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Summary

This study investigates the complex interactions between Human Immunodeficiency Virus type 1
(HIV-1), the host cell's nuclear envelope, and the innate immune response, focusing on interferon-
beta (IFN-B) and the interferon-stimulated gene (ISG, genes activated by interferons that help
establish an antiviral state in cells), myxovirus resistance protein 2 (MX2). The research examines
the effects of GS-CALl, a novel HIV-1 capsid inhibitor, on early HIV-1 infection stages at the
nuclear envelope. The study revealed that both HIV-1 infection and IFN-f treatment modulate the
abundance levels of nuclear envelope proteins. ISGs such as TRIM22 (tripartite motif containing
22), TRIM14 (tripartite motif containing 14), and MX2 were upregulated at the nuclear envelope
by IFN-B. The Nup (nucleoporin; proteins that make up the nuclear pore complex, regulating
transport between nucleus and cytoplasm) TPR (translocated promoter region), known to facilitate
HIV-1 complementary DNA (cDNA; DNA synthesized from an RNA template, such as HIV-1
reverse-transcribed genome) integration into the host cell genome, was selectively upregulated
upon HIV-1 infection, while the nuclear pore-associated protein vimentin was downregulated. A
key finding was that IFN-f} treatment enhanced the accumulation of HIV-1 proteins at the nuclear

envelope.

This led to the hypothesis that MX2, known to interact with HIV-1 capsid near the nuclear pore
complex, might be responsible for this accumulation. However, experiments using MX2
knockdown cells challenged this hypothesis. While HIV-1 peptides were more abundant in IFN-
B-treated samples, there was no significant difference in peptide accumulation between MX2
knockdown cells and control cells. These findings indicate that MX2 not alone but along with
other ISGs might be responsible for HIV-1 peptide accumulation at the nuclear envelope-enriched
fractions during IFN-f treatment. The research findings suggest that HIV-1 infection dampens the
effect of IFN-P on certain ISGs, supporting previous findings that HIV-1 can partially evade or
suppress the innate immune response. This research advances our understanding of HIV-1

interactions with the nuclear envelope and the host cell's innate immune response. The findings
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suggest that HIV-1 nuclear entry mechanisms and the host cell's attempts to block this entry are

more complex than previously thought, involving multiple proteins and pathways.

We then utilized GS-CA1, an inhibitor that prevents capsid formation, to study the impact of HIV-
1 infection, GS-CAL treatment, and beta interferon (IFN-f) treatment on the nuclear envelope, as
well as the localization of HIV-1 capsid cores at the nuclear envelope and nuclear pores. Mass
spectrometry experiments revealed that GS-CA1l treatment combined with HIV-1 infection
significantly altered protein levels in nuclear envelope-enriched fractions, including proteasomal
components. Immunofluorescence microscopy experiments showed that GS-CA1 induced a small
but significant accumulation of HIV-1 capsid cores at nuclear pores, while [IFN-3 caused a strong
accumulation at the nuclear envelope, but not specifically at nuclear pores. These observations
suggest that GS-CA1 inhibits the nuclear translocation of HIV-1 capsid cores through nuclear
pores. The study's results have important implications for HIV-1 research and potential therapeutic
strategies. By identifying proteins modulated during HIV-1 infection and IFN-f treatment, the

research provides potential new targets for antiviral therapies.

The unexpected findings regarding MX2 highlight the need for further investigation into other
ISGs and cellular mechanisms involved in restricting HIV-1 infection at the nuclear envelope.
Future research directions include investigating the specific functions of newly identified
modulated proteins in HIV-1 infection and interferon response, exploring mechanisms by which
IFN-B compensates for MX2 knockdown, and identifying other factors responsible for HIV-1
peptide accumulation at the nuclear envelope. Additionally, the identified proteins could be studied
as potential biomarkers for HIV-1 infection or interferon response, and their roles in other viral
infections could be investigated to determine if the observed effects are HIV-1 specific or part of

a broader antiviral response.

Vi



Résumé

Cette ¢tude les interactions complexes entre le VIH-1, ’enveloppe nucléaire de la cellule hote et
la réponse immunitaire innée, en se concentrant sur 1’interféron béta (IFN-B) et le géne MX2
stimulé par I’interféron. Cette recherche examine les effets de GS-CA1, un nouvel inhibiteur de la
capside du VIH-1, sur les premiers stades de I’infection par le VIH-1 au niveau de 1’enveloppe
nucléaire. L’étude a révélé que I’infection par le VIH-1 et le traitement par I’TFN- modulent les
niveaux d’abondance des protéines de 1I’enveloppe nucléaire. Les protéines codées par les geénes
stimulés par I’interféron (ISG) tels que TRIM22, TRIM14 et MX2 ont été régulés a la hausse a
I’enveloppe nucléaire par ’IFN-B. La nucléoporine TPR, connue pour faciliter 1’intégration de
I’ADNc du VIH-1 dans le génome de la cellule hote, a été sélectivement régulée a la hausse lors
de I’infection par le VIH-1, tandis que la vimentine, une protéine associée aux pores nucléaires, a
été régulée a la baisse. L’une des principales conclusions est que le traitement par I’IFN-B

augmente 1’accumulation des protéines du VIH-1 au niveau de I’enveloppe nucléaire.

Cela a conduit a I’hypothése que MX2, connu pour interagir avec la capside du VIH-1 prés du
complexe de pores nucléaires, pourrait étre responsable de cette accumulation. Cependant, des
expériences utilisant des cellules knockdown MX2 ont remis en question cette hypothése. Bien
que les peptides du VIH-1 soient plus abondants dans les échantillons traités a I’'IFN-f, il n’y avait
pas de différence significative dans I’accumulation de peptides entre les cellules knockdown MX?2
et les cellules témoins. Ces résultats indiquent que MX2, non seulement mais avec d’autres ISG,
pourrait étre responsable de 1’accumulation de peptides du VIH-1 dans les fractions enrichies en
enveloppe nucléaire pendant le traitement par [IFN-f3. L’étude a également observé que I’infection
par le VIH-1 semblait atténuer I’effet de I’IFN- sur certains ISG, confirmant ainsi les résultats
antérieurs selon lesquels le VIH-1 peut partiellement échapper ou supprimer la réponse

immunitaire innée. Cette recherche fait progresser notre compréhension des interactions du VIH-
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1 avec I’enveloppe nucléaire et la réponse immunitaire innée de la cellule hote. Les résultats
suggérent que les mécanismes d’entrée nucléaire du VIH-1 et les tentatives de la cellule hote pour
bloquer cette entrée sont plus complexes qu’on ne le pensait auparavant, impliquant plusieurs

protéines et voies.

Nous avons ensuite utilisé¢ le GS-CA1, un inhibiteur qui empéche la formation de capside, pour
¢tudier I’'impact de I’infection par le VIH-1, du traitement par le GS-CA1 et du traitement par
I’interféron béta (IFN-B) sur I’enveloppe nucléaire, ainsi que la localisation des capside du VIH-1
au niveau de I’enveloppe nucléaire et des pores nucléaires. Des expériences de spectrométrie de
masse ont révélé que le traitement par GS-CA1l combiné a I’infection par le VIH-1 modifiait
significativement les niveaux de protéines dans les fractions enrichies en enveloppe nucléaire, y
compris les composants protéasomaux. Des expériences de microscopie par immunofluorescence
ont montré que GS-CA1 induisait une accumulation faible mais significative de noyaux de capside
du VIH-1 au niveau des pores nucléaires, tandis que I’IFN- provoquait une forte accumulation au
niveau de I’enveloppe nucléaire, mais pas spécifiquement au niveau des pores nucléaires. Ces
observations suggerent que GS-CA1 inhibe la translocation nucléaire des noyaux de capside du
VIH-1 a travers les pores nucléaires. Les résultats de I’étude ont des implications importantes pour
la recherche sur le VIH-1 et les stratégies thérapeutiques potentielles. En identifiant les protéines
modulées pendant I’infection par le VIH-1 et le traitement par I’IFN-B, la recherche fournit de

nouvelles cibles potentielles pour les thérapies antivirales.

Les résultats inattendus concernant MX2 soulignent la nécessité d’approfondir les recherches sur
d’autres ISG et mécanismes cellulaires impliqués dans la limitation de I’infection par le VIH-1 a
I’enveloppe nucléaire. Les orientations de recherche futures comprennent I’étude des fonctions
spécifiques des protéines modulées nouvellement identifiées dans I’infection par le VIH-1 et la
réponse a I’interféron, I’exploration des mécanismes par lesquels I’IFN-B compense I’inactivation
de MX2 et I’identification d’autres facteurs responsables de I’accumulation de peptides du VIH-1
dans I’enveloppe nucléaire. De plus, les protéines identifiées pourraient étre étudiées en tant que

biomarqueurs potentiels de 1’infection par le VIH-1 ou de la réponse a I’interféron, et leur rdle

viii



dans d’autres infections virales pourrait €tre étudi€¢ pour déterminer si les effets observés sont

spécifiques du VIH-1 ou s’ils font partie d’une réponse antivirale plus large.
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Chapter 1

Introduction

1.1 Viruses

Viruses are small, obligate intracellular parasites that contain either DNA or RNA as their
genetic material, enclosed within a protein capsid (1). These organisms have long posed a threat
to various species, including humans, nonhuman primates, and plants (2). Throughout history,
viruses have caused widespread pandemics, such as the Spanish flu (3), the 2009 HINT1 influenza
pandemic (formerly known as swine flu) (4), and most recently, COVID-19 (5). According to the
World Health Organization (WHO), HIV is currently a pandemic (6). Since the identification of
AIDS in 1981 (7) and its causative agent, HIV, in 1983-4 (8, 9), there has been ongoing research
into the HIV life cycle and anti-HIV drugs. HIV is a lentivirus from the retroviridae family, and
one of its unique features is that it can reverse transcribe its RNA genome into dsDNA, integrating
it into the host (10, 11). This thesis investigates HIV-1-host interactions at the nuclear envelope,
focusing on innate immune responses during HIV-1 nuclear entry and their impact on nuclear
envelope proteins.
1.1.1 HIV types and classification of HIV-1

HIV remains a major global public health issue, having claimed 40.4 million [32.9-51.3
million] lives so far with ongoing transmission in all countries globally; with some countries
reporting increasing trends in new infections when previously on the decline. There were an
estimated 39.0 million [33.1-45.7 million] people living with HIV at the end of 2022, two-thirds
of whom (25.6 million) are in the African Region according to WHO data. In 2022, around 630,000
[480 000-880, 000] people died from HIV-related causes and 1.3 million [1.0—1.7 million] people
acquired HIV. There is no cure for HIV infection. However, with access to effective HIV
prevention, diagnosis, treatment, and care, including for opportunistic infections, HIV infection
has become a manageable chronic health condition, enabling people living with HIV to lead long
and healthy lives. WHO, the Global Fund, and UNAIDS all have global HIV strategies that are
aligned with sustainable development goals (SDG) target 3.3 of ending the HIV epidemic by 2030.

HIV-1, or Human Immunodeficiency Virus Type 1, is a lentivirus that infects humans and is
responsible for causing acquired immunodeficiency syndrome (AIDS). It is a member of the

Retroviridae family, which is further classified into the subfamily Orthoretrovirinae. HIV-1



primarily targets and infects immune cells called CD4+ T lymphocytes, compromising the host's
immune system over time. HIV-1 was first identified in the early 1980s at the onset of the HIV
pandemic. The virus was initially isolated from individuals with AIDS-related symptoms and
named LAV (Lymphadenopathy-Associated Virus) by researchers in France and HTLV-III
(Human T-cell Lymphotropic Virus Type III) by researchers in the United States.

In 1986, a consensus was reached, and the virus was officially named HIV (Human
Immunodeficiency Virus) (8, 9). Further research led to the classification of two main types of
HIV: HIV-1 and HIV-2, with HIV-1 being more widespread and pathogenic. Like other
lentiviruses, HIV-1 can infect both dividing and non-dividing cells, making it more efficient in
replication and integration into the host genome, especially in terminal differentiated cells such as
neural cells and macrophages. Other retroviruses, such as murine leukemia virus (MLV) require
the nuclear membrane to rupture in order to access the host genome (12). With this unique feature,
HIV-1 can manipulate many cellular proteins to complete its life cycle, as discussed later in this
chapter.

Among two types of HIV, HIV-1 is the most prevalent around the world and it causes AIDS
(advanced type) (13). Whereas HIV-2 is predominantly found in western Africa. This study will
focus on HIV-1. Before going into details of HIV-1, let’s look at the classification of HIV-1
according to the International Committee on Taxonomy of Viruses (ICTV) (14). Figure 1.1
presents the classification of HIV-1 into distinct subtypes and sub-subtypes based on genetic

sequence variations

Realm: Riboviria

Kingdom: Pararnavirae
Phylum: Artverviricota
Class: Revtraviricetes

Order: Ortervirales

Family: Retroviridae
Subfamily: Orthoretrovirinae
Genus: Lentivirus

Species: Human immunodeficiency virus 1
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Figure 1.1: Classification of HIV-1 (Adapted From (15)) Classification of HIV-1 subtypes and
sub-subtypes

Since the discovery of HIV-1 as the causative agent of AIDS in the early 1980s, remarkable
progress has been made in both understanding the virus and developing effective treatments. The
introduction of zidovudine (AZT) in 1987 marked the first breakthrough in antiretroviral therapy
(16), followed by the advent of protease inhibitors and the era of highly active antiretroviral
therapy (HAART) in the mid-1990s. More recently, advances such as integrase inhibitors (17)and

the capsid inhibitor lenacapavir (18) have further expanded the therapeutic landscape.



1.2 summarizes these key milestones in HIV-1 research and treatment.

N\

* Discovery of HIV as the cause of AIDS

« First drug and vaccine trials
1987-88

* AIDS becomes the leading cause of death for young Americans

» The FDA approves the first protease inhibitor, ushering in a new era of highly active antiretroviral therapy
(HAART).

