
Frontiers in Virology

OPEN ACCESS

EDITED BY

Tsutomu Murakami,
National Institute of Infectious Diseases
(NIID), Japan

REVIEWED BY

Akatsuki Saito,
University of Miyazaki, Japan
Kazuaki Monde,
Kumamoto University, Japan

*CORRESPONDENCE

Lionel Berthoux

lionel.berthoux@uqtr.ca

RECEIVED 17 December 2024
ACCEPTED 15 January 2025

PUBLISHED 03 February 2025

CITATION

Singh A, Fourcassié V, Gonçalves Dos
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The novel HIV-1 drugs GS-CA1 and the recently approved lenacapavir (GS-6207)

target the viral structural protein capsid (CA). However, their multiple

mechanisms of action have not been fully characterized. Here, we investigated

the effects of GS-CA1 on the early stages of HIV-1 infection, specifically the steps

involving the nuclear envelope, in comparison to the antiviral cytokine IFN-b.
Mass spectrometry data indicated that nuclear envelope proteins were only

modestly affected by either GS-CA1 treatment or HIV-1 infection, but combining

the two had a more significant impact, altering the levels of many proteins

including proteasomal components. GS-CA1 induced a small but clear

accumulation of HIV-1 capsid cores at nuclear pores, as seen by microscopy,

whereas IFN-b caused a strong accumulation of HIV-1 cores at the nuclear

envelope but not specifically at nuclear pores. These observations are consistent

with GS-CA1 inhibiting the nuclear translocation of HIV-1 capsid cores through

nuclear pores.
KEYWORDS

HIV-1, HIV-1 capsid, GS-CA1, mass spectrometry, nuclear pore complex, nuclear
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Introduction

HIV-1 capsid (CA) proteins have a central role in several early post-entry stages of

infection, including retrograde transport, nuclear import and integration (1–5). In

particular, CA is key to HIV-1 nuclear import through nuclear pore complexes (NPCs),

which are large protein channels embedded in the nuclear envelope. Comprising multiple
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copies of nucleoporins (Nups), NPCs facilitate the bidirectional

transport of macromolecules such as proteins, RNA and

ribonucleoprotein complexes [reviewed in (6)]. About one-third

of Nups contain phenylalanine-glycine-rich motifs (FG repeats)

and are important for the selection of cargos to be transported

through NPCs (7). Consistent with its central role in nuclear

import, CA was found to interact with several FG-containing

Nups, such as Nup88, Nup214, Nup358/RanBP2 (cytoplasmic

side); Nup62, Nup98, Nup107 (central ring); and Nup153

(nuclear basket) (8–10) [reviewed in (11)]. These findings have

led to a model whereby the capsid core interacts sequentially with

various Nups present in NPCs, driving its import to the nucleus

(11). Interestingly, HIV-1 was also found to modulate the levels of

Nup358 at NPCs (12, 13), which opens the possibility that HIV-1

cores affect NPCs integrity instead of simply using them to achieve

passage to the nucleus. In addition to being relevant to HIV-1

nuclear import, NPCs are key to antiviral responses triggered by

type I interferons (IFN-I), including IFN-b. For instance, IFN-I-

induced antiviral protein Mx2 (MxB) interactions with multiple

nucleoporins is required for its inhibitory activity against HIV-1 at

the nuclear import step (14). Interestingly, CA is the target of Mx2,

and their interaction results in a block to HIV-1 nuclear transport

(15, 16). Furthermore, NPCs play a central role in the signaling

cascades that form the basis of the IFN-I pathway, and as a result,

viruses are known to interfere with the nuclear-cytoplasmic

transport of IFN-I signaling components (17).

