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HIV-1 infectivity is achieved through virion maturation. Virus particles undergo structural
changes via cleavage of the Gag polyprotein mediated by the viral protease,
causing the transition from an uninfectious to an infectious status. The majority of
proviruses in people living with HIV-1 treated with combination antiretroviral therapy are
defective with large internal deletions. Defective proviral DNA frequently preserves intact
sequences capable of expressing viral structural proteins to form virus-like particles
whose maturation status is an important factor for chronic antigen-mediated immune
stimulation and inflammation. Thus, novel methods to study the maturation capability
of defective virus particles are needed to characterize their immunogenicity. To build a
quantitative tool to study virion maturation in vitro, we developed a novel single virion
visualization technique based on fluorescence resonance energy transfer (FRET). We
inserted an optimized intramolecular CFP-YPF FRET donor-acceptor pair bridged with
an HIV-1 protease cleavage sequence between the Gag MA-CA domains. This system
allowed us to microscopically distinguish mature and immature virions via their FRET
signal when the FRET donor and acceptor proteins were separated by the viral protease
during maturation. We found that approximately 80% of the FRET labeled virus particles
were mature with equivalent infectivity to wild type. The proportion of immature virions
was increased by treatment of virus producer cells with a protease inhibitor in a dose-
dependent manner, which corresponded to a relative decrease in infectivity. Potential
areas of application for this tool are assessing maturation efficiency in different cell
type settings of intact or deficient proviral DNA integrated cells. We believe that this
FRET-based single-virion imaging platform will facilitate estimating the impact on the
immune system of both extracellular intact and defective viruses by quantifying the Gag
maturation status.

Keywords: HIV-1 Gag maturation, Forster Resonance Energy Transfer, single virion imaging, protease inhibitor,
fluorescence microscopy
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INTRODUCTION

While the acquired immunodeficiency syndrome (AIDS)
is a deadly disease caused by infection with human
immunodeficiency virus type 1 (HIV-1), AIDS-related deaths
have been reduced due to the tremendous efforts that have gone
into researching the virus itself and ways to counteract it (Centers
for Disease Control and Prevention (CDC), 2006). Combination
antiretroviral therapies (cART) significantly decrease AIDS
mortality and reduce further transmission of HIV-1 (Castilla
etal., 2005; Kitahata et al., 2009). However, while cART effectively
achieves viral suppression and prevents the progression to AIDS,
virus eradication or functional cure strategies have not been
established yet, and thus lifelong treatments are still required
(Holkmann Olsen et al., 2007; Kousignian et al., 2008). The
major obstacle to achieving a cure for HIV-1 is the existence
of latently infected reservoir cells within memory CD4 T cells
and macrophages that can persist even during cART (Chun
et al., 1997; Finzi et al., 1997; Siliciano et al., 2003; Hassan et al,,
2016; Wong et al., 2019). Latent HIV-1 persistent reservoirs are
established early in the acute phase of infection (Finzi et al., 1997,
1999; Daar et al., 1998; Zhang et al., 2000; Whitney et al., 2014;
Henrich et al., 2017; Colby et al., 2018). Defective proviruses
with sequence deletions and mutations rapidly accumulate
within a few weeks after virus infection and persist for decades
during the chronic phase (Bruner et al, 2016). The defective
proviruses are generated by error-prone reverse transcription,
recombination, and other mutation-inducing events such as
APOBEC3G mediated G-to-A mutations (Ho et al., 2013;
Bruner et al.,, 2016). Though it was initially thought to have little
involvement in HIV-1 pathogenesis, novel unspliced viral RNA
transcription was lately identified in defective proviruses which
frequently encoded competent gag or gag-pol open reading
frames (Ho et al., 2013; Imamichi et al., 2016). In addition,
HIV-1 Gag protein expression in cells harboring defective
proviruses was detected by fluorescence microscopy (Imamichi
et al., 2020). Since most defective proviruses preserve the 5
end of intact proviral sequences encoding gag and gag-pol (Ho
et al, 2013; Imamichi et al, 2016; Hiener et al, 2017), they
may be able to assemble and release virus-like particles into the
extracellular space.

Viral maturation is the final step of the HIV-1 life cycle and
crucial for the formation of infectious virions (Freed, 2015).
The structural Gag polyprotein is cleaved into the matrix (MA),
capsid (CA), nucleocapsid (NC), and p6 proteins in a stepwise
manner by the viral protease (Mattei et al, 2018). The CA
protein assembles to form a mature viral core that houses the
viral genome, nucleocapsid, reverse transcriptase, and integrase
and stabilizes the lipid bilayer of the virus particle (Davidoff
et al., 2012; Pornillos and Ganser-Pornillos, 2019). After viral
membrane fusion to enter the target cell, the core protects the
viral genome from host sensor proteins such as cGAS, serves as
location for reverse transcription, and traffics the pre-integration
complex as far as the integration site (Forshey et al., 2002; Gao
et al,, 2013; Rankovic et al., 2017; Novikova et al., 2019; Siddiqui
etal., 2019; Burdick et al., 2020). In addition to its role in the HIV-
1 life cycle, virion maturation may also play an important role in

the ability of the virus to escape immune responses. In this regard,
it has been reported that maturation of defective viral particles
induces strong cellular responses, such as IFN-y production,
T cell stimulation, and B cell mediated antibody production
through efficient Env presentation (Alvarez-Fernandez et al,
2012; Gonelli et al., 2019).