* The first HIV home test kit is approved by the FDA.

* The first triple combination therapy for HIV is approved by the FDA.

* The first integrase inhibitor for HIV is approved by the FDA.

« The first non-nucleoside reverse transcriptase inhibitor for HIV is approved by the FDA.

« The first fusion inhibitor for HIV is approved by the FDA

* The first CCRS5 antagonist for HIV is approved by the FDA.

» The FDA approves the first pre-exposure prophylaxis (PrEP) drug for HIV

» The FDA approves the first two-drug regimen for HIV

* CA inhibitor Lenacapavir approved for HIV-1 treatment




Figure 1.2: Important events in the HIV-1 Discovery and hunt for the Treatments. The figure
provides a timeline that outlines key milestones in HIV/AIDS research and treatment, spanning
from 1982 to 2022. It begins with the discovery of HIV as the cause of AIDS in the early 1980s
and includes major advancements such as the approval of the first antiretroviral therapies,
groundbreaking drug classes like integrase inhibitors and CCRS5 antagonists, and innovations like
the first home test kit and pre-exposure prophylaxis (PrEP). The timeline culminates in 2022 with
the approval of a new treatment, Lenacapavir, for HIV-1.

1.1.3 HIV-1 virus structure and HIV-1 genome

HIV-1 is a retrovirus with a spherical structure approximately 100-120 nm in diameter (19,
20). Its outer layer consists of a lipid bilayer membrane derived from the host cell, embedded with
viral envelope glycoproteins gp120 and gp41 ((20)(see Figure 1.3). Beneath the membrane lies a
matrix composed of p17 proteins. The viral core, or capsid, is conical-shaped and made up of p24
proteins. Inside the capsid are two identical single-stranded RNA genomes, along with essential
viral enzymes such as reverse transcriptase, integrase, and protease. The RNA is bound to
nucleocapsid proteins. This comsplex structure enables HIV-1 to infect host cells, primarily CD4+
T lymphocytes and macrophages, by binding to CD4 receptors and co-receptors on the cell surface,

initiating the viral replication cycle (20).

The full-length transcript of HIV contains numerous 5' and 3' splice sites (21) (see Figure
1.3). During the early stages of infection, multiple spliced mRNAs produce the regulatory proteins
Tat and Rev, along with the accessory protein Nef (22). These mRNAs are abundant at this point
due to Tat's stimulation of transcription. However, as Rev protein accumulates, it triggers a shift
in mRNA patterns, resulting in a temporal change in viral gene expression. Rev, an RNA binding
protein, identifies a specific sequence within the env region of the elongated transcript known as
the Rev-responsive element (RRE) (22). This protein facilitates the nuclear export of any RNA
containing the RRE. As Rev levels increase, unspliced or singly spliced transcripts with the RRE
are transported out of the nucleus. This process promotes the production of viral structural proteins
(Gag, Env) and enzymes (Pol) while ensuring full-length genomic RNA is available for
incorporation into new virus particles. In the later stages of infection, singly spliced mRNAs
dependent on Rev for cytoplasmic export produce the accessory proteins Vif, Vpr, and Vpu (in

HIV-1) or Vif, Vpr, and Vpx (in HIV-2) (22).
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Figure 1.3: A general depiction of the HIV-1 genome (upper part) and HIV-1 virus structure
(lower part). (created with biorender.com) Schematic representation of the HIV-1 genome and its
encoded proteins. The genome consists of structural, enzymatic, and regulatory genes. The gag
gene encodes matrix protein (MA), capsid protein (CA), nucleocapsid protein (NC), and p6. The
pol gene encodes protease (PR), reverse transcriptase (RT), and integrase (IN). The env gene
encodes surface glycoprotein (SU/gp120) and transmembrane glycoprotein (TM/gp41). Accessory
proteins include trans-activator of transcription (Tat), regulator of viral expression (Rev), viral
infectivity factor (Vif), viral protein R (Vpr), and viral protein U (Vpu). Schematic representation
of HIV-1 virus structure showing the envelope, core, and genetic material. Single-stranded RNA
(ssRNA).

A) Tat: Tat functions as a transcriptional activator that enhances productive transcription during
HIV infection (23). The viral long terminal repeat governs the expression of integrated HIV DNA
by interacting with cellular transcriptional machinery (23). While the HIV LTR serves as a
promoter in diverse cell types, its baseline activity is comparatively low. The LTR contains an
enhancer sequence that interacts with cell-specific transcriptional activators, including Nf-kB (23).

This interaction may explain the necessity of T-cell activation for HIV replication. The trans-
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activating response element (TAR), a distinctive viral regulatory sequence, is located downstream
of the transcription initiation site in the HIV LTR (23). TAR RNA adopts a stable bulged stem-
loop configuration that binds to Tat and various host proteins. Tat enhances transcriptional
processivity and facilitates viral RNA elongation (23). Infected cells release Tat, which can affect
other cells by acting as a chemoattractant for monocytes, basophils, and mast cells. Upon entering
cells, Tat can trigger the production of crucial proteins that significantly impact virus
dissemination and immune cell functionality. For instance, in transient-expression assays, Tat can
upregulate genes encoding the CXCr4 and CCr5 coreceptors in target cells and boost the
production of several chemokines (24). The Tat protein exhibits cytotoxicity in certain cultured

cells and demonstrates neurotoxicity when injected intracerebrally into mice (25).

B) Rev: Rev is a 19 kD phosphoprotein of HIV-1 and acts as a regulatory factor mainly found in
the nucleus/nucleolus. It is functionally conserved in lentiviruses and shuttles between the nucleus
and cytoplasm (26). Rev binds to the rev responsive element (RRE) of viral pre-mRNA and later
to XPO1 to facilitate viral pre-mRNA export (27). In the early infection when Rev is not
synthesized, spliced viral mRNA is exported to the cytoplasm and is translated to many regulatory
viral proteins including Rev. Then Rev translocates to the nucleus and starts the cycles for export

of viral pre-mRNA (28, 29). Hence Rev regulates the other viral protein expression.

C) Vif: Vif is a protein found in infected cells that is necessary for virus assembly and acts as an
RNA-binding protein. The absence of the vif gene in virus particles leads to a significant reduction
in infectivity. Virus particles lacking Vif can initiate reverse transcription but do not complete it,
indicating that Vif is essential for reverse transcription completion. Vif is required for infectivity
in certain cell types, and experiments with cell fusion suggest that nonpermissive cells dominate
(30). The infectivity of virus particles is enhanced in the presence of Vif, suggesting that Vif may
suppress a host cell function that would otherwise inhibit viral infectivity. Vif forms a complex
with other cellular proteins to target and degrade APOBEC3G (3F,3H, 3DE) a cellular protein that
inhibits virus reproduction in various ways, including binding to viral RNA. Vif prevents the
incorporation of APOBEC3G into virus particles by binding to it and inducing its proteasomal
degradation (31, 32). In the absence of Vif, APOBEC3G is incorporated into the viral particles.



Then APOBEC3G inhibits the viral DNA synthesis and may induce the mutagenesis for hyper
G—A transitions (33).

D) Vpr: Vpr, a viral protein weighing 15 kDa and also known as R, causes the rapid destruction
of T cells in HIV-1 infections. It binds to the Gag polyprotein of viral particles and also the host’s
protein uracil -DNA glycosylase 2 (UNG?2). It also functions as an adapter protein in an E3-ligase
(34, 35). Vpr facilitates the recruitment of the cellular SIx4 structure-specific endonuclease
regulator and triggers G2/M arrest and apoptosis in response to Vpr (34). Preventing infected cells
from entering mitosis seems to have no obvious advantage, especially since the need for Vpr's
function is most evident in HIV infection of nondiving cells, macrophages (34). Vpr enhances
virus production by increasing the activity of LTR promoters during the G2 phase of the cell cycle
(34, 35). In addition to cell cycle arrest and apoptosis, Vpr modulates the transcription of host and
viral genes, maintains reverse transcriptase fidelity, recruits UNG2, and facilitates the nuclear
import of preintegration complexes in non-dividing cells (34). By binding to nuclear pore proteins
hCG1 (NupL2, NupL1/2), Vpr may also play a role in the docking of the HIV-1 preintegration

complex at the nuclear pore for import (36).

E) Vpu: The Vpu protein is a 16-kDa viral protein HIV-1. It is not present in HIV-2. It has an N-
terminal membrane-spanning domain and two alpha-helices in its cytoplasmic domain. Vpu is an
integral membrane protein that forms oligomers through self-association (37). It is found on all
membranes of intracellular organelles of infected cells, including in the endoplasmic reticulum
(ER), trans-Golgi network, and endosomes. Vpu is crucial for proper maturation and targeting of
progeny virus particles and their efficient release (38). Without Vpu, particles with multiple cores
are produced, and budding is directed to multivesicular bodies instead of the plasma membrane
(39). Vpu reduces viral cytopathogenicity by limiting the accumulation of envelope (Env)
glycoproteins at the host cell surface, thereby inhibiting Env-mediated cell-cell fusion and
syncytium formation (40, 41).

Tetherin i1s a membrane protein with a cytoplasmic tail, a transmembrane region, and a
glycophosphatidyl inositol membrane anchor (39). It inhibits the spread of the virus by capturing

the progeny at the plasma membrane (37). Vpu interacts with tetherin in the trans-Golgi network



and inhibits its transport to the plasma membrane hence facilitating the release of viruses (42). It
also traps the CD4 at the ER, facilitating the degradation of CD4 (43). This reduces the quantity
of CD4 at the cell surface, limits superinfection by HIV-1, and enhances the production of
infectious particles (44). Vpu also forms an ion-conducting channel known as a viroporin, similar
to that of the influenza A virus protein M2. It is noteworthy that HIV-1 is the only virus that has
Vpu, which is a tetherin antagonist. This is likely due to different retroviral proteins assuming this
function during evolution, such as the envelope protein of HIV-2 and the Nef proteins of several

primate viruses, which act as tetherin antagonists in their host species.

F) Nef: Most laboratory strains of HIV-1 have been modified to grow well in T cell lines and often
contain deletions or other mutations in the nef gene. The restoration of nef reduces the efficiency
of virus reproduction in these cells, leading to the name “negative factor” (45). Nef (27-32KD) is
produced from multiply spliced early mRNA transcripts (45). The size of these proteins can differ
due to posttranslational modifications. Nef is incorporated into virus particles by interacting with
Gag polyproteins. Nef plays a role in capsid disassembly following infection. Nef undergoes post-
translational modification via N-terminal myristoylation, which facilitates its anchoring to the
inner leaflet of the plasma membrane. (46). It includes a protein-protein interaction domain (SH3)
that binds to components of intracellular signaling pathways, eliciting a program of gene
expression similar to that observed after T-cell activation (47, 48). Nef is a well-studied HIV-1
accessory protein that downregulates the surface expression of CD4 and MHC class I molecules
(49, 50). By connecting the cytoplasmic domain of MHC class I molecules with the clathrin
adapter protein complex (AP-1) in the trans-Golgi network, Nef facilitates their delivery to
lysosomes for degradation, thereby inhibiting cytotoxic T lymphocyte (CTL) recognition and
enhancing HIV-1 pathogenesis.

G) CA (capsid): The HIV-1 capsid (CA) protein plays crucial roles in viral particle assembly and
early infection stages. CA forms the conical core shell of mature virions, encapsulating the viral

genome and associated proteins (51).



Pentamer

Hexamer

Figure 1.4: Structure of HIV-1 capsid (A) The structure of the CA monomer showing the N-
terminal domain (NTD), the C-terminal domain, and the CypA-binding loop (highlighted) (PDB
4XFY). (B) The structure of pentameric HIV-1 CA (PDB 3P05). (C) The structure of hexameric
HIV-1 CA (PDB 4XFY). (D) The hexameric and pentameric subunits assemble into a fullerene
conical capsid core (PDB 3J3Y). In this model, the core is composed of 186 hexamers and 12
pentamers (from (52)).

The HIV-1 capsid (CA) protein (see Figure 1.4) consists of two predominantly a-helical domains,
the N-terminal domain (CA-NTD) and the C-terminal domain (CA-CTD), connected by a flexible
linker (51, 53). The NTD is essential for mature core formation and interacts with cyclophilin A
(CyPA), facilitating its incorporation into virions and enhancing infectivity (54-56). The CTD
mediates CA dimerization, which is critical for both immature particle assembly and viral
replication (51, 57). During maturation, proteolytic cleavage at the CA-p2 junction acts as a
molecular switch, enabling the transition from spherical to conical core structures (58, 59). In vitro,

CA can self-assemble into tubes resembling those seen in mature virions, with hexameric rings
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formed by NTDs and inward-projecting CTDs (60, 61). This flexible architecture supports the
fullerene cone model, where the HIV-1 core consists of a hexagonal lattice closed by 12 pentameric
defects, determining core geometry (59, 62, 63). The relatively open structure may allow

nucleotide entry for reverse transcription within the intact core (61).

H) Pol (polymerase): POL region of HIV-1 genome encodes produced as a Gag-Pol precursor
polyprotein. This polyprotein is further cleaved into viral enzymes polymerase (PR), reverse
transcriptase (RT), and integrase (IN) (65). These enzymes are crucial to complete the viral life
cycle as they help in reverse transcription and integration into the host genome.
I) Env (envelop protein): It includes viral glycoproteins; gp160 precursor, processed to gp120
and gp41, which form trimers on the cell surface and contain binding sites for CD4 and co-
receptors CCR5 or CXCR4 (66). This finding initiates the fusion of HIV-1 to the host cell
membrane.
1.1.4 HIV-1 Replication cycle

HIV-1 primarily targets and infects CD4+ T lymphocytes, compromising the host's immune
system over time (67). This section will delve into the stages of the HIV-1 life cycle, including
attachment, fusion, reverse transcription, integration, transcription and translation of viral genes,

assembly, budding, and maturation.
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Figure 1.5: HIV-1 life cycle. Created with biorender.com, inspired by (68). Schematic
representation of the different stages of the HIV-1 life cycle, beginning with attachment to the host
cell and concluding with the budding of new virions. The process involves the interaction of a
cluster of differentiation 4 (CD4) receptors and C-C chemokine receptor type 5 (CCRS) co-
receptors on the host cell surface with the viral envelope glycoproteins.