Current HIV pharmacological treatments rely largely on

targeting the viral enzymes protease, reverse transcriptase and

integrase. By contrast, GS-CA1 and the structurally close GS-6207

(lenacapavir) are CA inhibitors that disrupt viral capsid formation

by interfering with CA-CA interactions (18). In clinical trials, GS-

6207/lenacapavir has demonstrated efficacy against multidrug-

resistant HIV-1 strains (19) and was approved in 2022 for the

treatment of heavily treatment-experienced individuals (20). GS-

CA1 has not been pursued in humans but showed a strong

protective effect against HIV-1 in a primate model (21).

Consistent with the important role for CA in both early and late

stages of the virus life cycle, GS-CA1 and GS-6207 have pleiotropic

effects on HIV-1 (18, 22, 23). Their effects on early stages seem to

stem from a stabilization of the viral capsid core, as seen in “fate-of-

capsid assays” (22, 24). Quantitative analyses of reverse transcribed

HIV-1 cDNA as well as its specifically nuclear species (2-LTR DNA

and integrated DNA) suggest that GS-CA1 and GS-6207 can inhibit

several early HIV-1 replication steps, including nuclear import (18,

22, 23). However, discordant results were obtained from another

team, who did not observe an effect of GS-CA1 on CA presence in

the nucleus following infection (24). Whether GS-CA1 and GS-

6207 cause HIV-1 to be specifically sequestered at NPCs is

unknown. The effects of these novel CA-targeting drugs and of

HIV-1 on the composition of NPCs in the early stages of the virus

life cycle have never been investigated by mass spectrometry (MS).

Here, using MS and immunofluorescence microscopy, we evaluated

the impact of HIV-1 infection and GS-CA1 treatment, in
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comparison to IFN-b treatment, on the nuclear envelope and the

localization of HIV-1 capsid cores at the nuclear envelope and

nuclear pores.
Materials and methods

Cell culture

THP-1 monocytic cells were cultured in Cytiva HyClone RPMI

1640 medium containing L-glutamine (SH3002701) supplemented

with 10% Cytiva HyClone fetal bovine serum (FBS, SH3039603)

and penicillin-streptomycin (Cytiva HyClone, SV30010). Crandell-

Rees Feline Kidney (CRFK) cells and human embryonic kidney

293T cells (HEK293T) were maintained in high glucose Cytiva

HyClone Dulbecco’s Modified Eagle’s Medium (DMEM)

containing L-glutamine and sodium pyruvate (SH3024301)

supplemented with 10% FBS and penicillin-streptomycin. All cell

culture reagents were purchased through Fisher Scientific,

Ottawa, Canada.
HIV-1 vector production and titration

To produce the GFP-expressing, vesicular stomatitis virus protein

G (VSV-G)-pseudotyped HIV-1 vector NL43GFP, HEK293T cells

were transfected with 10 µg pNL43GFPDEnvDNef (25, 26) and 5 µg

pMD2.G (26) using polyethyleneimine (PEI, Polysciences, Niles, IL)

(27) for 16 h, after which the supernatants were replaced with fresh

medium (26). The supernatants were collected 24 and 48 h later. Cell

debris were removed by low-speed centrifugation (3,000 rpm, 10 min

at room temperature), followed by filtration through 0.45 µm filters

(Millipore Sigma Durapore PVDF). Virus titrations were performed

by infecting CRFK cells with serial dilutions of the vector

preparations. CRFK cells were fixed in Cytiva HyClone Dulbecco’s

phosphate buffer saline (PBS; #SH30028LS) containing 4%

formaldehyde (37% solution, BioBasic, Quebec, Canada), and the

percentage of infected cells was assessed by flow cytometry using a

Beckman Coulter FC500 instrument. CRFK viral titers were

calculated by analyzing flow cytometry results using FCS Express 6

software (De Novo Software).
EC50 determination

THP-1 cells were seeded at a density of 20,000 cells/well in 96-

well plates. Cells were then treated with 2-fold serial dilutions of GS-

CA1 (Gilead Sciences, Foster City, California, USA) and 2 h later

were infected with NL43GFP (CRFK MOI = 1). 48 h later, cells were

fixed in 4% formaldehyde and the percentage of GFP-positive cells

was determined using flow cytometry. GS-CA1 EC50 was calculated

using an online tool available at https://www.aatbio.com/tools/ic50-

calculator (accessed 2021-02-08).
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Large-scale infections and nuclear
envelope purification