Fluorescence microscopy techniques in the field of virology
have recently evolved to perform quantitative unbiased analysis
based on the development of automated image data processing
tools. However, the resolution of fluorescence microscopy is
not sufficient to determine the morphological transitions of the
viral architecture. Forster Resonance Energy Transfer (FRET)
is a principle that relies on the partial spectral overlap of
fluorescent protein pairs distanced within 10 nm from each other.
Excitation of the donor fluorophore leads to an energy transfer
to the acceptor fluorophore, and the emission from the excited
acceptor fluorophore is detected (Sekar and Periasamy, 2003).
The application of FRET in virology enabled us to visualize
the cleavage of HIV-1 Gag by the viral protease (De Rocquigny
et al., 2014; Muller et al., 2014; Sood et al., 2017). FRET protein
pairs have been optimized to achieve maximum energy transfer,
photostability, brightness, and low spectral crosstalk (Bajar et al.,
2016). Cyan and yellow fluorescent proteins (CFP and YFP,
respectively) are common FRET pairs that allowed long-term
time-lapse imaging of live cells (Heim and Tsien, 1996; Kremers
etal., 2006). ECFPAC11 and cp173Venus, derived from CFP and
YEP respectively, are a pair that has been developed and used
specifically for intramolecular high-intensity FRET in live cells
and even in vivo (Nagai et al., 2004; Chiu and Yang, 2012).

This study developed a molecular tool to detect and quantify
the frequency of immature virions by FRET-based fluorescence
microscopy. We achieved this by inserting the ECFPAC11-
cpl73Venus FRET pair into the Gag polyprotein between the
MA and CA domains with viral protease cleavage sites, to label
infectious virions based on the HIV Gag-iGFP construct (Hubner
et al.,, 2007). This new fluorescence based system, that we named
HIV-1 Gag-iFRET, showed equivalent infectivity to wild-type
viruses, and proportions of immature virions comparable to
previous and our Electron Microscopy (EM) analyses (Burdick
etal., 2020; Link et al., 2020). We also applied this tool to evaluate
HIV-1 protease inhibitor activity by assessing virus maturation
and infectivity. We believe that this would also be a useful
tool to quantify the maturation of extracellular defective virus
particles derived from full-length Gag-Pol coding sequences and
to estimate their potential immunogenicity.

MATERIALS AND METHODS

Plasmid Construction

Double-stranded DNA of the intra-molecular FRET pair genes
ECFPACI1 and cpl73Venus (Nagai et al, 2004), flanked
by HIV-1 protease cleavage sites (AA: SQNYPIVQ, NA:
TCGCAGAACTATCCAATTGTACAA) and containing the 3’
end of HIV-1 5" LTR, HIV-1 Gag MA and the 5 end of HIV-
1 Gag CA domain sequences was synthesized (Supplementary
Table 1) and cloned into the pUC57 plasmid (GenScript). The
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synthesized FRET DNA and pHIV Gag-iGFP (Hubner et al,
2007) plasmids were digested with BssHII and Sphl restriction
enzymes (New England Biolabs, Inc), purified with the QIAquick
Gel Extraction Kit (QIAGEN), and ligated by T4 DNA ligase
(New England Biolabs, Inc) to obtain the pHIV-1 Gag-iFRET
plasmid. The protease defective mutant HIV-1 Gag iFRET APro,
was generated by replacing the DNA region in pHIV-1 Gag-
iFRET digested by Sphl and SbfI with the extracted fragment
of the previously reported protease defective NL4-3 construct,
pNL-Hc (Adachi et al., 1991).

Cell Cultures and Virus Production

Adherent HEK293T and TZM-bl cells were cultured in
Dulbecco’s Modified Eagle’s Medium (Nacalai Tesque) containing
10% Fetal Bovine Serum and 1% Penicillin Streptomycin
Glutamine (Invitrogen) (D10) at 37°C with 5% CO,.

FRET labeled virions were produced by co-transfecting
HEK293T cells (3.5 x 10° cells/10 cm dish) with the pHIV-1
Gag-iFRET or iFRET APro together with the pNL4-3 or pNL4-
3 APro parental plasmid respectively at a 1:1, 1:10, or 1:20 ratio
using a polyethylenimine transfection reagent (GE Healthcare).
The culture medium was replaced with fresh D10 with or without
Darunavir (Sigma Aldrich) at a final concentration of 0.1, 1.0,
10, 20, 500, or 1000 nM 3.5 h after transfection. The virus-
containing supernatant was harvested 24 h after the medium
change, filtered through 0.45 pm pore size sterile polyvinylidene
difluoride (PVDE Millipore) membrane, and concentrated up to
20-fold by ultracentrifugation through a 20% sucrose cushion at
25,000 rpm (112,499 g) for 90 min at 4°C (CP65; Hitachi Koki
Co., Ltd.). The virus pellet was resuspended in 500 pl Hank’s
Balanced Salt Solution (HBSS) (-) without phenol red (Wako).

Single-Virion Imaging Analysis

To visualize the HIV-1 Gag-iFRET/iFRET APro labeled virions,
the concentrated virus supernatant was 800x diluted in 0.22 pm
PVDF filtered Hank’s Balanced Salt Solution (HBSS) (-) without
Phenol Red (Wako) and loaded (360 l) into non-coated 8-
well glass-bottom chamber slides (Matsunami), then incubated
overnight at 4°C.