Stage 1- Attachment: The first step in the HIV-1 life cycle involves the attachment of the virus
to CD4 receptors on the surface of host immune cells, particularly CD4+ T lymphocytes (see
Figure 1.5). This initial attachment is mediated by the viral envelope glycoprotein gp120 binding
to CD4 receptors (9).

Stage 2- Co-receptor binding: Following attachment, HIV-1 binds to co-receptors on the host
cell surface (see Figure 1.5). The two major coreceptors for HIV-1 are CXCr4 and CCr5 (69).
strains of HIV that bind to CXCr4 or CCr5 are referred to as X4 and RS strains, respectively (70,
71). RS viruses are typically transmitted during early-stage infection, while X4 viruses are mostly
transmitted in the late stages (72, 73). These receptors are critical for HIV-1 infection, and certain

mutations, particularly in CCRS, can contribute to HIV-1 resistance. For instance, individuals
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homozygous for the CCRS5-A32 mutation are highly resistant to HIV-1 infection, while
heterozygous individuals may experience slower disease progression if infected (74). Cell lineages
with CD4 receptors and chemokine receptors (especially CCRS and CXCR4) are the main targets
of HIV-1 and they also produce most viral particles (75, 76). Several additional chemokine
receptors have been identified as coreceptors for HIV in cell culture experiments, but their roles
in natural infection remain unclear (69). These additional coreceptors may allow the virus to enter
a broader range of cells than initially thought. They are found in cells such as those in the thymus
gland and brain and could play a role in infection during infancy or in cells of the central nervous
system (77). It has been suggested that binding to these additional coreceptors may trigger signals
that affect virus reproduction in target cells or harm nonpermissive cells, leading to a "bystander"
effect (78, 79). This binding event triggers a conformational change in the viral envelope
glycoprotein gp41, leading to the fusion of viral and cellular membranes. It also requires a
coreceptor to trigger the fusion of the viral and cellular membranes and gain entry into the
cytoplasm (80, 81).

Stage 3- Fusion and entry: The process of merging viral and host cell membranes facilitates the
entry of the viral core into the host cell's cytoplasm. The unbroken core, which encircles the viral
RNA genome and accompanying proteins, is then propelled towards the nuclear membrane by
myosin and actin (82). Previously, it was believed that the virus's capsid disassembles near the
nuclear pore in the cytoplasm, but recent research has revealed that the capsid remains intact during
entry into the nuclear pore and also might act as an opportunistic nuclear import receptor (83).
However, additional capsid residues are detected within the nucleus, though they may not always
be in their original, unbroken state (see Figure 1.5).

Stage 4- Reverse transcription: Upon entering the host cell, the viral RNA genome is converted
into a DNA copy by the viral enzyme reverse transcriptase (9). This process leads to the formation
of a double-stranded viral DNA molecule referred to as the provirus. The completion of reverse
transcription has been the subject of debate regarding its location and timing. However, recent
research indicates that reverse transcription commences in the cytoplasm but concludes near the

integration site in the nucleus (84).
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Stage 5- Integration: The processes of transporting the HIV-1 core to the nucleus and integrating
viral DNA into the host genome are interconnected (85). The provirus is transported to the host
cell nucleus, where it integrates with the help of the viral integrase enzyme into the host cell's
genomic DNA, becoming a permanent part of the cell's DNA (9).
Stage 6 - Transcription and translation: The integrated provirus can potentially be transcribed
by the host cell's RNA polymerase, resulting in the production of viral RNA and messenger RNA
(mRNA). These mRNA molecules are subsequently translated by the host cell's ribosomes,
ultimately synthesizing viral proteins, such as structural and regulatory proteins.
Stage 7- Assembly and budding: The formation of newly synthesized viral components,
including viral RNA, proteins, and enzymes, occurs at the host cell's plasma membrane. These
viral proteins and RNA are subsequently packaged into new virions, which bud from the host cell's
membrane and acquire an envelope composed of host cell membrane components.
Stage 8-Maturation and release: The maturation of viral protease involves cleaving precursor
proteins into functional forms, resulting in the release of mature virions from the host cell. These
mature virions can then infect other CD4+ T lymphocytes, perpetuating the cycle (see Figure 1.5).
The HIV-1 life cycle is a complex and tightly regulated process that ultimately results in the
production of new viral particles and the depletion of host CD4+ T cells, contributing to the
progressive immunodeficiency observed in AIDS patients. This process is further complicated by
the ability of HIV-1 to infect and replicate within CD4+ T cells, leading to the destruction of these
cells and the subsequent loss of immune function. Additionally, HIV-1 has the ability to evade the
host immune response through the use of various mechanisms, such as the production of viral

variants with mutations that prevent recognition by the immune system (86).

1.1.5 HIV-1 and the nuclear envelope

As mentioned earlier the HIV-1 life cycle is incomplete without the integration of the viral
genome in the host genome. This process involves the nuclear envelope. The nuclear envelope
plays a crucial role in the HIV-1 life cycle, serving as both a barrier and a gateway for viral
components. As HIV-1 replicates, it must overcome the challenge of transporting its genetic
material and associated proteins across this double-membrane structure to access the host cell's

nucleus. The nuclear pore complexes (NPCs) embedded in the nuclear envelope are essential for
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this process, allowing the viral pre-integration complex to enter the nucleus and integrate the viral
DNA into the host genome. NPCs are large protein assemblies embedded in the nuclear envelope
that regulates transport between the nucleus and cytoplasm. They are composed of multiple
nucleoporins (Nups), which are specialized proteins that form the structural scaffold and mediate
the selective passage of macromolecules. Additionally, the nuclear envelope facilitates the export
of viral RNA back into the cytoplasm for protein translation and virion assembly. Understanding
the interactions between HIV-1 and the nuclear envelope is crucial for developing targeted antiviral
therapies and elucidating the mechanisms of viral persistence and replication.

Several key Nups have been identified as important for HIV-1 docking, translocation, and
integration (87). Nup358/RanBP2, located on the cytoplasmic filaments of the NPC, is involved
in docking HIV-1 cores through interactions with its cyclophilin-homology domain (87) (88).
Nupl153, positioned on the nucleoplasmic side, is critical for HIV-1 translocation through the
nuclear pore (83, 87). Mutations in CA can alter the virus's dependence on specific Nups and host
factors like TNPO3 (89). The central polypurine tract-central termination sequence (cPPT-CTS) in
the viral DNA also affects the kinetics of nuclear entry, although it is not required (83, 90). This
process is critical for HIV-1 replication in non-dividing cells and represents a potential target for

antiviral strategies (91).

1.2 Nucleopore and nucleoporins

Gene expression, cell growth, and cell division in eukaryotic cells rely on the continuous
transport of molecules and macromolecules between the nucleus and cytoplasm (92). This
transport occurs through nuclear pore complexes (NPCs). Nucleoporins (Nups) are the building
blocks of the NPCs, around 30 different Nups assemble and create NPCs of around 120 MDa (see
Figure 1.6 (93, 94). These Nups are generally conserved across eukaryotes, but there is no unifying
scheme specifying their functional homologs across the Tree of Life. In this thesis, human Nup
nomenclature is used consistently, and yeast (Saccharomyces cerevisiae) Nup names are
mentioned only when directly relevant to specific experimental contexts discussed. The structure
of NPCs, which integrates approximately 500-1000 Nups, is generally conserved (93, 94). The
primary structural components of the NPC are the inner pore ring, which connects the inner and

outer nuclear membranes, the nuclear and cytoplasmic rings anchored by the inner pore ring, the
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nuclear basket, and the cytoplasmic filaments extending from the nuclear and cytoplasmic rings
(93, 94) (see Figure 1.6). The cytoplasmic filaments may not be true filaments as they lack typical
properties such as oligomerization from monomers and persistence length. They are best described
as disordered domains (95). It is unclear whether filament-like structures observed in traditional
electron microscopy are components of NPCs. Nups are organized into stable subcomplexes,
which serve as building blocks for the NPC. The most studied module is the conserved Y-complex,
but other modules include the Nup214 complex, the Nup62 complex, and the inner ring complex
(96, 97) (98).

In addition to its well-known role in nucleocytoplasmic transport, the NPC has several other
functions (see Figure 1.7). These include the spatial organization of other complexes closely
associated with the nuclear periphery, such as the transcription export (TREX) complexes that help
assemble and monitor messenger ribonucleoproteins (mRNPs) before export (99). Other functions
include regulation of transcription, transcriptional memory, and chromatin organization (100-102).
Research on Nup post-translational modifications, NPC segregation during mitosis, mechanical
links between the NPC and cytoskeleton, and NPC biogenesis are also active and closely related
fields of study. These insights have revealed fascinating details about how Nups and NPC modules
are arranged and connected within the NPC scaffold (103). This knowledge also helps us
understand how diseases caused by NPC mutations or misexpression in cancer cells could be
linked to NPC dysfunction and pathologic phenotypes. Structural studies allow us to better
understand how alterations to the NPC structure and/or assembly might affect transport pathways,
leading to impaired nucleocytoplasmic shuttling of signaling proteins that regulate cell

proliferation, differentiation, and organism development.
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Figure 1.6: Structure of human nucleopore in comparison to yeast nucleopore, adapted From
(93) The structural organization of conserved Nups from yeast and humans within the human NPC
framework is depicted, with Nups arranged in subcomplexes represented by color-coded boxes
superimposed on the general NPC architecture. These subcomplexes include Y-complexes (blue),
inner ring complex (grey), transmembrane Nups (faded yellow), Nup62 complex (grey; Nspl
complex in yeast), mRNA export platform or cytoplasmic complexes (bright orange), and nuclear
basket complexes (yellow). GP210, glycoprotein 210; mRNA, messenger RNA; Mlp, myosin-like
protein; NDC1, nuclear division cycle 1; POM, pore membrane protein; rRNA ribosomal RNA;
TPR, translocated promoter region.
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Figure 1.7: Nucleopore functions adapted from (104) The nuclear pore complex (NPC), a
structure embedded in the nuclear envelope, consists of nucleoporins (NUPs). Its primary
structural components include the cytoplasmic, inner pore, and nuclear rings, along with peripheral
elements such as the nuclear basket and cytoplasmic filaments. The NPC's central channel is lined
with NUPs containing Phe and Gly-rich repeats (FG-NUPs). This complex enables bidirectional
nucleocytoplasmic transport, allowing small molecules to diffuse freely and facilitating major
active transport pathways. These pathways include protein import into the nucleus, RNA and
ribonucleoprotein (RNP) export, and the bidirectional movement of molecules involved in various
cellular processes such as signaling, biogenesis, and turnover. Examples include SMAD signaling
proteins, p53, and spliceosomal small nuclear RNP particles (snRNPs), which rely on transport-
receptor-mediated import and export routes. The NPC also serves non-canonical functions,
including transcription-coupled mRNA export linked to mRNP assembly, gene tethering to the
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nuclear envelope via transcription export (TREX) complexes, and processes related to chromatin
biology. These subcomplexes include Y-complexes (red), inner ring complex (blue),
transmembrane NUPs (yellow), NUP62 complex (orange; NSP1 complex in yeast), cytoplasmic
complexes (green), and nuclear basket complexes (purple). miRNA, micro RNA; rRNA, ribosomal
RNA; tRNA, transfer RNA.

1.2.1 Roles of structural NUPs

Nups are categorized into scaffold Nups, FG-Nups and linker Nups (105, 106). Scaffold Nups
comprise folded protein domains with structural functions, whereas FG-Nups, characterized by
FG-repeats and intrinsically disordered domains, interact with the nucleocytoplasmic transport
machinery (105). Linker Nups connect scaffold Nups with FG-Nups, maintaining the overall
structure and function of the NPC (106). FG-Nups primarily constitute the permeability barrier
within the central transport channel but also extend into the nucleoplasm and cytoplasm (107). FG-
Nups contribute to scaffolding functions due to their structured domains and interaction motifs,
indicating an overlap between scaffold Nups and FG-Nups (108).

A) FG-Nups and their function:

Nuclear transport receptors (NTRs), including importins and exportins of the karyopherin
family, small GTPase RAN, and recycling elements NTF2 and CAS (109), are essential for active,
energy-dependent transport (110). The classical import pathway exemplifies active
nucleocytoplasmic transport, wherein importin-a and importin-f§ bind to the nuclear localization
signals of cargo proteins, facilitating their passage through the NPC's central channel (110). RAN-
GTP releases the cargo into the nucleoplasm, and the resulting complexes are exported and
disassembled in the cytoplasm (111, 112). NTF2 re-imports RAN-GDP into the nucleoplasm.
Similarly, exportin 1 (XPO1) mediates nuclear export by binding to cargo in a RAN-GTP-
dependent manner and releasing it in the cytoplasm upon GTP hydrolysis (110, 113).