2 x 107 THP-1 cells cultured in flasks were treated or not with 2

nM GS-CA1 for 2 h and then were infected or not with NL43GFP
using a viral dose (MOI = 2) leading to about 40% productively

infected THP-1 cells, for 12 h. In a distinct experiment, cells were

treated or not with 10 ng/ml IFN-b (PeproTech, Rocky Hill, NJ,

USA) and were infected 12 h later with NL43GFP for 12 h. A small

aliquot of the cells was preserved for flow cytometry analysis 36 h

later. The remainder of the cells were processed for the extraction of

nuclear envelope-enriched fractions using a Minute™ Nuclear

Envelope Protein Extraction Kit (Invent Biotechnologies,

Plymouth, MN, USA). Whole-cell lysates, cytoplasmic extracts,

and nuclear extracts also prepared using the same kit were

included in the purification validation experiments.
Western blotting

Protein concentrations in the nuclear envelope extracts were

determined using the Bio-Rad Protein Assay kit and samples were

normalized accordingly prior to SDS-polyacrylamide gel

electrophoresis and transfer to polyvinylidene difluoride (PVDF)

or nitrocellulose membranes. Blotted proteins were analyzed using

the FG repeats-specific MAb414 mouse monoclonal antibody at

1:2,000 dilution (#902907, BioLegend, San Diego, CA), followed by

detection with an HRP-conjugated anti-mouse secondary antibody

(#7076S, New England Biolabs, Whitby, Ontario). Detection of

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the

#9484 mouse monoclonal antibody (Abcam, Toronto, ON) was

used as a marker for cytosolic proteins. Blots were visualized using

the Thermo Scientific SuperSignal West Femto substrate, and

images were recorded using the Bio-Rad ImageLab system.
Mass spectrometry

10 mg of protein from nuclear envelope-enriched fractions were

reduced using 0.2 mM dithiothreitol, alkylated using 0.8 mM

iodoacetamide and digested with 0.2 mg of trypsin (sequencing

grade, Promega, Madison, WI). Samples were analyzed by nano-

LC/MSMS using a Dionex Ult iMate 3000 nanoRSLC

chromatography system (Thermo Fisher Scientific) interfaced to

an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific,

San Jose, CA, USA) equipped with a nanoelectrospray ion source. 1

mg of peptides were separated on a C18 Pepmap Acclaim column

(50 cm length, 75 µm internal diameter) using a 90 min linear

gradient at 300 nL/min with 5-40% solvent B (A: 0.1% formic acid,

B: 80% acetonitrile, 0.1% formic acid). Mass spectra were obtained

with a data-dependent acquisition method using the Thermo

XCalibur software version 4.1.50. Full scan mass spectra (350–

1800 m/z, 120,000 resolution) were acquired from Orbitrap using

an AGC target of 4e5 with a maximum injection time of 50 ms.

Precursors were filtered in the quadrupole analyzer with 1.6 m/z

isolation windows and fragmented by higher-energy Collision-
Frontiers in Virology 03
induced Dissociation (HCD) with 35% collision energy. The

resulting fragments were detected using the linear ion trap at a

rapid scan rate with an AGC target of 1e4 and a maximum injection

time of 50 ms.
MS data analysis

For the IFN-b-treated THP-1 cells experiment, the acquired

spectra were processed using the Minora feature detector algorithm

in Proteome Discoverer 2.3 (Thermo Fisher Scientific). The

resulting data were subjected to MASCOT searches against the

UniProt Homo sapiens protein database (reference proteome

UP000005640 with 74485 entries, downloaded on 2019-02-12)