Single-virion images were acquired with an AIR
MP+ Multiphoton Confocal Microscope (Nikon). Two sets
of 21 images were automatically taken for each sample under
perfect focus conditions. The first set of images was taken using
a 457.9 nm wavelength laser for cyan fluorescent protein (CFP)
excitation and by reading the emission spectrums through
482 nm/35 nm or 540 nm/30 nm filter cubes to detect CFP or
yellow fluorescent protein (YFP) signals, respectively (FRET
images). The second set of images was taken using the 514.5 nm
wavelength laser for Venus excitation and by reading the
emission spectrum through the 540 nm/30 nm filter cube to
detect the YFP signal. The maturation status was defined as
FRET efficiency compared with the signal detected in HIV-1
Gag-iFRET APro labeled virions.

All images were captured as RAW ND2 datasets and exported
to TIFF format files using NIS-Elements (Nikon). Binary images
were generated based on the Venus signal to obtain the XY
coordinates of each particle. Based on these coordinates, the
FRET signal intensity of each virion was extracted from the

raw data, and the FRET ratio was calculated for every particle
(YFP/[YFP 4 CFP]) (Preus and Wilhelmsson, 2012). Histograms
of distribution were generated for the FRET ratio values within
a 100 bins division. Gaussian distribution and Kernel density
estimation curves were plotted against the histograms. The
proportion of the total Gaussian distribution or Kernel density
estimation area overlapped with the HIV-1 Gag-iFRET APro area
was determined as the proportion of immature virions. The
process of image data analysis was performed using an in-house
MATLAB program (Fukuda et al., 2019).

Immunoblotting

Transfected HEK293T cells were lysed using RIPA buffer (Wako)
supplemented with 1 mM cOmplete™ protease inhibitor
cocktail (Sigma-Aldrich), and the supernatants were used for
immunoblotting. Briefly, cells were incubated in the lysis buffer
for 15 min at 4°C and then centrifuged at 25,000 g for 15 min
at 4°C. The pellet was sonicated at 45% output (Ultrasonic
Processor, GE50) until completely disrupted (~10 s), centrifuged
again as described above, and then supernatants were collected
(cell lysate). The protein concentration was measured by BCA
assay (Nacalai Tesque). The SDS-PAGE samples were prepared
by mixing the cell lysate with 5x Laemmli buffer [312.5mM
Tris-HCl (pH 6.8), 10% Glycerol, 10% SDS] containing 5%
B-mercaptoethanol and 4% bromophenol blue, and denaturated
at 95°C for 5 min. Virus lysates were also prepared in the
same way as cell lysates using virions concentrated as described
above. Polyacrylamide gel electrophoresis and protein transfer
to PVDF membranes (Immobilon, Millipore) were followed
by hybridization with primary antibodies. Blots were probed
with either mouse anti-p24 (Abcam, ab9071) or mouse anti-
GFP (Thermo Fisher Scientific, MA5-15256) primary antibodies
overnight at 4°C. HRP-conjugated anti-mouse IgG antibody (GE
Healthcare) was used as a secondary antibody. Immunoblotting
images were obtained using the ImageQuant™ LAS 500 system
(GE Healthcare). After the initial images were taken, the
membranes were incubated for 30 min at 50°C in stripping buffer
[62.5 mM Tris-HCl (pH 6.8), 2% SDS, 0.7% B-mercaptoethanol],
re-blocked and re-blotted with mouse anti--actin primary
antibodies as described above.

Single-Round Infection Assay

The pseudotyped HIV-1 Gag-iFRET labeled virus was produced
by co-transfecting HEK293T cells with pHIV-1 Gag-iFRET AEnv
and pNL4-3AEnv parental plasmids at three different ratios
as described in section “Cell Cultures and Virus Production,”
together with the HIV-1 envelope expression plasmid, pSVIII-
92HT593.1. The pSVIII-92HT593.1 construct was obtained
from Dr. Beatrice Hahn through the NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH: HIV-1 92HT593.1
gp160 Expression Vector (cat# 3077) (Gao et al., 1996). HIV-1
Gag-iFRET APro labeled virus was produced by co-transfecting
HEK293T cells with pHIV-1 Gag-iFRET APro and pNL4-3APro
parental plasmid at the same ratios as HIV-1 Gag-iFRET. The
viral titer was measured by HIV Type 1 p24 Antigen ELISA
(ZeptoMetrix). The following day after 5 x 10° TZM-bl cells
seeded in 96 well plates, an equal amount of virus (total of 5 ng
HIV-1 p24) was added to the TZM-bl target cells, and then
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cultured at 37°C for 48 h in a CO; incubator. Luciferase activity in
the infected cells was measured with the Luciferase Assay System
(Promega) on a 2030 ARVO X3 plate reader (Perkin Elmer) to
quantify virus infectivity.

Transmission Electron Microscopy

Images

HIV-1 Gag-iFRET, -iFRET A Pro, or NL4-3 virions were produced
as described in section “Cell Cultures and Virus Production” up
to the viral pellet. The pellet was then fixed overnight at 4°C
with a 4% paraformaldehyde, 2.5% glutaraldehyde in 0.1M PBS
solution. The next day, the pellet was washed twice with 0.1M
PBS and post-fixed in 1% Osmium tetroxide (OsO4) for 1 h at
room temperature (RT), then dehydrated in a series of graded
ethanol solutions. After immersion in propylene oxide (Nacalai
Tesque), samples were once again immersed in a mixture (1:1) of
propylene oxide and LUVEAK-812 (Nacalai Tesque) overnight,
embedded in Epon812 resin according to the inverted beam
capsule procedure, and polymerized at 60°C for 2 days. Ultrathin
sections were examined with an H-7650 electron microscope
(Hitachi).