The NPC's central channel, bordered by FG-NUPs, facilitates bidirectional transport between
the nucleus and cytoplasm (114). Recent studies demonstrate that FG-repeats of the NUP62
complex (NUP62, NUP58, NUP54) and NUP98 are located at the central channel's inner ring
plane. The precise locations of other FG-NUPs are less well-defined; however, FG-NUPs' repeat
domains transiently bind to NTRs, enabling passage through the NPC (114, 115). Small proteins
(<30 kDa) diffuse freely through the channel, whereas larger proteins require NTRs, forming the

basis of the gating function or permeability barrier of NPCs (see Figure 9).
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B) Scaffold Nups:

The elucidation of the architecture of the NPC was a significant challenge for structural
biologists due to its size and location within the double membrane of the nuclear envelope.
However, it was soon discovered that the NPC is composed of smaller subcomplexes. Early
biochemical research identified two such subcomplexes, the Y-complex and the inner ring
complex, which are major components of the NPC scaffold (116). The Y-complex consists of
seven conserved members, including Nup96, NUupl160, Nupl133, Nup85, Nupl07, SECI3
homologue 1 (SEHI1), and SEC13, which form a Y-shaped arrangement (117). In vertebrates,
Nup43 and Nup37 also bind to the Y-complex, with Nup37 and ELYS occurring in
Schizosaccharomyces pombe (118). The inner ring complex includes the scaffold Nups Nup205,
Nup188, Nup155, Nup93, and Nup35, which bind to transmembrane proteins such as NDC1 and
Nup98. The three members of the Nup62 complex, which are also classified as FG-Nups, contain
a coiled-coil domain at their carboxyl termini that serves additional scaffolding functions (119).
The core of the inner ring complex is iso-stoichiometric in situ, similar to the Y-complex (116).
Although there are elevated levels of Nupl155, Nup98, Nup62, and Nup93, these are because of
the binding of additional copies of these proteins to the outer rings and connectors, highlighting

the promiscuity of Nups with respect to their subcomplex association (120, 121).

C) Linker Nups:

Linker Nups are crucial in connecting modules within the NPC in human cells, contributing to
its structure and function. These linker Nups have short sequences that facilitate supercomplex
formation between NPC modules (122).

The versatile linker Nup in human cells is the conserved Nup98-96, the human homolog of
yeast Nupl45N. Nup98-96 has multiple binding sites for interacting with various NPC
subcomplexes, including those with Nup205 (human homolog of yeast Nup192), Nup155 (human
homolog of yeast Nup170), and Nup88 (human homolog of yeast Nup82). This enables Nup98-96
to connect multiple subcomplexes within the human NPC, serving as a key connector in NPC
protomer assembly (122). The ability of linker Nups to bind multiple components highlights their

importance in maintaining the structural integrity of human NPC.
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Interestingly, NPC composition can vary among human cell types and tissues, suggesting
different combinations of Nups, including linker Nups, to assemble NPCs with distinct properties
and functions (123). This heterogeneity could contribute to tissue-specific roles in human organs
and explain why mutations in certain Nups result in tissue-specific diseases.

In summary, linker Nups are essential connectors within the human NPC, facilitating super
complex formation between modules. Their versatile binding capabilities, exemplified by Nup98-
96, allow complex NPC assembly in human cells. The variability in linker Nups composition
across human cell types may contribute to specialized NPC functions in tissues and organs,

influencing cellular processes and disease susceptibility.

1.2.2 NPC functions

NPCs are essential multiprotein channels that span the nuclear envelope, regulating
macromolecular traffic between the nucleus and cytoplasm (124, 125). While their primary
function is nucleocytoplasmic transport, NPCs have been shown to play critical roles in chromatin
organization, gene regulation, and DNA repair (104, 125, 126). These large macromolecular
assemblies are composed of multiple copies of approximately 30 different proteins called Nups
(104, 124). Interestingly, recent evidence suggests that NPC composition may vary among cell
types and tissues, challenging the traditional view of NPCs as structures with ubiquitous
composition (123). This heterogeneity in NPC composition could allow cells to assemble pores
with specialized functions. Additionally, the central channel of NPCs exhibits significant structural
diversity, supporting the idea that the cohesiveness of intrinsically disordered FG-Nups facilitates
collective rearrangements with minimal energy cost (127). In conclusion, NPCs are dynamic hubs
that integrate gene regulation and nuclear transport processes (125). Their functions extend beyond
nuclear gatekeeping, influencing various aspects of nuclear organization and cellular physiology.
The complex interplay between NPC structure, composition, and function highlights the need for
further research to fully understand their roles in health and disease (96, 128). NPCs interact with
chromatin and transcription factors, influencing gene expression patterns. Certain nucleoporins

(e.g., NUP9S) shuttle between the NPC and nucleoplasm to modulate transcriptional activity (129).
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1.3 HIV-1 infection and host response

The host response to viral infections, particularly HIV-1, heavily relies on the type I interferon
(IFN) system, which plays a crucial role in initiating and coordinating antiviral defenses (130,
131). Upon viral detection, cells produce IFNs that trigger a signaling cascade leading to the
expression of hundreds of Interferons stimulated genes (ISGs) (see Figure 1.8), which collectively
establish an antiviral state (132). ISGs are a diverse group of genes induced by IFN signaling,
encoding proteins with various antiviral functions. In the context of HIV-1 infection, several ISGs
have been identified as key players in restricting viral replication. These include APOBEC3G,
tetherin, SAMHD1, MX2, GBPS, and SLFN11 (133). Interestingly, the effectiveness of the IFN
response against HIV-1 is not straightforward, as studies in animal models have shown both
beneficial and detrimental effects of IFN signaling on viral replication and pathogenesis (133).
Among the ISGs involved in HIV-1 restriction, MX2 (MX dynamin-like GTPase 2) has emerged
as an important factor. MX2 has been shown to inhibit HIV-1 replication by targeting the early
stages of the viral life cycle, specifically interfering with the nuclear import of the viral pre-
integration complex (133-135). This highlights the significance of nuclear envelope-associated
factors in the antiviral response. HIV-1, however, has evolved mechanisms to counteract the host's
IFN response. The virus can downregulate certain ISGs to evade immune detection and promote
its replication. One notable example is the viral protein Vpu, which antagonizes the antiviral
activity of tetherin, an ISG that prevents viral particle release from infected cells (136, 137).
Additionally, HIV-1 has been observed to manipulate nuclear envelope components, potentially
interfering with the function of NPC-associated ISGs, although specific details on this mechanism
are not very well studied (138) (139)In conclusion, the interplay between HIV-1 and the host IFN
response, mediated by ISGs, is complex and multifaceted. While many ISGs exhibit potent
antiviral activities, HIV-1 has developed countermeasures to subvert these defenses, highlighting

the ongoing evolutionary arms race between host and pathogen.

1.3.1 Innate immune response
The early stage of HIV-1 infection is characterized by explosive viral replication, followed by
a decline in viremia as innate immune responses, including type I interferons and NK cells,

contribute to initial control before adaptive immunity is fully established (140)-. Dendritic cells'
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recognition of viral components initiates the release of IFN-I and TNF-a, leading to the robust
induction of additional cytokines and the inhibition of virus reproduction in infected cells (see
Figure 1.8). An array of immune cells, including phagocytes like macrophages and cytolytic cells
like NK cells, respond to this cytokine cascade and participate in the destruction of infected cells
and the capture of viral antigens for presentation to the adaptive immune system. The production
of higher levels of IFNs by female dendritic cells may partly explain why women often have a
lower viral set point than men. A strong cytotoxic T lymphocyte (CTL) response is associated with
a low virus reactive response and a milder disease course, while end-stage disease is characterized
by a rapid decline in anti-HIV-1 CTLs (141). Studies with SCID mice that have been reconstituted
with human lymphoid cells suggest that adoptive transfer of human anti-HIV-1 CTLs can provide
some protection against subsequent virus challenges. Collectively, these findings highlight the
crucial role of CTLs in combating HIV-1 infection. Innate immunity is further discussed in the

later sections.

Innate Immunity

/— Pattern recognition /
/’F’@ - ITFNA

Signal

#  Sensor <
_* 4 o0

E 2 b @
4 =
Pathogen wmc i o °

* ¢
N ‘% P C\lokmudnd
interferons (IFNs)

23



Figure 1.8: Innate immune response on viral infection and IFN-f stimulated gene expression.
(created using biorender.com, inspired from (128)) Schematic representation of type I interferon
(IFN-I, specifically IFN-B) stimulation and the production of interferon-stimulated genes (ISGs).
The pathway involves the activation of Janus kinase 1 (JAK1) and the formation of the interferon-
stimulated gene factor 3 (ISGF3) complex, comprising signal transducer and activator of
transcription 1 (STAT1), STAT2, and interferon regulatory factor 9 (IRF9). The interaction of
interferon-alpha/beta receptor subunits 1 and 2 (IFNAR1 and IFNAR?2) with IFN- initiates the
signaling cascade. The ISGF3 complex binds to interferon-stimulated response elements (ISREs)
in the genome, leading to ISG transcription. Additionally, gamma-activated sequence (GAS)
elements are targeted by STAT1 homodimers.

The two human genes, MXA(MX1) and MXB (MX2) are also induced by IFN. Mx proteins
reside in the cytoplasm, with MxA but not MxB blocking the reproduction of the influenza virus.
MXA inhibits influenza virus and prevents the reproduction of vesicular stomatitis virus (VSV),
measles virus, and other negative-strand RNA viruses. These human Mx proteins are related to the
dynamin superfamily of GTPases, which regulate endocytosis and vesicle transport, but the

connection between this property and their antiviral activities remains unknown.

1.3.2 Interferon stimulate gene (ISG)-MX2

MX2 is an innate immune protein that plays a crucial role in the host response to viral infections,
including HIV-1. This section will explore the interaction between HIV-1 and MX2 and the
potential use of MX2-based therapies for HIV-1 treatment.
MX2 structure:
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Figure 1.9: MX2 protein structure (adapted from (142) created with biorender.com) Crystal
structure of the hMX2 monomer from (143) (PDB entry 4WHJ), in cartoon representation with
one monomer in cyan and the other in orange. The dimerization interface (interface II) is
highlighted (PDB entry 4WHJ). The lower part of this figure shows MX2 domain organization,
indicating the amino-terminal domain (NTD), bundle signaling elements (B or BSEs), GTPase
domain (G domain), stalk domain, and the L4 loop (L4) (142).

MX2, also known as MXB, is an essential interferon-induced GTPase that helps in curbing
human immunodeficiency virus-1 (HIV-1) infection (144, 145). It operates after reverse
transcription, particularly at the viral DNA nuclear import and/or integration stage into the host
cell genome (144, 145). The HIV-1 capsid (CA) is a critical determinant of MX2 sensitivity, with
complex interactions occurring between MX2, CA, Nups, and cyclophilin A (CypA) that influence
viral infection outcomes. Direct interactions between CA and CypA impact MX2's antiviral
activity and specificity. For instance, when CA-CypA interactions are abolished, such as through
cyclosporine A treatment, MX2's antiviral effect is heightened (146). MX2's GTP hydrolysis plays
a role in its antiviral activity, and abrogating this activity enhances antiviral activity when CA-
CypA interactions are disrupted (146).

The antiviral activity of MX2 is dependent on its N-terminal region, particularly a triple arginine
motif at residues 11-13 (144) (see Figure 1.9). MX2 interacts with components of the NPC and
nuclear import machinery, including NUP214 and transportin-1, which help position it at the

nuclear envelope to restrict HIV-1 (144). MX2's antiviral activity involves other cellular factors
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and mechanisms: 1. The N-terminal domain of MX2 is crucial for its anti-HIV-1 activity, with a
single residue near the N-terminus capable of determining antiviral specificity (147). This domain
likely interacts with the viral capsid or cellular cofactors. 2. MX2 appears to work in conjunction
with other cellular factors, including members of the polymerase-associated factor 1 (PAF1)
complex, the human silencing hub (HUSH) complex, and the regulation of nuclear pre-mRNA
domain containing 2 (RPRD2) protein (148). These factors may cooperate with MX2 to impede
viral replication. 3. Cyclophilins, particularly cyclophilin A (CypA), play a role in modulating
MX2's antiviral activity. While CypA itself is not directly involved in MX2-mediated restriction,
other Cyclosporine A-sensitive cyclophilins contribute to IFN-a-induced blocks that include MX2
(149).

Interestingly, while MX2 is effective against HIV-1, its closely related protein MX1 (MxA),
which is known to inhibit various RNA/DNA viruses including the influenza A virus, does not
affect HIV-1 (145). This distinction highlights the specific anti-HIV-1 activity of MX2. The
antiviral activity of MX2 is dependent on its N-terminus, as demonstrated by the fact that adding
the MX2 N-terminus to MX1 confers anti-HIV-1 activity to the chimeric protein (150). In terms
of the relationship between MX2 and interferon-beta (IFN-p), it's important to note that MX2 is
an ISG. While previous studies mentioned that MX2 inhibits the nuclear accumulation of viral
cDNAs (145) there are no studies on the impact of MX2 on NPC, nuclear envelope, and HIV-1
capsid proteins at the nuclear envelope. This suggests that MX2 may interact with or affect the
NPC in some way to prevent HIV-1 genetic material from entering the nucleus. Further research
would be needed to elucidate the exact mechanism of this interaction. In conclusion, MX2 is an
important ISG that specifically inhibits HIV-1 through interactions with the viral capsid and
nuclear import machinery. However, its precise mechanism of action and relative contribution to

overall interferon-mediated restriction of HIV-1 remain subjects of ongoing research and debate.

1.3.3 TRIMSa

TRIMS5a is a potent antiviral protein that restricts infection by HIV-1 and other retroviruses
(151). It acts early after viral entry, preventing the accumulation of reverse transcription products
(152). TRIM5a recognizes and binds to the HIV-1 capsid, leading to premature disassembly of

viral cores and blocking infection before reverse transcription can occur (153). It recognizes the
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retrovirus capsid lattice through its B30.2 (PRY/SPRY) domain, inducing premature disassembly
of the viral capsid and activating innate immune responses (151, 154). TRIMS5a acts as a pattern
recognition receptor specific for retroviral capsids and promotes innate immune signaling (154).
Interestingly, the restriction mechanism of TRIMS5a involves multiple pathways. While
proteasome inhibition allows reverse transcription to proceed, it does not fully rescue viral
infectivity, suggesting that TRIMSa restricts HIV-1 through both proteasome-dependent and
independent mechanisms (155, 156). Additionally, TRIM5a is degraded via autophagy in the
absence of restriction-sensitive virus, but autophagic machinery is not required for its antiviral
activity (156). In conclusion, TRIMS5a plays a crucial role in innate immunity against HIV-1 by
targeting the viral capsid and inducing its premature disassembly. The restriction process involves
complex interactions with cellular pathways, including the proteasome and autophagy systems.
Understanding these mechanisms could lead to novel therapeutic strategies for HIV/AIDS

treatment and prevention (157).