considering trypsin digestion. For protein validation, a false

discovery rate (FDR) of ≤ 0.01 was allowed at peptide and

protein levels based on a target/decoy search. Unique and razor

peptides were considered for protein quantification, and

normalization was performed based on the summed abundance

of the peptides. The data were normalized using the intensity

normalization factor, which was calculated by dividing the

median intensity for each sample by the median intensity for all

samples combined. The results were exported to an Excel file where

samples were compared to each other using absolute Z-score > 1.96,

q-value < 0.05 and log2 ratio between the two conditions > 0, in

order to determine the statistical significance of the observed

variations. For the GS-CA1 experiments, spectra were analyzed in

Maxquant using the Andromeda search engine (version 2.0.2.0)

against a UniProt Homo sapiens protein database (reference

proteome UP000005640 with 97094 entries, downloaded on

2020-09-24). Trypsin was set as the digestion parameter and a

maximum FDR of 1% was set both at the peptide and protein level.

The proteinGroups.txt output file was imported into R software and

the LFQ normalized intensities were used to compare the groups

considering the same Z-score and q-value thresholds as above.
Microscopy

Cells were fixed in 4% formaldehyde and permeabilized with

Triton X-100 (0.2%) in 1x PBS for 10 min. Cells were then stained

for HIV-1 CA protein using a mouse monoclonal antibody (Clone

183 diluted 1:5000, AIDS Research Reagents Program, contributed

by Bruce Chesebro), co-stained for nucleoporin TPR (rabbit

antibody, 1:1000 dilution, Abcam #84516), and for DNA using

Hoechst 33342 (Invitrogen #3570, through Fisher Scientific

Canada) (28). Alexa Fluor 488 anti-mouse and 594 anti-rabbit

secondary antibodies were used (1:5000 dilution, Molecular

Probes). Images were acquired with a Leica TSC SP8 confocal

microscope fitted with a 63×/1.40 oil objective using the optimal

resolution for the wavelength (determined using the Leica

software). CA signal dots were counted out of 19-20 slides for

each condition (26 to 28 cells), and CA dots that co-localized with

the TPR signal were counted as well (as seen by the presence of

orange color), allowing us to calculate the colocalization ratio.

Counting was performed blindly, from anonymized pictures and
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by a student who was not involved in the “wet lab” phase of

the experiment.
Results

GS-CA1 efficiently inhibits early stages of
HIV-1 infection in THP-1 cells

THP-1 monocytic cells are representative of the monocyte-

macrophage lineage, one of the main types of HIV-1 host cells in

vivo (29). To assess the effects of GS-CA1 on the early steps of HIV-

1 infection in these cells, we used an NL4-3-derived, VSV-G-

pseudotyped HIV-1 vector expressing GFP in place of Nef (25).

VSV-G pseudotyping greatly increases virus entry efficiency,

allowing for detection of HIV-1 cores in cells by MS and by

microscopy, and is not believed to alter post-fusion steps of the

infection process (30). THP-1 cells were challenged with NL43GFP
in the presence of multiple drug concentrations, and the percentage

of GFP-positive cells was determined using flow cytometry

(Figure 1A). We found that GS-CA1 strongly inhibits THP-1

infection, with an EC50 of approximately 0.125 nM (Figure 1A),

which is consistent with previous studies (18).
Isolation of nuclear envelopes for mass
spectrometry analyses

To analyze the effects of HIV-1 vector infection and/or drug

treatment on nuclear pore proteins, we produced nuclear envelope-

enriched fractions. First, we performed a pilot experiment with

uninfected/untreated cells, to assess nuclear envelope fractions

extracted using a commercial kit (Supplementary Figure S1). Whole-

cell, cytoplasmic, nuclear and nuclear envelope protein lysates were

obtained. “Nuclear” fractions are supernatants of the nuclear envelope

precipitation step. Fractions were analyzed by Western blotting with

the monoclonal antibody MAb414 which recognizes several Nups

through binding to the FG repeats (31). Using this antibody, we
Frontiers in Virology 04
observed an enrichment in bands above 150 kDa in the nuclear

envelope fractions, consistent with the high molecular weight of

several FG-containing Nups. As expected, GAPDH was absent from

the nuclear envelope fractions (Supplementary Figure S1).