RESULTS

Construction of FRET Labeled HIV-1

Virus Particles

Previous studies have shown that inserting a fluorescent protein
between the matrix (MA) and capsid (CA) domains of HIV-1
Gag, which is eventually cleaved away during Gag processing
by the HIV-1 protease, is compatible with successful assembly
and release of infectious HIV-1 virions (Hubner and Chen,
2006; Hubner et al, 2007). To microscopically visualize the
viral core generation, we designed a novel bifunctional HIV-1
labeling system that consists of a tandem of cyan- and yellow-
emitting fluorescent protein pair as FRET donor and acceptor
and named it HIV-1 Gag-iFRET (Figure 1A). We bridged an
optimized intramolecular FRET pair, ECFPACI1 (CFP) and
circularly permutated Venus with a new N-terminus starting
at Asp-173 (cpl73Venus; YFP) (Nagai et al, 2004) with an
HIV-1 protease cleavage site, and inserted them between the
MA and CA domains of HIV-1 Gag. We hypothesized there
would be an efficient energy transfer from the FRET donor
(CFP) to the acceptor (YFP) within uncleaved Gag molecules in
immature virions. HIV-1 protease cleaves the Gag polyproteins
in newly synthesized progeny virions. Thus, HIV-1 Gag-iFRET
was designed so that the FRET pair proteins would also be
cleaved from the Gag precursor during the maturation process.
As a protease deficient mutant to control our experiments, HIV-
1 Gag-iFRETAPro was constructed to contain the same FRET
donor-acceptor sequence but could form only immature particles
which were expected to have a high FRET efficiency. HIV-1 Gag-
iFRET and -iFRETAPro labeled viral particles were produced
by transfecting HEK293T cells with the pHIV-1 Gag-iFRET or
-iFRET APro constructs alone or at 1:1, 1:10, or 1:20 ratio with
the parental pNL4-3 or pNL4-3APro plasmids, respectively. We

detected the FRET-pair-fused Gag polyprotein in both HIV-
1 Gag-iFRET and -iFRETAPro transfected HEK293T cells by
immunoblot analyses with anti-p24 or anti-GFP antibodies,
respectively (Figure 1B). The processed forms of p24 CA and
fluorescent proteins (CFP and YFP) were observed in HIV-1
Gag-iFRET transfected cells (Figure 1B lanes 3-6). The cleavage
products of Gag were not detected in cells transfected with the
HIV-1 Gag-iFRETAPro at any of the tested ratios (Figure 1B
lanes 7-10). Both pHIV-1 Gag-iFRET and -iFRET APro construct
transfection without their parental helper plasmids seemed to
lead to less efficient viral and fluorescent protein expression in the
cells (Figure 1B lanes 3 and 7). To evaluate the infectivity of the
labeled virus, we performed single-round infection assays using
TZM-bI cells with HIV-1 Env-pseudotyped Gag-iFRET viruses.
The FRET labeled viruses produced by co-transfection at the 1:10
or 1:20 ratio showed similar infectivity to unlabeled virus (NL4-
3), while viruses at the 1:1 ratio dramatically lost their capacity to
infect TZM-bl cells (Figure 1C). Therefore, FRET labeled viruses
produced at the 1:10 ratio were used for further experiments. The
processing of HIV-1 Gag and fluorescent proteins in wild-type
and labeled viruses was confirmed by immunoblotting assays of
virus lysates with anti-p24 or anti-GFP antibodies, respectively
(Figure 1D). We demonstrated that HIV-1 Gag-iFRET virus
particles (produced at the 1:10 ratio) contained a conical-shaped
structure of the core similar to that of unlabeled parental NL4-3
virions by using Transmission Electron Microscopy (Figure 1E).
All protease defective and some of the wild-type virions showed
immature morphology (Figure 1E, purple border). We analyzed
approximately one hundred virus particles per condition and
observed a similar proportion (~18%) of immature virions as the
FRET and control NL4-3 viruses (17 out of 96 and 18 out of 99
particles, respectively). To summarize, HIV-1 Gag-iFRET labeled
viruses produced with wild-type Gag, maintained infectivity and
displayed a Gag processing efficiency similar to the parental
NL4-3.