1.4 HIV-1 capsid interaction with cellular proteins

HIV-1 proteins interact with the host nuclear envelope and NPC to facilitate viral entry into the
nucleus. While various viral elements have been implicated in this process, recent evidence
highlights the critical role of the HIV-1 capsid in mediating nuclear import (158). The capsid,
composed of approximately 1,200 copies of the capsid protein, encases the viral genome and
essential enzymes (159). The HIV-1 capsid interacts with numerous host factors to navigate the
cytoplasm, traverse the NPC, and reach chromosomal integration sites (159). Notably, the capsid
can bind to NPC proteins like Nup153 and Nup358, as well as other host factors such as transportin
3 and CPSF6, through a conserved Phe-Gly (FG) motif (158, 160). These interactions are crucial
for productive infection, allowing the virus to overcome the size constraints of the NPC central
channel, which is much smaller than the intact capsid (161, 162). Recent studies suggest that the
HIV-1 capsid may remain largely intact during nuclear import, challenging the long-held view that
uncoating precedes nuclear transport (159, 163). The capsid's elasticity appears to be a
fundamental property enabling its passage through the NPC, with mutant capsids exhibiting
reduced elasticity showing impaired nuclear entry (164). The exact mechanism of capsid

translocation through the NPC remains under investigation, with some models proposing that the
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capsid mimics cellular karyopherins to penetrate FG- Nup condensates (161). The capsid-host
interactions during HIV-1 trafficking across cellular compartments are crucial for establishing
productive infection (160). By maintaining its integrity until reaching the nuclear pore or even
entering the nucleus, the capsid protects the viral genome from cytoplasmic defense mechanisms
and ensures proper movement to the nucleus (163). Given the capsid's central role in multiple
stages of HIV-1 replication, including nuclear entry and integration, it has emerged as a promising
target for antiviral therapies. The recent approval of lenacapavir, a long-acting capsid-targeting
inhibitor, underscores the clinical relevance of targeting the HIV-1 capsid (159, 165). Compared
to conventional antiretroviral therapies that primarily target HIV-1 enzymes, capsid-centric
approaches offer the potential to disrupt multiple stages of the viral life cycle, making them an

attractive option for future drug development (165).

1.5 HIV-1 transmission and type of infection

1.5.1 HIV-1 Transmission

2 A1
b, ™1

Unprotected sexual intercourse ~ mother to child HIV-1 transmission via shared needles
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Figure 1.10: Routes of HIV-1 transmission among humans (created By Biorender.com) The
figure illustrates main distinct modes of transmission: first is sexual intercourse, highlighting the
exchange of bodily fluids (highest risk of infection); second is vertical transmission during labor,
or breastfeeding; third is HIV-1 transmitted through shared needles among injection drug users as
it facilitate blood to blood transmission. Each mode is depicted with corresponding visual
representations.

Routes of transmission
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HIV-1 is transmitted primarily through exposure to infected body fluids (Figure 1.10).
Unprotected sexual contact is the most common global route, with anal and vaginal intercourse
posing the greatest risk due to mucosal vulnerability, while oral sex carries lower but measurable
risk (166). Parenteral transmission occurs via sharing contaminated needles among people who
inject drugs, unsafe medical injections, or transfusion of unscreened blood products (167).
Transmission from mother to child can occur during delivery, or through breastfeeding (168), see
Figure 1.10. Occupational exposure, particularly needlestick injuries among healthcare workers,
represents another route (169), (170). Rarely, transfusions or transplants during the seronegative
“window period” have transmitted HIV-1 (171). Other routes of transmission, such as non-sexual
physical contact, exposure to saliva (unless there are cuts in the mouth) or urine, and exposure to
blood-sucking insects, are relatively unimportant or non-existent. Fortunately, HIV-1 infectivity
can be reduced by air-drying, heating, exposure to germicides, or exposure to pH extremes, which
have helped to establish safety regulations to prevent transmission in public and healthcare settings

based on epidemiological studies.

1.5.2 The course of infection
A) The acute phase
In the initial stage of infection, the activated lymphocytes produce a large number of virus
particles, which can cause lymph nodes to swell and result in flu-like symptoms. These particles
are released into the bloodstream and can be detected through cell culture infectivity or by
screening for viral RNA or proteins. At this stage, there can be around 5 to 10”3 infectious particles
or 1 to 1077 viral RNA molecules per milliliter of plasma (172, 173). During this time many CD4+
T cells in the gut are destroyed, leading to the translocation of viral products into the blood that
affects metabolic and digestive functions. A percentage of quiescent memory T cells in the gut-
associated lymphoid tissue (GALT) can survive because replication-competent proviruses cannot
be transcribed in these cells (174). These cells form a long-lived, latent viral reservoir. This
reservoir can be activated by interaction with cognate antigens, leading to the transcription of the
latent provirus (175). In the absence of antiviral treatments, progeny particles generated by these
cells can start a new cycle of infection. Within a few weeks of infection, the peak of viremia is

greatly reduced as the susceptible T cell population is depleted, and a cell-mediated immune
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response is mounted (176). The number of CTLs increases before neutralizing antibodies can be
detected, and the inflammatory response that occurs during primary infection stimulates the
production of additional CD4+ T cells, helping to stem the depletion of this population.
Consequently, the CD4+ T cell count returns to near normal levels, but these cells represent a new
source of susceptible targets and their infection produces chronic immune stimulation.
B) The asymptomatic phase
By 3 to 4 months after infection, viremia typically decreases to low levels, with occasional virus

particle bursts. This stage of infection, known as the virologic set point, predicts the rate of disease
progression in an individual. The higher the set point, the faster the progression (177). During this
period, CD4 T cell numbers decrease at a slow rate (178). Cytopathogenicity induced by the virus
and apoptosis due to immune stimulation and inappropriate cytokine production appear to be the
underlying reasons. In the protracted asymptomatic period, which can last for years, the CTL count
remains slightly elevated, while virus reproduction continues at a low rate, mainly in the lymph
nodes. In this phase of persistent infection, also known as clinical latency, only some infected cells
in the lymph nodes may release virus particles. It is believed that antiviral CTLs suppress virus
propagation during this stage, similar to acute infection. The number of these specific lymphocytes
decreases as the stage progresses. During the asymptomatic phase, viral genetic diversity increases
due to continuous, positive selection for mutants that can evade the host's immune responses.

C) The symptomatic phase and AIDS

The late stage of AIDS, when the infected individual experiences symptoms, is characterized

by an increase in the number of virus particles and a decrease in CD4+ T cell count. Additionally,
the total CTL count decreases, possibly due to a decline in specific HIV-targeting cells (179). In
the lymph nodes, virus reproduction increases, leading to the destruction of lymphoid cells and
normal lymphoid tissue architecture. The cause of this lymph node degeneration is unclear, but it
may result from virus reproduction, chronic immune stimulation, or both. It is suggested that rapid
lymphocyte population turnover and differentiation, induced by chronic antigenic stimulation,
eventually leads to the loss of regenerative potential. In this stage, the virus population becomes
relatively homogeneous and specific to the CXCr4 receptor, with properties associated with

increased virulence, such as an expanded cellular host range, the ability to form syncytia, rapid
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reproduction kinetics, and CD4+ T cell cytopathogenicity. Late-emerging viruses also appear to
be less sensitive to neutralizing antibodies and more readily recognized by antibodies that enhance
infectivity. In some cases, strains with enhanced neurotropism or increased pathogenicity for other
organ systems emerge. These changes have sometimes been linked to specific mutations, such as

in the viral envelope gene or a regulatory gene (e.g., tat).

1.6 HIV-1 drug targets and drugs

HIV treatment strategies have primarily targeted viral enzymes, with current antiretroviral
therapies focusing on inhibiting reverse transcriptase, protease, and integrase (165) (see Table
1.1). However, the emergence of drug-resistant viral strains has necessitated the development of
new inhibitor classes, with the HIV capsid emerging as a particularly promising target (180).
Capsid targeting is important because the capsid plays multiple critical roles throughout the viral
life cycle, including intracellular trafficking, nuclear import, and integration site selection (165,
180). The capsid's interactions with host factors make it an attractive target for disrupting viral
replication at multiple stages. Several capsid-targeting compounds have been developed, with
lenacapavir (LEN, formerly GS-6207) and GS-CAl being the most notable (180, 181).
Lenacapavir has shown exceptional clinical success, becoming the first capsid inhibitor approved
for medical use (182). GS-CAI, a precursor to lenacapavir, demonstrated remarkable potency and
long-acting potential in animal models (181, 183). Both lenacapavir and GS-CA1 bind at the
interface between capsid protein subunits, interfering with capsid nuclear import, HIV particle
assembly, and ordered assembly (165). They exhibit picomolar antiviral potency against a broad
array of HIV strains, including those resistant to existing antiretrovirals (181, 183).

Table 2.1: FDA-approved HIV medicines (184) (154): FDA-approved HIV medicines (184,
185):

Drug Class Generic Name (Other names and acronyms) FDA Approval
Date
Nucleoside Reverse Transcriptase abacavir (abacavir sulfate, ABC) December 17,
Inhibitors (NRTIs): NRTIs block 1998
emtricitabine (FTC) July 2, 2003
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reverse transcriptase, an enzyme

HIV needs to make copies of itself.

lamivudine (3TC)

November 17,

1995

tenofovir disoproxil fumarate (tenofovir DF, TDF) October 26,
2001
zidovudine (azidothymidine, AZT, ZDV) March 19, 1987
Non-Nucleoside Reverse doravirine (DOR) August 30, 2018

Transcriptase Inhibitors (NNRTIs):
NNRTIs bind to and later alter
reverse transcriptase, an enzyme

HIV needs to make copies of itself.

efavirenz (EFV) September 17,
1998

etravirine (ETR) January 18,
2008

Nevirapine June 21, 1996

(extended-release nevirapine, NVP)

March 25, 2011

rilpivirine (rilpivirine hydrochloride, RPV) May 20, 2011
Protease Inhibitors (PIs): PIs block | atazanavir (atazanavir sulfate, ATV) June 20, 2003
HIV protease, an enzyme HIV . .

darunavir (darunavir ethanolate, DRV) June 23, 2006
needs to make copies of itself. . i i

fosamprenavir (fosamprenavir calcium, FOS-APV, October 20,

FPV) 2003

Ritonavir March 1, 1996

tipranavir (TPV) June 22, 2005

Fusion Inhibitors: Fusion inhibitors
block HIV from entering the CD4
T lymphocytes (CD4 cells) of the

immune system.

enfuvirtide (T-20)

March 13,2003

CCR5 Antagonists: CCR5
antagonists block CCR5
coreceptors on the surface of
certain immune cells that HIV

needs to enter the cells.

Maraviroc

August 6, 2007

Integrase Strand Transfer
Inhibitors (INSTIs): Integrase
inhibitors block HIV integrase, an

cabotegravir (cabotegravir sodium, CAB)

January 22,
2021

dolutegravir (dolutegravir sodium, DTG)

August 12,2013
June 12, 2020
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enzyme HIV needs to make copies | raltegravir (raltegravir potassium, RAL) October 12,

of itself. 2007, May 26,
2017

Attachment Inhibitors: Attachment | fostemsavir (fostemsavir tromethamine, FTR) July 2, 2020

inhibitors bind to the gp120 protein
on the outer surface of HIV,
preventing HIV from entering CD4

cells.

Post-Attachment Inhibitors: Post-
attachment inhibitors block CD4
receptors on the surface of certain
immune cells that HIV needs to

enter the cells.

ibalizumab-uiyk (HuSAS, IBA, Ibalizumab, TMB-355,
TNX-355)

March 6, 2018

Capsid Inhibitors: Capsid lenacapavir (GS-6207, GS-HIV, GS-CA2, GS-CA1) December 22,
inhibitors interfere with the HIV 2022
capsid, a protein shell that protects
HIV's genetic material and
enzymes needed for replication.
Pharmacokinetic Enhancers: cobicistat (COBI, ¢) September 24,
Pharmacokinetic enhancers are 2014
used in HIV treatment to increase
the effectiveness of an HIV
medicine included in an HIV
treatment regimen.
Combination HIV Medicines: abacavir and lamivudine (abacavir sulfate / lamivudine, | August 2, 2004
Combination HIV medicines ABC/3TC)
contain two or more HIV
medicines from one or more drug
classes.
abacavir, dolutegravir, and lamivudine (abacavir sulfate | August 22,
/ dolutegravir sodium / lamivudine, ABC / DTG /3TC) | 2014, March 30,
2022

abacavir, lamivudine, and zidovudine (abacavir sulfate /

lamivudine / zidovudine, ABC / 3TC / ZDV)

November 14,

2000
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atazanavir and cobicistat (atazanavir sulfate / cobicistat, | January 29,
ATV / COBI) 2015
bictegravir, emtricitabine, and tenofovir alafenamide February 7,
(bictegravir sodium / emtricitabine / tenofovir 2018
alafenamide fumarate, BIC / FTC / TAF)

cabotegravir and rilpivirine (CAB and RPV, CAB plus | January 22,
RPV, Cabenuva kit, cabotegravir extended-release 2021
injectable suspension and rilpivirine extended-release

injectable suspension)

darunavir and cobicistat (darunavir January 29,
ethanolate/cobicistat, DRV / COBI) 2015

darunavir, cobicistat, emtricitabine, and tenofovir
alafenamide (darunavir ethanolate / cobicistat /
emtricitabine / tenofovir AF, darunavir ethanolate /
cobicistat / emtricitabine / tenofovir alafenamide,
darunavir / cobicistat / emtricitabine / tenofovir AF,
darunavir / cobicistat / emtricitabine / tenofovir

alafenamide fumarate, DRV / COBI/ FTC / TAF)

July 17,2018

dolutegravir and lamivudine (dolutegravir sodium /

lamivudine, DTG / 3TC)

April 8, 2019

dolutegravir and rilpivirine (dolutegravir sodium /

rilpivirine hydrochloride, DTG / RPV)