In the next experiment, THP-1 cells were infected or not with

NL43GFP for 12 h, in the presence or absence of 2 nMGS-CA1, which

was the lowest concentration at which no infection could be detected

(Figure 1A). Quintuplicate infections were performed at a

multiplicity of infection leading to about 40% infected cells in the

absence of drug (Figure 1B). The GS-CA1 concentration used was 16-

times higher than the observed EC50. As expected, infection with the

NL43GFP vector was completely abrogated at this concentration

(Figure 1B). Nuclear envelope extracts were subjected to label-free

mass spectrometry (MS). The principal component analysis (PCA)

shown in Supplementary Figure S2 demonstrates that the control and

GS-CA1 treated cells show only minor differences (except for sample

CTRL_5), whereas the NL43GFP-infected (“HIV-1”) group and the

NL43GFP-infected + GS-CA1-treated group are clearly distinct.

Supplementary Figure S3 summarizes the number of proteins

quantified for each condition, as well as the number of proteins

found to be regulated in pairwise analyses, showing that the greatest

number of dysregulated proteins is found when comparing HIV-1 +

GS-CA1 to either control samples or GS-CA1-treated ones.
Effect of HIV-1 and GS-CA1 on nuclear
envelope-associated proteins as seen by
mass spectrometry

Volcano plots were created based on the MS data in order to

visually identify the most dysregulated proteins between two

conditions (Figure 2). With the threshold parameters used (z-

score ≥ or ≤ 1.96; p-values and q-values ≤ 0.05), we found that

HIV-1 vector infection alone and GS-CA1 treatment alone had little

impact on nuclear envelope proteins, as previously observed in the

PCA (Supplementary Figure S2). HIV-1 (NL43GFP) infection

resulted in the reduced relative abundance of only 5 proteins, i.e.

Lysozyme C (LYZ), pH domain leucine-rich repeat-containing
FIGURE 1

GS-CA1 efficiently inhibits HIV-1 early infection stages in THP-1 cells. (A) Dose-dependent inhibition of NL43GFP. THP-1 cells were treated with
multiple dilutions of GS-CA1 and infected with NL43GFP for 48 h, at which point, % GFP-positive cells were determined by FACS. (B) Infection control
in mass spectrometry (MS) experiments. Cells were infected or not with NL43GFP (CRFK MOI = 2) and treated or not with 2 nM GS-CA1. 12 h later,
cells were processed for MS but small aliquots were placed back in culture for one more day. % GFP-positive cells were determined by FACS. Shown
are average data from 5 replicates, with standard deviations.
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protein phosphatase 1 (PHLPP1), NEPRO (Nucleolus and neural

progenitor protein; C3orf17), DEAD/H-box helicase 12 pseudogene

(DDX12P) and tetratricopeptide repeat protein 37 (TTC37). The

abundance of two proteins was increased by HIV-1 infection, i.e.

forkhead box protein K1 (FOXK1) and Syntaxin-11 (STX11).

Treatment with GS-CA1 led to the downregulation of only one

cellular protein, signal recognition particle 19 (SRP19). Of note,

none of the proteins found to be regulated by HIV-1 or GS-CA1 is

known as an integral protein of the nuclear envelope, raising the

possibility that they are transiently associating with the nuclear

envelope. In contrast, HIV-1 infection in the presence of GS-CA1

altered the levels of 84 proteins, with 71 upregulated and 13

downregulated proteins. A full list of proteins regulated by HIV-1

and/or GS-CA1 is made available (see Supplementary Material).