Detection of FRET Labeled HIV-1 Virus

Particle Maturation

Since we confirmed efficient HIV-1 Gag-iFRET and -iFRET APro
viral particle production with similar Gag processing and
infectivity as the parental NL4-3, we next visualized single
virions to distinguish their maturation status by quantifying
FRET in fluorescence microscopy. A set of FRET images was
taken with HIV-1 Gag-iFRET and -iFRET APro labeled virions
produced at the 1:10 ratio (Figure 2A, upper and lower panels,
respectively). Images taken by YFP (cpl73Venus) excitation
and emission were used to determine the presence of virus
particles and their location coordinates for further analysis
(Figure 2A, left panels). Representative images taken through
the CFP excitation channel and reading the emission of both
CFP (FRET Donor) and YFP (FRET Acceptor) are shown
(Figure 2A, middle left and right panels, respectively). The
ratio view images were constructed based on FRET donor and
acceptor images, showing the FRET energy transfer efficiency
from donor to acceptor [FRET ratio = YFP emission/(YFP
emission + CFP emission)] in each particle (Figure 2A, right
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FIGURE 1 | Design and validation of the HIV-1 Gag-iIFRET construct. (A) Schematic representation of the HIV-1 Gag-iIFRET construct in the Gag region. HIV-1
Gag-iFRET was constructed by inserting the efficient single-molecule FRET pair ECFPAC11-cp173Venus (CFP-YFP) into HIV-1 Gag with HIV-1 protease cleavage
sites (SQNYPIVQ, marked by arrowheads). When CFP and YFP are within 10 nm of each other, the excitation energy of the donor CFP transfers to the acceptor YFP
and YFP’s emission spectra is detected in the immature virion (uncleaved Gag polyprotein). Once Gag is cleaved by the viral protease and rearranged in the mature
virion, the energy transfer efficiency drops, and the FRET signal diminishes. (B) Immunoblotting results of cell lysates from HEK293T cells transfected with
pNL4-3AEnv: pHIV-1 Gag-iIFRETAEnv or pNL4-3APro: pHIV-1 Gag-iFRET APro at the indicated ratios, blotted with [I] anti-p24 or [lI] anti-GFP antibodies. The
membranes were subsequently stripped and re-blotted with anti-B-actin antibodies. (C) Single round infectivity assay using HIV-1 Env-pseudotyped HIV-1
Gag-iFRET and -IFRET APro labeled virus produced at the same ratios as in (B) was performed in TZM-bl cells. Results are shown as relative infectivity (%)
compared to parental NL4-3 virus infectivity. Error bars indicate standard deviation of six independent experiments. Statistical significance was calculated by
Wilcoxon matched-pairs signed rank test compared to parental NL4-3 virus infectivity ("p < 0.05). (D) Immunoblotting results of virus lysates produced at the 1:10
ratio blotted with [1] anti-p24 or [ll] anti-GFP antibodies. (E) Three representative images of HIV-1 Gag-iFRET (top), -iIFRET APro (middle), and NL4-3 (bottom) virions
taken by Transmission Electron Microscopy (TEM). Images of immature virions are highlighted in purple color frames. The numbers of analyzed immature and mature
particles together with proportion (%) in brackets are indicated.
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panels). We observed two major groups: virions colored in the
green-blue spectrum (low FRET ratio, white arrowheads) and
virions colored in the red spectrum (high FRET ratio, yellow
arrowheads). Based on our construct design, we hypothesized
that CFP and YFP are located next to each other in immature
virions and have a high FRET ratio. On the other hand,
CFP and YFP are separated and dispersed in mature virions,
leading to a reduction of FRET efficiency (low FRET ratio).
Consistent with our hypothesis, we observed that most of
the HIV-1 Gag-iFRETAPro labeled virions appeared in the
red spectrum (Figure 2A, bottom right panel). Accordingly,
maturation capable virions labeled by HIV-1 Gag-iFRET
appeared mostly in the green-blue spectrum mixed with some
particles maintaining a high FRET ratio (Figure 2A, top
right panel). In other words, based on the FRET ratio view,
the HIV-1 Gag-iFRET APro virion population comprises solely
immature particles, while HIV-1 Gag-iFRET viruses revealed
heterogeneous phenotypes of Gag maturation including both
mature and immature cores.

We next quantified the proportion of mature and immature
virions in the FRET labeled virus carrying the intact HIV-1
protease. The FRET ratio was calculated for each virion from
the extracted FRET donor and acceptor signal intensities. FRET
efficiencies were then plotted in histograms that reflected sample
heterogeneity (Figure 2B and Supplementary Figure 1). As
expected, the Normal Probability plot could fit a Gaussian
distribution curve over the histogram plots of the HIV-1 Gag-
iFRET APro population, which contained only immature virions
(Supplementary Figure 1B). By comparison, the distribution
of HIV-1 Gag-iFRET viruses did not fit a gaussian curve,
consistent with the presence of a mixed virion population of
mature and immature particles (Supplementary Figure 1A).
Kernel density estimation is frequently used as a smoothening
estimation function for non-normal distributions. Thus, we
applied kernel density estimation curves and performed total
density calculations in this analysis (Figure 2B). The Kernel
density estimation curves of HIV-1 Gag-iFRET and -iFRET APro
were overlapped after the adjustment of total particle counts
(Figure 2C). We then measured the area occupied by the
HIV-1 Gag-iFRET curve that merged with the HIV-1 Gag-
iFRETAPro curve and determined this as the proportion
of immature virions out of the total corresponding HIV-
1 Gag-iFRET area. We counted over 46,000 particles of
HIV-1 Gag-iFRET and over 77,000 particles of HIV-1 Gag-
iFRET APro labeled virions in three independent experiments.
The overall proportion of immature virions in the HIV-1 Gag-
iFRET population was 22.4% =+ 2.4% calculated based on
the 100% immaturity of HIV-1 Gag-iFRETAPro (Figure 2D).
We confirmed that these proportions were consistent with
the rates determined by electron microscopy analysis in
other reports (Burdick et al, 2020; Link et al, 2020) and
ours (Figure 1E).

Taken together, we were able to visualize the maturation state
of virions based on their FRET signal intensity using fluorescence
microscopy and to quantify the proportion of immature virions
with a rate comparable to that found by electron microscopy-
based assays.

