germany) confocal microscope equipped with a 63� Plan-Apochromat oil immersion objective
and, when indicated, a 10� digital zoom. GFP-Vpr� events were detected by exciting samples at a
wavelength of 488 nm. Images were analyzed using Fiji software and assembled with the MagicMontage
plugin.

Cryo-electron microscopy sample preparation. A solution of BSA-gold tracer containing 10-nm-
diameter colloidal gold particles was added to a suspension of briefly vortexed purified HIV-1 particles
with a final ratio of 1:1. A small portion (5 �l) of the sample was applied to carbon-coated copper grids
(Quantifoil R2/2), previously glow discharged at 2 mA and 150 � 10�1 to 180 � 10�1 Pa for 1 min in an
ELMO (Corduan) glow discharge system, operated at 18°C and 95% humidity. The sample was then
vitrified in a Leica EMGP system. Briefly, the excess liquid was removed by blotting with filter paper the
back side of the grids for 5 s at 18°C and 95% humidity, and then the sample was rapidly frozen by
plunging it in liquid ethane. The grids were stored in liquid nitrogen until image acquisition.

Correlative light and cryo-electron microscopy. Vitrified transmission electron microscopy (TEM)
grids containing fluorescently labeled HIV-1 particles were imaged at liquid nitrogen temperature on a
commercial cryo-FM system (EM Cryo-CLEM; Leica), equipped with a 50 � 0.9-NA long working distance
lens objective (Cryo CLEM Objective HCX PL APO 50�/0.9, Leica) and a metal halide HXP120 light source.
The samples were transferred from liquid nitrogen storage only when the temperature of the cryo-
correlative stage of the microscope was below �180°C. Fluorescent data were acquired using the
standard GFP filter cube of the microscope system (excitation, 470/40; dichroic, 495 low pass; emission,
525/50) and an ORCA Flash 4.0LT CCD camera (Hamamatsu).

After cryo-fluorescence imaging, the vitrified samples on grids were stored in liquid nitrogen until
they were used for cryo-TEM. In all images, the brightness and contrast were adjusted in order to
highlight HIV-1 virions.

Cryo-electron microscopy. Cryo-electron microscopy was performed on a Tecnai 20 equipped with
a field emission gun and operated at 200 kV (Thermo Fisher company). Images were recorded using
SerialEM software on a 4k � 4k camera (Ultrascan from Gatan) and a Falcon II (FEI, Thermo Fisher) direct
electron detector, with a 14 �m pixel size. Digital images were acquired at magnifications of 6,700 or
50,000, binning 2, corresponding to pixel sizes of 15.52 and 1.99 nm, respectively. For high-magnification
images, the defocus was �3 �m.

Sorting of viral particles. The sorting was carried out on a MoFLO Astrios “Beckman Coulter” sorter
equipped with an EQ module specifically developed to detect nanoparticles and with 488- and 561-nm
lasers at 200 mW. The sorting was on an SSC parameter of laser 561, with the threshold set to 0.012%
in order to have maximum 300 eps with buffer filtered at 0.02 �m. An M2 mask was added in front of
the FSC. All SSC and FSC parameters are viewed in logarithmic mode. The sorting was carried out with
a 70-�m nozzle at a pressure of 60 lb/in2 and a differential pressure with the sample of 0.3 to 0.4 lb/in2.

Env Detection by Flow Virometry Journal of Virology

March 2020 Volume 94 Issue 6 e01783-19 jvi.asm.org 15

https://jvi.asm.org


The sheath liquid NaCl 0.9% (Revol Company) was filtered on a 0.04-�m filter. Gag levels in sorted viral
fractions were measured by an ultrasensitive home-made duplex digital ELISA Simoa assay (Quanterix).
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