Again, most of these 84 proteins are not known as permanent

nuclear envelope residents. Interestingly, several of them are

interferon-stimulated gene products, according to the Interferome

database (32). We also performed single-variable comparisons, i.e.

HIV-1 + GS-CA1 vs HIV-1 and HIV-1 + GS-CA1 vs GS-CA1

(Supplementary Figure S4), and interestingly, we observed that

HIV-1 was a much greater inducer of variation than

GS-CA1 treatment.
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Finally, in order to ascertain that the mass spectrometry

approach chosen can detect an expected modulation pattern, we

also treated THP-1 cells with IFN-b and then analyzed nuclear

envelope-enriched fractions from treated and untreated cells

(Supplementary Figure S5). Results showed that nearly 120

proteins were either downregulated or upregulated. As expected,

most upregulated proteins were ISGs, including known antiviral

factors such as Mx2 and ISG15 (33, 34). Interestingly, when we

compared the proteins regulated by HIV-1 or HIV-1 + GS-CA1

treatment, on one hand, to the proteins regulated by IFN-I

treatment, on the other hand, we found that SH3 domain-binding

glutamic acid-rich-like protein 3 (SH3BGRL3) was upregulated in

both conditions.
IFN-b but not GS-CA1 causes the
accumulation of HIV-1 at the
nuclear envelope

GS-CA1 was proposed to induce a block to nuclear import,

though this is still disputed. Thus, we analyzed the presence in the

nuclear envelope-enriched fractions of HIV-1 proteins-derived
FIGURE 2

Modulation of proteins in nuclear envelope-enriched fractions by HIV-1 infection and GS-CA1 treatment. THP-1 cells were infected or not with
NL43GFP (CRFK MOI = 2) and treated or not with 2 nM GS-CA1. Infections were done in quintuplicates. 12 h later, cells were processed for MS.
Volcano plots show dysregulated proteins for NL43GFP-infected cells compared to control (uninfected) cells (top left), GS-CA1-treated cells
compared to control (untreated) cells (top right) and NL43GFP-infected, GS-CA1-treated cells compared to control (uninfected, untreated) cells
(bottom). Colored dots indicate proteins upregulated (red) or downregulated (blue). Grey dots indicate non-dysregulated proteins.
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peptides, which were not included in the results shown in Figure 2.

We performed an identical analysis in cells treated or not with IFN-

b, as this drug promotes the expression of ISGs, including Mx2

which was proposed to interfere with HIV-1 nuclear import by

binding CA proteins (14). All the peptides detected were from the

structural proteins matrix (MA) and capsid (CA). GS-CA1 did not

result in any noticeable modulation in the relative abundance of

these peptides in NL43GFP-infected cells (Figure 3A). Remarkably,

in the presence of IFN-b, a substantial increase in several of the

HIV-1 peptides in the nuclear envelope extracts was

evident (Figure 3B).
HIV-1 colocalizes with TPR in the presence
of GS-CA1

To evaluate the impact of GS-CA1 on HIV-1 cellular

distribution in the early stages of the infection, we conducted

immunofluorescence microscopy experiments, staining for HIV-1

CA as well as the Nup TPR as a nucleopore marker. As shown

Figure 4A, HIV-1 CA signal was present mostly as small “dots”

which were found throughout the cells in the conditions used. Based
Frontiers in Virology 06
on previous work from our team and others, those dots are expected

to represent mostly individual HIV-1 cores/replication complexes

(30, 35, 36). TPR was found almost entirely at the nuclear envelope

and was partially found in the form of punctate signal consistent

with NPCs. In a blinded analysis, we quantified the percentage of

CA “dots” colocalizing with TPR, in absence or presence of GS-CA1

and IFN-b. Colocalization was rare, but examples are shown by

white arrows in Figure 4A, whereas the quantification analysis is

shown in Figure 4B. We found that in the presence of GS-CA1, the

relative number of HIV-1 CA signal colocalizing with TPR

increased by about 8-fold. Treatment with IFN-b also resulted in

an increase in CA-TPR colocalization, but this phenotype was

smaller compared with GS-CA1 (Figure 4B). However, IFN-b
induced a distinct CA distribution, i.e. its accumulation in the