Quantitative Assessment of Protease
Inhibitor Activity Using the HIV-1
Gag-iFRET Single Virion Visualization

System

In order to evaluate the applicability of the HIV-1 Gag-iFRET
system, we sought to assess the efficacy of a protease inhibitor
treatment by measuring the population of immature virions and
correlating the results with the associated virus infectivity. For
this purpose, we produced HIV-1 Gag-iFRET labeled virions
in the absence or presence of Darunavir, a protease inhibitor
used in the clinic to treat HIV-1 infection (De Meyer et al.,
2005; Spagnuolo et al., 2018), and quantified the proportion
of immature virions at four different concentrations. Darunavir
treatment shifted the peak of the FRET ratio distribution to
the right in a dose-dependent manner (Figure 3A). Virions
produced by cells treated with the lowest concentration of
Darunavir, 0.1 nM, were in the same FRET range as the non-
treated control (Figure 3A, yellow line), while those treated
with 20 nM Darunavir shifted to the iFRETAPro FRET range
(Figure 3A, light blue line). The peak of the virion population
treated with 10 nM Darunavir was approximately halfway
between the non-treated and immature controls (Figure 3A,
green line).

We counted between 17,000 and 33,000 particles in total
for each condition and quantified the proportion of immature
virions with the same method described in Figure 2C
(Figure 3B). The proportion of immature virions increased
dose-dependently with Darunavir treatment from 22.9 to 89.0%.
Correspondingly, we assessed the HIV-1 Gag-iFRET virus
infectivity produced by cells treated with Darunavir (Figure 3C).
Virus infectivity was not significantly affected by Darunavir
concentrations up to 1.0 nM, whereas a drastic reduction in
infectivity was observed at the 10 and 20 nM concentrations.
According to the dose-response relationships of Darunavir
concentration with virion maturation and virus infectivity
(Figures 3B,C, respectively), the 50% effective concentration
(ECsp) against virion maturation was 7.0 nM, and the 50%
inhibitory concentration (ICsg) of virus infectivity was 2.8 nM
(Figure 3D). This indicated that the drug concentration required
to prevent virus maturation was approximately two-fold higher
than that needed for antiviral effect. This suggests that some
Darunavir treated viruses that completed maturation also
lost infectivity.

In conclusion, the HIV-1 Gag-iFRET labeling strategy we
described here was used to quantify the effects of a protease
inhibitor on the maturation rate of HIV-1.

DISCUSSION

In this study, we set out to develop a FRET based fluorescence
microscopy tool for a large-scale quantitative measurement of
morphologically distinct mature and immature HIV-1 virus
particles. Electron microscopy (EM) is a technique traditionally
used for the structural determination of virion maturation (Lee
and Gui, 2016). It remains a powerful method to identify
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FIGURE 2 | Differentiation and quantification of mature and immature particles in fluorescence microscopy. (A) Representative images of FRET labeled virions. All
images show the same field containing either HIV-1 Gag-iFRET (top images) or -iIFRET APro (bottom images) labeled virions. The left panel shows images taken
through the YFP excitation (515 nm) and emission (540 nm) channels. The middle panels show images taken by the CFP (FRET donor) excitation (458 nm) and CFP
emission (482 nm, left) or YFP emission (540 nm, right) channels. The right panel shows FRET ratio view images that were computationally constructed based on
FRET donor (CFP excitation/CFP emission) and acceptor images (CFP excitation/YFP emission) to show FRET efficiency. The color bar indicates that a high FRET
signal appears in red (yellow arrows), and the color shifts toward blue (white arrows) as the FRET signal decreases. (B) Representative distribution histograms of
FRET intensity from [I] HIV-1 Gag-iIFRET or [ll] -IFRET APro labeled virions are shown with 100 bins. The x- and y-axis indicate the range of FRET intensity (from O to
1) and the number of particles, respectively. The histograms were fitted with a Kernel density estimation function (red curve). (C) The Kernel density estimation curves
of HIV-1 Gag-iIFRET and HIV-1 Gag-iIFRET APro virions in (B) were adjusted to have the same density. The proportion of the HIV-1 Gag-iFRET area under the curve
that overlapped that of HIV-1 Gag-iIFRET APro was calculated and considered as the proportion of immature virions in the total HIV-1 Gag-iFRET virion population.
(D) Quantification of the mature and immature virion populations based on the calculation strategy in (C). The stacked bar plot shows the average percentage of
mature and immature virions in each HIV-1 Gag-iIFRET and HIV-1 Gag-iIFRET APro population. Error bars indicate the standard deviation of three independent
experiments. The total number of analyzed particles for each group is shown above their respective graph bar.
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FIGURE 3 | In vitro dose-dependent effect of a protease inhibitor detected with the HIV-1 Gag-iFRET system. (A) Kernel density estimation curves from a
representative experiment of HIV-1 Gag-iFRET virions produced under treatment with a protease inhibitor, Darunavir, at four different concentrations (0.1, 1.0, 10,
and 20 nM). (B) Quantification of mature and immature virion populations treated with Darunavir, as determined by overlapping kernel density estimation curves as
described in Figure 2C. The stacked bar plot shows the average percentage of mature and immature virions in each untreated and treated population. Error bars
indicate the standard deviation of three independent experiments. The size of the immature virion population in each Darunavir treated sample was compared to that
of the untreated HIV-1 Gag-iFRET sample by paired t-test and significant differences are marked accordingly (o < 0.01, *p < 0.05). (C) Single-round infectivity
assays with TZM-bl cells were performed to determine the inhibitory activity of Darunavir at each tested concentration. The bar plot shows the infectivity (%) of HIV-1
Gag-iIFRET virus with or without Darunavir treatment relative to the infectivity of the parental NL4-3 virus. Error bars indicate the standard deviation of three
independent experiments. Statistical significance was calculated by Wilcoxon matched-pairs signed rank test compared to NL4-3 infectivity. (D) Dose-response
curves for relative inhibition of maturation and infectivity at the tested Darunavir concentrations compared to the untreated sample. The ECso and ICsq of Darunavir
efficacy were calculated by maturation and infectivity rates at the range of 0.1-1000 nM and 0.1-20 nM concentrations of Darunavir, respectively.
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morphological signatures in virions due to its high resolution.
However, the proportions of mature virions measured by EM
are usually assessed manually which leads to a large variation
within the range of 80-99% of the total purified virions
(De Marco et al., 2012; Keller et al, 2013; Mattei et al.,
2015; Burdick et al., 2020; Link et al., 2020). Fluorescence
microscopy on the other hand is expanding to comprise
techniques capable of spatiotemporal analysis of the viral life
cycle (Campbell and Hope, 2008; Francis and Melikyan, 2018).
Hubner et al. (2007) has successfully produced infectious labeled
virions by developing a fluorescently tagged HIV-1 construct,
HIV Gag-iGFP. HIV Gag-iGFP has been used to track HIV-
1 Gag protein through cellular compartments and visualize
virological synapses in living cells (Hubner et al., 2009; Wang
et al., 2019), but is unable to distinguish immature and
mature virions. Although a number of mechanisms in the
virus life cycle were elucidated by visualizing virus particles
or components in the context of living cells, a fluorescence
microscopy technique capable of showing the morphological
transition from immature to mature state was still in need.
In this work, we created a fluorescently distinguishable system
based on the visualization of the Gag maturation status in
virus particles. This system based on the FRET principle was
achieved by inserting the optimized intracellular CFP-YFP
FRET pair proteins (ECFPACI1 and cpl73Venus, respectively)
(Nagai et al., 2004) between the MA and CA domains of
Gag (HIV-1 Gag-iFRET; Figure 1A). The inserted CFP and
YFP proteins were flanked by HIV-1 protease cleavage sites
to allow the separation of the FRET pair proteins from Gag
in the mature virion, which enabled us to differentiate mature
and immature virions based on their FRET signal. High FRET
intensities were observed in the immature virions generated
by the HIV-1 Gag-iFRETAPro construct due to the vicinity
of the FRET donor and acceptor proteins in a single Gag
molecule (Figure 2A, bottom panels). In our analyses, the
histogram plots of FRET signal values derived from the HIV-1
Gag-iFRET APro population fitted a normal distribution curve
(Figure 2B and Supplementary Figure 1B), indicating that
the virus population consisted of a single phenotype of Gag
protein with an immature conformation and also confirmed
Gag-iFRETAPro virions homogenous immature status. The
CFP and YFP proteins inserted in the Gag polyprotein
distributed within the viral particle once the two fluorescent
proteins were cleaved apart during maturation, followed by
FRET signal diminution (Figure 2A, upper panels). As not
all protease-intact particles seemed to complete the maturation
phase, the normal probability plot did not fit a Gaussian
distribution (Supplementary Figure 1A). The HIV-1 Gag-
iFRET virion population was heterogeneous and contained
both mature and immature virions as confirmed by our TEM
images (Figure 1E).