November 21,

2017

doravirine, lamivudine, and tenofovir disoproxil
fumarate (doravirine / lamivudine / TDF, doravirine /

lamivudine / tenofovir DF, DOR / 3TC / TDF)

August 30, 2018

efavirenz, emtricitabine, and tenofovir disoproxil
fumarate (efavirenz / emtricitabine / tenofovir DF, EFV

/FTC / TDF)

July 12,2006

efavirenz, lamivudine, and tenofovir disoproxil

fumarate (EFV / 3TC / TDF)

March 22,2018

efavirenz, lamivudine, and tenofovir disoproxil February 5,
fumarate (EFV / 3TC / TDF) 2018
elvitegravir, cobicistat, emtricitabine, and tenofovir November 5,
alafenamide (elvitegravir / cobicistat / emtricitabine / 2015
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tenofovir alafenamide fumarate, EVG / COBI/FTC /
TAF)

elvitegravir, cobicistat, emtricitabine, and tenofovir
disoproxil fumarate (QUAD, EVG/COBI/FTC/
TDF)

August 27, 2012

emtricitabine, rilpivirine, and tenofovir alafenamide
(emtricitabine / rilpivirine / tenofovir AF, emtricitabine
/ rilpivirine / tenofovir alafenamide fumarate,
emtricitabine / rilpivirine hydrochloride / tenofovir AF,
emtricitabine / rilpivirine hydrochloride / tenofovir
alafenamide, emtricitabine / rilpivirine hydrochloride /

tenofovir alafenamide fumarate, FTC / RPV / TAF)

March 1, 2016

emtricitabine, rilpivirine, and tenofovir disoproxil
fumarate (emtricitabine / rilpivirine hydrochloride /
tenofovir disoproxil fumarate, emtricitabine / rilpivirine

/ tenofovir, FTC / RPV / TDF)

August 10, 2011

emtricitabine and tenofovir alafenamide (emtricitabine /
tenofovir AF, emtricitabine / tenofovir alafenamide

fumarate, FTC / TAF)

April 4, 2016

emtricitabine and tenofovir disoproxil fumarate August 2, 2004

(emtricitabine / tenofovir DF, FTC / TDF)

lamivudine and tenofovir disoproxil fumarate (3TC / February 28,

TDF) 2018

lamivudine and zidovudine (3TC / ZDV) September 27,
1997

lopinavir and ritonavir (ritonavir-boosted lopinavir,

LPV/r, LPV /RTV)

September 15,
2000

Following the discovery of HIV-1 in 1983, the first anti-HIV-1 drug, ZDV, was developed in
1987, followed by the development of approximately 30 additional drugs over the next thirty years.

These drugs have been classified into different categories according to their target (see Figure

1.11 and Table 3.1):
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1. Nucleoside Reverse Transcriptase Inhibitors (NRTIs): NRTIs block reverse transcriptase,
the viral enzyme that copies the viral RNA into DNA.

2. Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs): NNRTIs bind to and later alter
reverse transcriptase.

3. Protease Inhibitors (PIs): PIs block HIV protease, the viral enzyme that processes viral
polyproteins to mature products

4. Fusion Inhibitors: Fusion inhibitors block HIV from entering the CD4 T lymphocytes (CD4
cells) of the immune system.

5. Integrase Strand Transfer Inhibitors (INSTIs): Integrase inhibitors block HIV integrase, the
enzyme that integrates HIV DNA into host DNA.

6. Attachment Inhibitors: Attachment inhibitors bind to the gp120 protein on the outer surface
of HIV, preventing HIV from entering CD4 cells.

7. Capsid Inhibitors: Capsid inhibitors interfere with the HIV capsid, a protein shell that

protects HIV's genetic material and enzymes needed for replication.

Despite continuous medication, patients infected with HIV-1 cannot be fully cured and must
take medication for the rest of their lives. This leads to a situation in which HIV-1 is constantly
exposed to drugs and develops resistance mutations to escape inhibition (186, 187). Consequently,
new strains of the virus that are resistant to drugs emerge (187, 188). To combat HIV-1's resistance,
researchers have developed various therapeutic targets and drugs since the development of NRTTs.
In the mid-1990s, PIs such as atazanavir and NNRTIs such as nevirapine were developed to inhibit
viral mutation and overcome the high frequency of resistance development and cross-resistance of
NRTIs (189, 190). With more than two types of therapeutic targets developed, cART, which
prescribes more than three types of drugs targeting different aspects of the virus, has become the
standard treatment for HIV/AIDS (191). However, the virus still poses a problem due to
continuous drug exposure, leading to the development of multiple drug resistance. In the 2000s,
researchers have been working to find new therapeutic targets to overcome multi-drug resistance.
Enfuvirtide and maraviroc, developed in 2003 and 2007 respectively, target different stages of the
HIV-1 life cycle (192-194). However, these drugs have also induced resistance, driving the need

for more potent anti-HIV-1 therapies. The integrase enzyme, which incorporates viral nucleic acid

36



into the host chromosome, has emerged as a promising therapeutic target (195). Raltegravir (RAL)
was the first integrase inhibitor to be developed, paving the way for subsequent agents such as
dolutegravir (DTQ), elvitegravir (EVG), bictegravir (BIC), and cabotegravir (CAB), which serve
as advanced therapeutic options (196, 197). The development of long-term integrase inhibitor-
based drugs has reduced the burden of daily drug administration. Additionally, the humanized
antibody IBA was successfully developed, offering a new type of therapeutic option (198).
Although antiretroviral drugs have been continuously developed, eradicating the latent viral
reservoir is essential for a cure. A latent viral reservoir is a group of long-living cells, mainly
resting memory CD4* T cells, that contain HIV-1 DNA in a silent state. These cells do not normally
produce the virus but can become active again and start making the virus. This makes it hard to
completely get rid of HIV-1, even with strong antiretroviral treatment. However, specific markers
for latent viral reservoirs have not yet been identified, and the development of new drug-resistant
strains remains a concern. Therefore, new therapeutic targets and complete cure technologies are

needed to address these challenges and ultimately defeat HIV-1.

1.6.1 Challenges in HIV-1 treatment
Persistence and Latency

Eradicating HIV from an infected individual is a complex challenge. The reservoir of long-
lived, latently infected cells is established early in the infection and can be replenished during short
bursts of viremia (199). In some cases, these cells can also be expanded by provirus-induced cell
proliferation. Despite early attempts to eliminate the reservoir by intensifying drug therapy, some
of these cells may reside in drug-inaccessible sanctuaries, such as the brain. Latently infected cells
are derived from infected quiescent CD4+ memory or activated T cells that survive infection long
enough to revert to the resting memory state (199). A variety of mechanisms that inhibit proviral
gene transcription in such cells have been described, including epigenetic suppression and
deficiency of essential host transcriptional regulators, such as nuclear Nf-kB (199, 200). The
“shock and kill” treatment strategy aims to induce provirus expression in latently infected cells
while preventing virus infection of new cells with antiviral drugs and/or neutralizing antibodies
(201). Although some increase in virus production could be detected after treatment, the size of

the latent reservoir did not decrease (200, 202). Research in this area continues with the expectation
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that a better understanding of the cell types that comprise the latent reservoir and more detailed
knowledge of their biology will lead to more effective methods for their activation and elimination.
Recently developed drugs: 1) Doravirine (DOR) is a next-generation NNRTI approved by the US
FDA in August 2018 for treating multi-drug-resistant HIV-1 with 3TC and TDF (Delstrigo) (203,
204). It rarely interacts with other anti-HIV-1 drugs, has lower LDL levels and minimal CNS side
effects. FDA approval is monitored based on an ongoing study. 2) Fostemsavir (FTR) metabolizes
to temsavir (TMR), binding to gp120 of HIV-1 and blocking virus: receptor CCRS5 or CXCR4
(205). Approved by the US FDA in March 2018 for treating multi-drug-resistant HIV-1, it's
administered intravenously every 14 days (206). 3) Islatravir is being developed as a nucleoside
reverse transcriptase translocation inhibitor for HIV-1 prevention with multiple mechanisms. It
has high potency, long plasma half-life, and is in phase 3 trials for HIV-1 treatment and Pre-
Exposure Prophylaxis (PrEP) using a two-drug fixed-dose combination of DOR and islatravir
(207). PrEP is a preventive medical strategy involving the use of antiretroviral drugs by HIV-
negative individuals to reduce their risk of acquiring HIV infection 4) Lenacapavir (GS-6207)
interferes with HIV-1 capsid protein by binding to a conserved interface between capsid
monomers, blocking interaction with cofactors like Nup153 and CPSF6 necessary for viral
replication (208). CPSF6 is a host RNA-processing protein that also binds to the HIV-1 capsid,
influencing nuclear import and integration site selection (209). Research continues to discover
novel substances by screening compound libraries, while pharmaceuticalization studies aim to
develop these into antiretroviral drugs.

Amongst the recently developed drugs, GS-CA1 is the drug of our interest. The following

section will discuss the GS-CA1 drug’s mode of action and its limitations.

1.6.2 GS-CA1 and other drugs

Capsid inhibitors are a promising class of antiviral agents that target the HIV-1 capsid protein,
such as PF74. PF74 is a small-molecule capsid inhibitor that binds the HIV-1 capsid, disrupting
nuclear entry and uncoating (210). It targets host factor interfaces (binds to the same pocket in the
capsid as cleavage and polyadenylation specificity factor 6 (CPSF6)), making it a valuable tool for
mechanistic and therapeutic studies. This section will delve into the mechanism of action of GS-

CAl, including its effects on HIV-1 replication and potential targets for antiviral therapy.
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Mechanism of action of GS-CA1:

GS-CALl and Lenacapavir (GS-6207) represent a novel class of antiviral drugs that target the
HIV-1 capsid and were discovered by Gilead Sciences (211, 212) (see Figure 1.11, Figure 1.12).
GS-CA1 and Lenacapavir have antiviral activity at nanomolar and picomolar ranges, respectively
((213, 214). Structurally, GS-CA1 is an analog of Lenacapavir and both share a polyphenyl core
and a linker region similar to PF74, a well-known capsid binder (213, 214) see Figure 1.13. By
binding to a conserved interface on the HIV-1 capsid protein, GS-CA1 seems to inhibits several
critical steps in the viral life cycle, including capsid assembly, nuclear entry, and virus assembly
and release (211, 213-215). In preclinical studies, GS-CA1 demonstrated high efficacy in
humanized mouse models of HIV-1 infection (183). Similarly, Lenacapavir has shown promising
results against multidrug-resistant HIV strains and offers a long-acting formulation that allows for

subcutaneous administration every six months (212, 214, 216).

Both GS-CA1 and PF74 bind to overlapping amino acids on the HIV-1 capsid (211). However,
their mechanisms of action diverge significantly. PF74 accelerates the uncoating of the HIV-1
core, mimicking the activity of rhesus TRIMS5a, and inhibits nuclear entry (217). In contrast, GS-
CA1 seems to stabilizes the viral core during infection, allowing normal nuclear entry and reverse
transcription to proceed. This stabilization suggests GS-CA1 induces a conformational change in

the capsid that prevents premature uncoating(218).

GS-CA1 and PF74 inhibit HIV-1 infection in primary CD4+ T cells even in the absence of
CPSF6. They both block the interaction between CPSF6 and the HIV-1 core. However, their
mechanisms are different: PF74’°s antiviral activity is influenced by its ability to compete with
CPSF6 for capsid binding and can disrupt CPSF6 complexes in nuclear speckles. In contrast, GS-
CA1 act independently of CPSF6 and does not disaggregate preformed CPSF6 complexes,
indicating a distinct mechanism of action.

Lenacapavir, while structurally related to GS-CA1, exhibits a slightly different binding profile.
It overlaps with the benzyl group of F321 in CPSF6 and F1417 in Nup153, disrupting interactions

critical for viral uncoating and nuclear import (219, 220). Crystal structures reveal that six
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Lenacapavir molecules bind to each capsid hexamer, forming extensive hydrophobic, cation-r,

and hydrogen bond interactions (220).

GS-CA1 and Lenacapavir both primarily act by hyperstabilizing the capsid lattice, leading to a

loss of dissemble of core, a key step in HIV replication. Lenacapavir’s activity remains unaffected

by Gag cleavage site mutations or resistance to other antiretroviral classes, and it also alters

intracellular trafficking and HIV DNA integration patterns (213)
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This mechanism aligns closely with GS-CA1, challenging earlier views that the two act through
distinct pathways. Lenacapavir’s formulation allows for oral administration daily or weekly, and
subcutaneous dosing every six months (214), offering a significant advantage over conventional

daily regimens (226). Its biannual subcutaneous schedule is a notable therapeutic innovation (212).

Given the mechanistic overlap, our study investigates GS-CA1’s impact on early HIV-1
replication, particularly nuclear entry. By examining its interaction with nuclear envelope proteins
and viral components, we aim to clarify GS-CA1’s inhibitory role and provide new insights into

capsid-targeting strategies.

The precise mechanisms by which these drugs affect nuclear envelope interactions and NPC
traversal are not fully understood. Recent research has shown that the HIV-1 core enters the
nucleus prior to capsid disassembly, challenging previous assumptions about uncoating (159, 164).
The elasticity of the HIV-1 core appears to be crucial for nuclear entry, with capsid-targeting
compounds like lenacapavir reducing core elasticity and blocking HIV-1 nuclear entry at
concentrations that preserve interactions between the viral core and the nuclear envelope (164).
Studying the effects of GS-CAl and lenacapavir on HIV-1 interaction with nuclear
envelopes/NPCs interactions is important to elucidate their full antiviral mechanisms and
potentially inform the development of even more effective capsid inhibitors. Additionally,
investigating the interplay between these drugs and host factors like interferon (IFN) could provide
insights into how the immune response might modulate the efficacy of capsid-targeting therapies

in vivo.