immediate vicinity of the nuclear envelope, but not particularly at

TPR-positive nuclear pore (see blue arrows in Figure 4A).
Discussion

The mechanisms of action for GS-6207 and related antiviral

compounds need to be established more thoroughly. When this
FIGURE 3

HIV-1 protein levels in nuclear envelope fractions are modulated by IFN-b but not GS-CA1. (A) Intensity of HIV-1 protein-associated peptides
detected by MS in nuclear envelope-enriched fractions following infection with the NL43GFP vector in absence or presence of GS-CA1 (2nM), or in
uninfected, untreated cells as a control (Neg Ctrl). Bars represent the average values from 5 replicates, with standard deviations. (B) Intensity of
HIV-1 peptides in nuclear envelope-enriched fractions from cells infected with NL43GFP and treated or not with IFN-b (10 ng/ml) or in uninfected,
untreated cells as a control (Neg Ctrl). Bars represent the average values from 3 replicates, with standard deviations. In both (A, B), only peptides
with intensity levels significantly above background were included. Statistical significance was determined using the one-tailed t-test. *p < 0.05;
**p < 0.005; ***p < 0.0005; ns, not significant; na, not applicable due to a lack of detectable peptide in absence of GS-CA1.
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project was initiated, GS-6207 was not approved yet, and the

compound was not made available to us, but GS-CA1 was. We

focused on the effect of GS-CA1 on HIV-1 functional interactions

with the nuclear envelope. Mass spectrometry on nuclear envelope-

enriched fractions had been done in the context of late stages of

HIV-1 replication (37). To the best of our knowledge, no similar

investigation had been conducted focusing on the early stages of the

infection. We found that few proteins were modulated by either

HIV-1 infection or GS-CA1 treatment alone (Figure 2), though of

course, a different conclusion may be reached by using less stringent

threshold parameters. Although SRP19 (downmodulated by GS-

CA1) has been linked to the antiviral effect of APOBEC3G (38),

none of the proteins found to be modulated are known to be

involved in the early stages of HIV-1, and none are bona fide NPC

components. The results obtained were strikingly different in cells

that were both infected and GS-CA1-treated, since we found 71

upregulated and 13 downregulated proteins, upon comparison with
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the control cells (Figure 2). It is unlikely that the difference in