After having confirmed that HIV-1 Gag-iFRET successfully
labeled infectious virions and that there was a measurable
difference in the FRET signal emitted by mature and immature
virions, we proceeded to quantify the proportion of immature
virions. We calculated the overlapping area of HIV-1 Gag-
iFRET with HIV-1 Gag-iFRET APro labeled virions to determine

the proportion of immature virions out of the total HIV-1
Gag-iFRET viruses. As a result, nearly 20% of the HIV-1 Gag-
iFRET virions were accounted to be immature (Figure 2).
As we mentioned earlier, it has been previously reported
that the frequency of immature virions ranges between
0.1 and 20% of the total HIV-1 particles counted in EM
images (De Marco et al, 2012; Keller et al., 2013; Mattei
et al, 2015; Burdick et al, 2020; Link et al, 2020). The
frequency of the immature state measured through our FRET
signal analysis was slightly higher (20%, Figure 2), but
still in the range of previous EM reports (Burdick et al,
2020; Link et al., 2020) and consistent with our count
(Figure 1E). Since we are not able to completely exclude
false positive counts, as immature virions with a median
FRET signal in HIV-1 Gag-iFRET overlapped with those
with a lower signal in the protease deficient population,
we believe our image analysis scheme has been optimized
at this point. Taken together, immature virion quantification
using HIV-1 Gag-iFRET vyielded reproducible results over
multiple experiments with the great advantage of being capable
of large-scale virion quantification through semi-automated
image processing.