1.7 Problem statement

HIV-1 nuclear entry is a critical step in the viral life cycle, enabling integration of the viral
genome into host chromatin. This process requires traversal of the nuclear pore complex (NPC),
yet the molecular mechanisms regulating capsid transit through the NPC remain poorly

understood. While antiretroviral therapy (ART) has significantly improved patient outcomes, it
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does not target early nuclear events and cannot eradicate latent reservoirs. Thus, understanding the
earliest stages of HIV-1 infection, particularly nuclear entry, may reveal new therapeutic

opportunities.

Recent evidence challenges the long-standing assumption that HIV-1 uncoating precedes
nuclear import. Instead, intact viral cores have been observed inside the nucleus, suggesting that
capsid elasticity is essential for NPC traversal (159, 163). Capsid-targeting drugs such as GS-CA1
and lenacapavir reduce core flexibility and block nuclear entry, even at concentrations that
preserve capsid—nuclear envelope interactions. However, the precise mechanisms by which these

compounds interfere with HIV-1 passage through the NPC remain unclear.

In parallel, host immune responses, especially interferon-p (IFN-B), activate interferon-
stimulated genes (ISGs) that may restrict HIV-1 at the nuclear envelope. MX2, a key ISG, has
been implicated in capsid retention at the NPC, but its spatial and mechanistic role remains
unresolved. Whether host-induced restriction and drug-induced inhibition converge at the NPC is

a major unanswered question.

This thesis investigates how HIV-1 capsid localization at the nuclear periphery is modulated by
host immune factors and capsid inhibitors. By focusing on nuclear membrane-enriched fractions,
we aim to determine whether the NPC serves as a regulatory checkpoint for both innate restriction

and pharmacological blockade.

1.8 Hypothesis

Recent findings suggest that the nuclear pore complex (NPC) is not merely a passive conduit
for HIV-1 nuclear entry but may also serve as a regulatory site where host immune factors and
pharmacologic agents exert antiviral effects (164). The intact HIV-1 core can traverse the NPC
prior to uncoating, and capsid elasticity appears to be essential for this process. Host responses
such as interferon-f3 (IFN-B) and capsid-targeting drugs like GS-CA1 may act directly at the NPC
to restrict viral entry. For this, we hypothesize that:

1. IFN-B blocks HIV-1 nuclear entry by promoting capsid retention at the NPC via activation

of interferon-stimulated genes (ISGs), particularly MX2.
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2. The capsid inhibitor GS-CA1 prevents HIV-1 nuclear entry by stabilizing the capsid and
interfering with NPC traversal.

These hypotheses aim to test whether the NPC functions as a dual interface, facilitating viral

nuclear import while simultaneously serving as a platform for host-mediated restriction and drug

action.

Objectives

HIV-1 entry triggers the intrinsic innate response through the upregulation of IFN-f3, which
activates downstream genes known as ISGs. Previous studies suggest that ISGs play a role in
limiting further infection. However, it remains unclear whether ISGs target the NPC to block HIV-
1 nuclear entry (Hypothesis 1). To investigate this, the following objectives were proposed for
Chapter 2:

1) Investigate the impact of IFN-f3 on HIV-1 capsid peptide distribution at nuclear membranes

2) Analyze the role of MX2, in HIV-1 capsid peptide accumulation at nuclear membranes

GS-CAl is a drug that binds to the HIV-1 capsid core, preventing its uncoating and the release
of the HIV-1 genome. However, it remains unclear whether GS-CA1 targets the HIV-1 capsid at
the NPC (Hypothesis 2). Additionally, it is unknown whether the host’s natural response via IFN-
B differs from the synthetic drug GS-CA1 in blocking HIV-1 nuclear entry. To explore this, the
following objectives were outlined for Chapter 3:

1) Investigate the effect of GS-CA1 on HIV-1 capsid accumulation in nuclear membrane-

enriched samples.

2) Compare the mechanisms of action of IFN- and GS-CA1 on the HIV-1 capsid at the NPC.
Thus, this thesis aims to provide a comprehensive understanding of HIV-1, focusing on the early
stages of its life cycle and the mechanisms by which both host immune responses and synthetic
drugs interact with the NPC. Together, these objectives aim to elucidate the NPC’s dual role as
both a gateway for HIV-1 nuclear entry and a platform for host-mediated antiviral defense. This
mechanistic insight may inform the development of synergistic strategies to block HIV-1 at the
earliest stages of infection. The insights gained from this research may pave the way for developing

synergistic treatment strategies to more effectively combat HIV-1 infection.
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Chapter 2
Manuscript Project-1

We hypothesized that NPCs play a role in the innate immune response to HIV-1 infection and/or

that HIV-1 modulates nuclear pore composition.

To investigate these hypotheses, we employed an unbiased proteomic approach to assess nuclear
pore composition during the early stages of HIV-1 infection and following IFN-f treatment. For

this, we have 2 objectives:

1) Investigate the impact of [IFN-B on HIV-1 capsid peptide distribution in nuclear membrane-
enriched samples.

2) Analyze the role of MX2, an ISG, in HIV-1 capsid peptide accumulation in nuclear
membrane-enriched samples.

MX2 knockdown in the context of TRIMS5a: To specifically assess MX2’s role in HIV-1

nuclear restriction, we performed siRNA-mediated knockdown of both MX2 and TRIM5a.

TRIMS5a is a well-characterized capsid-targeting restriction factor that acts upstream of MX2,

interfering with core stability in the cytoplasm. Its presence could confound the interpretation

of MX2-dependent effects at the nuclear envelope. By depleting TRIMS5a, we ensured that

observed capsid retention at the NPC could be attributed to MX2 activity.

Elevated expression of both TRIMS5a and MX2 has been reported in elite controllers,

individuals who naturally suppress HIV-1 without therapy, suggesting their complementary

roles in viral restriction (227).

Methodology

Cell culture. THP-1 monocytic cells, shMX2shTRIM5a THP-1 and shLuc shTRIMS THP-1
double knockdown were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
(HyClone, Thermo Scientific, USA) with 10% fetal bovine serum (FBS, HyClone) and antibiotics
(penicillin and streptomycin, HyClone). Crandell-Rees Feline Kidney (CRFK) cells and Human
embryonic kidney cells 293T (HEK293T) were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) (HyClone) supplemented with10%FBS and penicillin/streptomycin (HyClone). Double
knockdown cells were generated by transducing THP-1 cells with lentiviral vectors encoding
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shMX2, shTRIMS5a, and control shLUC constructs. The shMX2 and shTRIM5a plasmids were
previously described in (227). site the paper describing the plasmids)Cells transduced with shMX2
and shLUC (hygromycin-resistant) were selected using hygromycin at 200 pg/ml, while those
expressing shTRIMS5a and shLUC (puromycin-resistant) were selected with puromycin at 1 pg/ml.

HIV-1 vector production and titration. To produce the GFP-expressing HIV-1 vector NL43Grp,
HEK293T cells were transfected with 10 pg of pNL43GrppEnvDNer and 5 pg of pMD2G using
polyethylenimine (PEI, polysciences, Niles, IL) for 16 h, after which supernatants were replaced
with fresh medium (228). Similarly, 293T cells were transfected with pAHMshMX2 along with
deltaR8.9 and pMD2G to produce a shMX2 viral vector (similar to shLUc and shTRIM5a).

Supernatants were collected 24 h 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 pm
filters (MilliporeSigma Durapore PVDF, Thermo Fisher Scientific). Virus titrations were
performed by infecting CRFK cells with serial dilutions of vector preparations. CRFK cells were
then fixed in PBS containing 4% formaldehyde and the percentage of infected cells was assessed
by flow cytometry using a Beckman Coulter FC500 instrument. Viral titers were determined

following analysis using the FCS Express 6 software (De Novo software).

Infections and nuclear envelope purification. 13-20 x10° THP-1 cells and knockdown cells
(shMX2 shTRIMS5a, shLUC shTRIMS5a) cultured in flasks were treated or not with IFN-b (10
ng/ml; PeproTech, Rocky Hill, NJ) for 12 h and then infected or not with NL43grp (MOI = 1) for
12 h. Nuclear envelopes were extracted using the Minute™ Nuclear Envelope Protein Extraction
Kit (Invent Biotechnologies, Plymouth, MN). Whole-cell lysates, cytoplasmic extracts and nuclear

extracts prepared using the same kit were also included in purification validation experiments.

Western blotting. Protein concentration in the nuclear envelope extracts was determined using
the Bio-Rad Protein Assay kit prior to SDS-SDS-polyacrylamide gel electrophoresis and transfer
to polyvinylidene difluoride (PVDF) or nitrocellulose membranes. Blotted proteins were analysed
using the MAb414 mouse monoclonal antibody (BioLegend, San Diego, CA), which recognizes
phenylalanine-glycine (FG) repeats in some NPC proteins (1:2,000 dilution) followed by
hybridization with an HRP-conjugated anti-mouse secondary antibody (Cell Signaling
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Technology, Whitby, Ontario). Detection of glyceraldehyde phosphate dehydrogenase (GAPDH)
with the 9484-mouse monoclonal antibody (Abcam, Toronto, ON) was used as a marker for
cytosolic proteins (229, 230). Blots were revealed using the Thermo Scientific SuperSignal West
Femto substrate, and images were recorded using the Bio-Rad ImageLab system. MX2 knockdown
samples were analysed using anti-MX2 (MX2 Antibody, Novus biologicals, NBP1-81018, 1:500
dilution) and HRP Anti-beta Actin antibody [mAbcam 8226 at 1:50000 dilution as a control
protein. Anti-Rabbit antibody (Molecular Probes) at 1:2000 dilution was used to detect MX2
bands. Among the replicates of knockdown cell’s nuclear envelope enriched extracts, lamin B1
(ab133741) Anti-Lamin B1 antibody, dilution 1:5000) was used as a control. Blots were revealed
using the Clarity Western ECL Substrate, Bio-Rad, and images were recorded using the Bio-Rad

ImageLab system.

Mass spectrometry: Nuclear envelope extracts were subjected to label-free mass spectrometry.
Samples were analysed following trypsinization by nano-LC/MSMS using a Dionex UltiMate
3000 nanoRSLC chromatography system (Thermo Fisher Scientific) attached to a
nanoelectrospray ion source containing an Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA). Fragmented peptides were collected in loading solvent (2%
acetonitrile, 0.05% TFA) on a 5 mm x 300 um C18 pepmap cartridge pre-column (Thermo Fisher
Scientific) at the rate of 20 uL/min for 5 min. The pre-column was replaced with the Pepmap
Acclaim column (ThermoFisher). Peptides from this column were eluted in 90 min at 300 nL/min
with a 5-40% linear gradient solvent B (A: 0.1% formic acid, B: 80% acetonitrile, 0.1% formic
acid) by high-performance liquid chromatography (HPLC). Mass spectra for the peptides were
obtained in data-dependent acquisition mode using Thermo XCalibur software version 4.1.50. Full
scan mass spectra (350 to 1800 m/z, 120,000 resolution) were obtained from Orbitrap using an
AGC target of 4e5 with 50 ms of maximum injection time. Internal Calibration was done using
lock mass on the m/z = 445.12003 siloxane ion. Fragmentation MS/MS spectra were obtained in
a top-speed mode for a total cycle time of 3 sec for the most intense ions. The quadrupole analyser
was used to isolate selected ions in a window of 1.6 m/z. Isolated ions were further fragmented
into smaller peptide ions by Higher energy Collision-induced Dissociation (HCD) with 35% of

collision energy. The resulting fragments were detected by the linear ion trap at a rapid scan rate
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with an AGC target of le4 and a maximum injection time of 50 ms. Dynamic exclusion of

previously fragmented peptides was set for a period of 30 sec and a tolerance of 10 ppm.

For knockdown samples: 10 pg of protein from nuclear envelope-enriched fractions were
reduced using 0.2 mM dithiothreitol, alkylated using 0.8 mM i1odoacetamide and digested with 0.2
ug of trypsin (sequencing grade, Promega, Madison, WI). Samples were analysed by nano-
LC/MSMS using a Dionex UltiMate 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 pug of peptides were separated on a C18
Pepmap Acclaim column (50 cm length, 75 um 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-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 le4 and a

maximum injection time of 50 ms.

Data analysis: The acquired spectra were processed using the Minora feature detector algorithm
in Proteome Discoverer 2.3 (Thermo Fisher Scientific). The resulting data were submitted to
MASCOT searches against the UniProt Homo sapiens protein database (downloaded on 2019-02-
12). The following parameters were set as dynamic modifications: two missed cleavage sites by
trypsin, deamidation of asparagine or glutamine, oxidation of methionine; and
carbamidomethylation of cysteine was set as a static modification. We also set mass search
tolerance of 10 ppm and 0.6 Da for MS and MS/MS, respectively. For protein validation, a false
discovery rate 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 normalisation was
performed based on the summed abundance of peptides. Data were normalised using the intensity
normalisation factor which was calculated by dividing the median intensity for each sample by the

median intensity for all samples combined.
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Results were exported to an excel file. Samples were compared to each other using Z-score
values and proteins with absolute log>-transformed Z-score ratios >1.96 and adjusted p-Value
(Benjamini Hochberg correction) < 0.01.

For the MX2 knockdown cell 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, g-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 g-value thresholds as above.

Results

1. Nuclear envelope protein composition is altered by HIV-1 infection and IFN-p treatment

Firstly, we evaluated the purity of nuclear envelope-enriched fractions prepared from THP-1
cells by performing western blot (WB) analysis using the MAb414 antibody, which detects FG-
repeat motifs, a characteristic feature of multiple Nups (231, 232). Additionally, GAPDH levels
were analyzed to assess potential cytosolic contamination in the nuclear envelope fractions (230).
The presence of several FG motif-containing proteins, along with the absence of GAPDH,
confirmed that the nuclear envelope fraction was successfully enriched for nuclear envelope
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proteins (Figure 2.1A, B). Next, we examined the effect of IFN-f treatment on nuclear envelope
protein purification by treating THP-1 cells with IFN-3 for 12 hours prior to fractionation, and
subsequent analysis revealed that IFN-f treatment did not interfere with the purification process.
However, some FG-repeat-containing proteins exhibited differential expression, with certain
proteins being upregulated or downregulated in the nuclear envelope fraction following IFN-f3
treatment (Figure 2.1A, B).