phenotype between, on one hand, HIV-1 alone or GS-CA1 alone,

and on the other hand, the HIV-1 + GS-CA1 combination, is due to

cytotoxicity. The concentration of GS-CA1 used in this experiment,

2 nM, is well below the cytotoxic concentrations for this drug [CC50

> 30 µM (18)]. Also, less than half of the cells were infected in the

control without drug in this experiment (Figure 1B), making it

unlikely that the dose of virus used would have cytotoxic effects after

16 h of infection. Thus, we conclude that the modulation of nuclear

envelope proteins in these conditions stems from the inhibition of

the virus by GS-CA1. One possibility is that GS-CA1 causes HIV-1

cores to be sequestered at nuclear pores, leading to the increased

presence of proteins interacting with them and/or proteins that are

specialized sensors of viral pathogens. Along these lines, we found

that SH3BGRL3, an IFN-b-stimulated protein in these cells, was

also upregulated by HIV-1. Though no functional interactions

between HIV-1 and SH3BGRL3 have been described so far, the
FIGURE 4

Effect of GS-CA1 and IFN-b on HIV-1 subcellular distribution. (A) THP-1 cells were infected with NL43GFP (CRFK MOI = 2) for 12 h in the presence or
absence of either IFN-b added 12 h before infection) or GS-CA1 (added 2 h prior to infection). Cells were then fixed and stained with a CA antibody
(green) and a TPR antibody (red). Hoechst 33342 was used to reveal DNA (blue). White arrows show examples of the CA-TPR colocalization whereas
cyan arrows point to examples of CA signal accumulating in the vicinity of the nuclear envelope. (B) 20 randomly selected fields for each condition
were used to count the percentage of CA signal “dots” colocalizing with TPR, relative to the total number of CA signal dots (see Methods). The total
number of CA dots analyzed is shown on top of each bar.
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latter may be part of an antiviral response targeting the former.

Another possibility is that HIV-1 may obstruct nuclear pores,

leading to an accumulation of HIV-1-irrelevant proteins that

normally transit through these pores. However, we did not

observe modulation of Nups. It should be reminded that the

HIV-1 vector used in this study was VSV-G-pseudotyped; the

possibility that this affects the results obtained cannot be excluded.

Using MS, we were able to detect the presence of HIV-1

peptides in nuclear envelope-enriched fractions (Figure 3).

Interestingly, all of the peptides that could be quantified belonged

to MA or CA. Early work had involved MA as important for HIV-1

nuclear import, due to the presence of nuclear localization signals in

this protein (39). Accordingly, MA was found long ago to co-purify

with HIV-1 complexes present in the nucleus of acutely infected

cells (40, 41). As stated in the introduction, the modern view of

HIV-1 nuclear import is that an intact or nearly intact capsid core

transits through the NPCs, which implies that MA proteins are

totally dissociated from the HIV-1 complex that gains access to the

nucleus; perhaps this new model over-simplifies HIV-1 nuclear

import. HIV-1 MA and CA peptides were present in significantly

higher amounts in nuclear envelope fractions in the presence of

IFN-b. This effect might be explained by the IFN-induced

overexpression of Mx2, a well-investigated host factor that

stabilizes HIV-1 cores and inhibits their nuclear import (14).

Upon immunofluorescence analysis of acutely infected cells

(Figure 4), we did observe an increase in the relative

colocalization of HIV-1 cores (as detected with a CA antibody)

and NPCs stained with a TPR antibody, in presence of IFN-b.
However, a more striking phenotype associated with IFN-b
treatment was the accumulation of apparent HIV-1 capsid cores

in close vicinity to the nucleus without a strong pattern of

colocalization with TPR. By contrast, GS-CA1 caused a more

pronounced phenotype of association with NPCs. Why, then, did

we not see an increase in the relative amounts of HIV-1 peptides in

nuclear envelope fractions upon GS-CA1 treatment (Figure 3)? A

simple explanation is that even in the presence of the drug, we only

detected a small fraction of total cellular CA signal as colocalizing

with TPR in the microscopy experiment (1.5%), and thus

modulation of this specifically NPC-associated population

probably could not have been detected in the nuclear envelope-

enriched fractions that were used for MS.

Taken together, our MS and microscopy data suggest that GS-

CA1 causes a block to nuclear import in THP-1 cells by

sequestration of HIV-1 capsid cores at nuclear pores, whereas

IFN-b causes their retention at the nuclear envelope or in an as-

yet-undefined cellular compartment that associates and co-purifies

with the nuclear envelope. In addition, GS-CA1 causes the

dysregulation of nuclear envelope fraction proteins in acutely

HIV-1-infected cells, an effect that is not predicted by the analysis

of drug toxicity in the absence of viral infection. Limitations to this

study, however, include (i) the focus on a single monocytic cell line

and the absence of data from cells of the lymphoid lineage; (ii) the

use of VSV-G pseudotyping, as mentioned before; (iii) the use of a
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single inhibitor concentration and a single MOI. Future studies will

need to include a more diverse set of conditions in order to more

fully characterize the relevance of nuclear membranes to the

mechanism of action of GS-CA1 or IFN-I.
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