A potential application of the HIV-1 Gag-iFRET system is
live-cell imaging to study HIV-1 release at the budding site.
Live-cell microscopy using GFP-tagged CA or other fluorescent
molecules has provided invaluable information on the behavior
of virus components, particularly the localization and various
functions of the capsid (Hubner et al, 2009; Burdick et al.,
2020; Zurnic Bonisch et al., 2020), and FRET has been used
to measure the duration of virion assembly at the plasma
membrane (Jouvenet et al., 2008). Hu’s group investigated the
behavior of viral RNA in fluorescence imaging experiments
using RNA-binding proteins that specifically recognize stem-
loop sequences engineered into the viral genome (Chen et al.,
2009) and revealed that only a portion of the HIV-1 RNAs
that reach the plasma membrane became associated with viral
protein complexes (Sardo et al, 2015). HIV Gag-iGFP was
used in live-cell imaging to show virion trafficking during
virological synapses (Hubner et al., 2009). Thus, the combination
of RNA labeling techniques with the HIV-1 Gag-iFRET system
would provide a unique method in this context to elucidate
the dynamics of Gag-viral RNA release from the budding
site into progeny virions. Moreover, viral assembly appears to
be cell-type dependent (Ono and Freed, 2004), and virions
are assembled and released in viral-containing compartments
(VCCs) in macrophages, beyond the reach of antivirals or
antibodies, and from where cell-to-cell infection can occur
unhindered (Pelchen-Matthews et al., 2003; Sharova et al,
2005; Gousset et al., 2008; Groot et al., 2008; Chu et al.,
2012; Inlora et al., 2016). HIV-1 Gag-iFRET could be used
in live-cell imaging to localize and visualize maturation in
various cellular compartments in different cell-type settings.
This would circumvent the limitation of some studies in
which HIV-1 components are found in VCCs after endocytosis
or phagocytosis of the newly released particles (Jouvenet
et al, 2006). Together with the large-scale quantification
approach to image analysis, our system can provide new
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and reliable insights into this fundamental step of the HIV-
1 life cycle.

To further evaluate the HIV-1 Gag-iFRET quantitative
potential, we tested its applicability to antiretroviral drug
assessment. For this purpose, we examined the sensitivity of
the HIV-1 Gag-iFRET system in detecting changes in the
immature HIV-1 virion population after treatment with the
protease inhibitor, Darunavir. A dose-dependent increase of
the FRET signals associated with escalation of the immature
virion population was observed (Figure 3A). According to
the single round infectivity assays in TZM-bl cells, the 50%
inhibitory concentration (ICsg) of Darunavir was 2.8 nM (0.88-
8.3 nM in 95% Confidence Interval) (Figure 3D), which was
in the range of previous reports (1-5 nM) (De Meyer et al,
2005). On the other hand, the 50% effective concentration
(ECsp) of Darunavir as a protease inhibitor calculated by the
frequency of immature virions in our FRET labeling system
was 7.0 nM (3.9-12.1 nM in 95% Confidence Interval). We
observed that more than double the concentration of ICs is
required to inhibit maturation in 50% of the virions (Figure 3D).
Despite the shift between the two assays being only twofold,
this remains an interesting observation showing that using
only infectivity assays to determine the specific effect of
protease inhibitors on maturation might be insufficient. It has
been previously suggested that protease inhibitors including
Darunavir also block virus entry, reverse transcription, and
integration steps (Rabi et al., 2013). Thus, it stands to reason that
Darunavir’s ICsq is different from its ECs¢ in our calculations.
According to this discordance, it could be inferred that
approximately half of the particles inactivated by Darunavir still
completed maturation. Further studies are needed to elucidate
these observations.

It is possible that defective viruses can still produce antigens
and virus-like particles that could undergo the maturation
process. In this regard, it has been shown that defective
viruses play a role in preferentially activating CD4 T cells
for productive HIV-1 replication, and in providing a large
pool of HIV-1 epitopes that continuously stimulate CD4 T
cells with different antigen specificity (Finzi et al., 2006).
Our results implied that they might do so in a mature
conformation. In support of this idea, studies that looked
at the possibility of using defective virions that can only
produce virus-like particles for immunization purposes
found that the immature morphology enhanced particles
immunogenicity including stimulation of T cell responses,
such as IFN-y production, and eliciting Env targeting antibody
production (Alvarez-Fernandez et al, 2012; Gonelli et al,
2019). This further emphasizes the importance of maturation
for both treatment and prevention of HIV-1 infection. In
addition, more than 95% of proviruses in the peripheral blood
are defective in people living with HIV-1 on combination
antiretroviral therapy (Ho et al,, 2013; Bruner et al, 2016).
Defective proviruses have recently been reported to encode
novel unspliced forms of HIV-1 RNA transcripts with
competent open reading frames and subsequent structural
protein expression that may lead to persistent immune
activation by triggering both innate and adaptive immunity

(Ho et al, 2013; Imamichi et al, 2016). As the majority
of defective proviruses have large internal deletions but
preserve intact gag or gag-pol sequences, it is possible that
defective proviruses form extracellular virus-like particles that
activate immune responses. Thus, the maturation status of
extracellular defective viruses becomes increasingly important
for estimating their potential immunogenicity and our novel
FRET labeling system would be suitable for investigating
this matter. In addition, the viral integrase has been also
shown to be necessary for correct HIV-1 maturation (Fontana
et al., 2015; Kessl et al, 2016; Elliott and Kutluay, 2020)
and its mechanism of action could also be explored using
HIV-1 Gag-iFRET.

CONCLUSION

The HIV-1 Gag-iFRET system, together with the semi-
automated, unbiased imaging and analysis strategy provided
in this work are a new, powerful addition to the virological
and biological molecular tools set. While the current major
focus for HIV-1 functional cure strategy is toward reactivating
latently infected cells and their elimination, biological activity
and pathogenesis of defective proviruses are drawing attention
as another potential obstacle to a functional cure. HIV-1
Gag-iFRET can be used to more thoroughly investigate
maturation, acquire their infectivity and
immunogenicity. Elucidation of the space-time frame of
maturation may reveal therapeutic windows and help broaden
our antiviral arsenal.

when viruses
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