Further, the changes in the nuclear envelope proteome were assessed by performing label-free
quantitative mass spectrometry analysis on nuclear envelope-enriched fractions from HIV-1-
infected and IFN-B-treated THP-1 cells. THP-1 cells were either pre-treated with IFN- for 12
hours or left untreated (control), followed by infection with the NL43GFP HIV-1 vector for an
additional 12 hours. As expected, IFN- treatment significantly reduced HIV-1 infection rates
from 16.2% to 0.8%, confirming its antiviral efficacy (Figure 2.3). Western blot analysis of nuclear
envelope fractions using the MAb414 antibody revealed similar overall protein profiles; however,
specific FG-repeat-containing Nups displayed differential expression depending on the presence

of HIV-1 and/or IFN- (Figure 2.4).

Label-free mass spectrometry enables relative quantification of protein abundance across
samples without isotopic labeling, relying on spectral counting and ion intensity measurements to
detect changes with high sensitivity and throughput. To ensure data robustness, MS/MS spectra
were normalized as detailed in the methods section (Figure 2.5). Principal component analysis
(PCA) was performed to assess replicate consistency and visualize global proteomic changes. PC1
and PC2 accounted for 35.4% and 15% of the variance, respectively (Figure 2.6). Samples from
control, IFN-B-treated, and co-treated (IFN-B + HIV-1) conditions exhibited low cross-replicate
variability, indicating high consistency within these groups. In contrast, samples from cells
infected with NL43GFP alone displayed greater variability, suggesting a broader impact on the
nuclear envelope proteome (Figure 2.6). A total of 6,033 proteins were detected across all
experimental groups (orange bars, Figure 2.7). Proteins consistently identified across all replicates
within a given group were considered quantifiable (green bars, Figure 2.7), and those with at least
two unique peptides were subjected to further analysis (blue bars, Figure 2.7). Differential

expression analysis revealed that IFN-f treatment altered the abundance of 121 proteins, HIV-1
50



infection modulated 99 proteins, and the combination of both conditions affected 145 proteins
compared to the control (Figure 2.2). While both IFN-f treatment and HIV-1 infection resulted in
protein upregulation and downregulation, upregulation events were more prevalent across
conditions, suggesting a more pronounced host response activation upon infection and immune

stimulation.

Nuclear Nuclear Cytoplasmic ~ Whole cell
A envelope extract extract lysate

FIFN _-FN +FN _-IFN +FN -FN +IEN _IFN Ab:MAB414
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Figure 2.1: Purified nuclear membrane extracts displaying differences in the FG-repeat
following IFN treatment. A) Western blot analysis using the Mab414 antibody specific for FG
repeats. THP-1 cells treated with IFN (+IFN) and without (-IFN) for 12 hours before purification,
lysed and different cellular fractions were purified and loaded. Probable corresponding Nups are
represented here according to their molecular weight. B) Western blot analysis using the GAPDH
antibody as a cytosolic marker
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Figure 2.2: Quantitative mass spectrometry data showing differential protein modulation in
response to IFN-p treatment and HIV-1 infection. A) Total modulated proteins are shown in
red, up-regulated proteins are shown in blue and down-regulated in grey. (THP-1 wild type non-
treated and uninfected cells= Control; IFN is IFN-f treated THP-1 wild type (12 h prior to
infection; 10 ng/ml); NL43 is NL43GFP infected (12 h; MOI=1) THP-1 wild type cells;
IFN+NL43 is IFN- treated and NL43GFP infected THP-1 cells.
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Figure 2.3 FACS analysis showing infection following IFN-f pre-treatment. THP-1 wild-type
cells were fixed in 4% formaldehyde after 48 h infection with NL43GFP. Cells were subjected to
flow cytometry to obtain %GFP positive cells (shown in colour dot blot). Control= nontreated and
uninfected THP-1 cells; + IFN-B = THP-1 cells treated with IFN-B (12 h prior to infection,
10ng/mL); +HIV-1= THP-1 cells infected with NL43GFP (MOI=1); HIV-1+IFN- = THP-1 cells
treated with IFN-3 and infected with NL43grp
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Figure 2.4 Nuclear envelope extracts from THP-1 wild-type cells following HIV-1 infection
and IFN-p treatment: Membrane was tagged with Mab414 antibody. (THP-1 wild type non
treated and uninfected cells= CTRL 1, CTRL 2 and CTRL 3;IFN 1,IFN 2and IFN 3 are IFN-
B treated THP-1 wild type cells (12 h prior to infection; 10 ng/mL); NL43 1, NL43 2 and NL43 3
are NL43GFP infected (12 h; MOI=1) THP-1 wild type cells; IFN+NL43 1, IFN+NL43 2 and
IFN+NL43 3 is IFN-f treated and NL43GFP infected THP-1 cells.
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Figure 2.5 Normalized sample intensity for data analysis. Sample intensity was normalized to
ensure comparability across different experimental conditions. A box plot was generated to
represent protein intensities before and after normalization. For each sample, the median intensity
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was calculated, and the normalization factor was obtained by dividing the median intensity of the
sample by the median intensity of all samples. Finally, the intensity of each protein in each sample
was normalized by dividing it by the corresponding normalization factor. The experimental groups
included: CTRL 1, CTRL 2, CTRL 3: Untreated and uninfected THP-1 wild-type cells. IFN 1,
IFN 2, IFN_3: THP-1 wild-type cells treated with IFN-B (10 ng/mL) for 12 hours prior to
infection. NL43 1, NL43 2, NL43 3: THP-1 wild-type cells infected with NL43GFP (MOI = 1)
for 12 hours. IFN+NL43 1, IFN+NL43 2, IFN+NL43 3: THP-1 cells pre-treated with IFN-$ (10
ng/mL, 12 hours) and subsequently infected with NL43GFP (MOI = 1).
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Figure 2.6 Variation in protein expression across experimental conditions based on principal
component analysis: Principal component analysis was calculated with the z-Score of all proteins
in all samples. Distance between dots indicate level of dissimilarity between the replicates. X-axis
is representing (PC1) 34.5% of dissimilarity between the samples and Y - axis (PC2) is representing
15% of dissimilarity. Blue: control (non treated and uninfected sample); green: IFN-Btreated
samples- dark green; black: NL43GFP infected cells; orange: NL43GFP infection in the presence
of IFN-B. (-1.96 < |z Score| > 1.96)
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Figure 2.7 Breakdown of protein identification and quantification across experimental
groups. Identified Proteins (red) - total proteins identified in this analysis; quantifiable proteins
(green) — proteins identified in all replicates of at least one of the two groups (4612 proteins were
quantifiable on average for the whole analysis); quantified proteins (blue) - quantifiable proteins
with at least 2 peptides. Control nontreated and uninfected THP-1 cells; + IFN-f= THP-1 cells
treated with IFN-B (12 h prior to infection, 10ng/mL); +HIV-1= THP-1 cells infected with
NL43GFP (MOI=1); HIV-1+IFN-B= THP-1 cells treated with IFN-Band infected with NL43GFP.
2. Modulation of the cellular proteome by IFN-f treatment and NL43GFP infection: Insights
into antiviral responses

To examine the impact of IFN-B treatment and NL43GFP infection on the cellular proteome,
we identified and clustered proteins modulated by these treatments. A heatmap of protein
expression was generated to visualize the relative abundance of modulated proteins across
conditions (Figure 2.8). The clustering of proteins showed distinct groups affected by NL43GFP
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infection, IFN-f treatment, and their combination, highlighting the unique effect of each condition
on the proteome. Notably, NL43GFP-infected samples exhibited greater variation between
replicates, resulting in a slightly different heatmap pattern, which was also evident in the principal
component analysis (PCA) (Figure 2.6). The dendrogram to the left of the heatmap illustrates the
clustering of proteins exhibiting similar modulation across conditions.

To further evaluate protein modulation, we compared fold changes between conditions and
visualized the data using volcano plots, which display the -log10 (g-values) versus log2 (Z-score
ratios). These plots enabled the identification of the most significantly modulated proteins. IFN-f3
treatment downregulated several proteins, such as ribosomal protein L36A (RPL36A) (interacts
with pr55 HIV-1 protein), and cyclase-associated actin cytoskeleton regulatory protein 1 (CAP1).
On the other hand, proteins such as MX2, ISG15, transporter 1 (TAP1), poly (ADP-ribose)
polymerase family member 9 (PARP9, which interacts with HIV-1 Tat protein) were upregulated
in IFN-B-treated samples (Figure 2.9A).

In contrast, NL43GFP infection resulted in the downregulation of proteins such as block of
proliferation 1 protein (BOP1) that interact with Tat HIV-1 protein, and Fas-associated factor 1
(FAF1) (Figure 2.9B). Meanwhile, proteins like H1.2 linker histone, cluster member (HIST1HI1C,
interacts with Pr55 and Tat proteins), thyroid hormone receptor-associated protein 3 (THRAP3,
interacts with Pr55, IN), G protein pathway suppressor 2 (GPS2, interacts with Vif protein), and
TPR were significantly upregulated in NL43GFP-infected cells, specifically with TPR showing a
2.12-fold increase. The significant upregulation of TPR, a nuclear basket Nup (is implicated in
genome organization and viral replication) may enhance HIV-1 integration and replication (233).
To explore the effect of IFN-f3 treatment on NL43GFP infection, we compared NL43GFP infection
in IFN-B-treated cells with various control conditions (Figure 2.10). During NL43GFP infection
in the presence of IFN-f3, proteins such as aryl hydrocarbon receptor nuclear translocator (ARNT),
which is reported to interact with the HIV-1 MA protein, were modulated (241). Previously noted
ISGs continued to show elevated expression under these conditions. Additionally, IFN-$ pre-
treatment reduced the expression of the translocase of outer mitochondrial membrane 20

(TOMM20) (which interacts with gp120 HIV-1 protein) and RPL36A.
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We further assessed whether HIV-1 infection dampened the expression of ISGs. NL43GFP
infection with IFN- pre-treatment to controls showed that HIV-1 infection reduced the effect of
IFN-B on ISG expression (Figure 2.11). Volcano plots revealed significant reductions in the
expression of ISG15, MX2, and TAPBPL, while RPL36A expression was enhanced in the
presence of HIV-1 infection (Fig 2.9 and 2.10), suggesting viral activity.

These findings provide insights into the proteins modulated by IFN-B treatment and NL43GFP
infection and highlight potential antiviral factors and pathways that may play a role in the cellular
response to HIV-1 infection. Altogether, the data suggests that HIV-1 infection upregulates Nup
proteins like TPR, facilitating viral replication and IFN-f3 treatment is capable of inducing a strong
antiviral response by upregulation multiple ISGs, including MX2, ISG15, and TRIM22, which are
known to restrict HIV-1 replication. MX2, a well-characterized HIV-1 restriction factor, was

highly enriched at the nuclear envelope, suggesting a potential role in blocking nuclear import.
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Figure 2.8: Proteins deregulated by IFN-f, HIV-1, or both strongly cluster into distinct
groups based on their expression levels: The heatmap displays the relative expression of
deregulated proteins, with colors indicating the protein expression in each sample (red: positive z-
score, stronger than average expression; blue: negative z-score, weaker than average expression).
The dendrogram on the left shows the clustering of proteins with similar deregulation patterns.
THP-1 cells were plated and treated or left untreated with IFN-B (10 ng/mL) for 12 hours before
infection with NL43GFP or not. CTRL 1, CTRL 2, and CTRL_3 represent the replicates of the
control (wild-type cells without infection or IFN-f treatment). IFN_1, IFN_2, and IFN_3 represent
IFN-B-treated cells; NL43 1, NL43 2, and NL43 3 are NL43GFP-infected (12 h, MOI=1) cells;
IFN+NL43 1, IFN+NL43 2, and IFN+NL43 3 are IFN-B-treated and NL43GFP-infected cells.
(1.96 < |z-score| < -1.96).
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Figure 2.9: Effect of IFN-p and NL43GFP on protein expression in nuclear membrane
extracts. Volcano plots of nuclear membrane extracts from uninfected THP-1 cells pre-treated
with A) IFN-B (IFN) or without (Control), and B) NL43GFP-infected THP-1 cells. A) Volcano
plots show the deregulation of proteins following IFN- treatment (top) and B) NL43GFP infection
(bottom), compared to control (uninfected, non-treated cells). Colored dots represent up-regulated
proteins (red) and down-regulated proteins (blue), while grey dots indicate non-deregulated
proteins. The black dot represents the Nup TPR. Criteria for deregulation include a fold change or

Log2 (Z-Score Ratio) greater than 1.96 or less than -1.96, with an FDR < 0.01 and -log10 (q value)
>2.
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Figure 2.10: Volcano plots comparing HIV+HIFN-B to control and HIV+IFN-B to IFN-$
revealed consistent protein modulation patterns across conditions A) Volcano plot showing
deregulated proteins by HIV+IFN-f treatment compared to control, B) HIV+IFN-f treatment
compared to IFN, and C) HIV+IFN-f treatment compared to HIV1. Colored dots indicate proteins
up-regulated (red) or down-regulated (blue). Grey dots indicate non-deregulated proteins. (Fold
change or Log2 (Z-Score Ratio) more than 1.96 or less than -1.96; FDR< 0.01; -log10 (q value) >

2)
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Figure 2.11: Impact of HIV-1 on IFN-treated samples. Proteins are plotted based on their fold
change (log2-transformed z-score ratio) in the comparison of IFN-B vs Control (x-axis) and their
fold change in HIV-1 infection with IFN-f compared to Control (y-axis). The grey line represents
the expected relationship if the fold changes in both comparisons were the same. The red line
indicates the linear regression formula.
3. HIV-1 infection alters host protein interactions and promotes viral protein accumulation
at the nuclear envelope in IFN-B-treated cells

Next, we performed an insilico analysis to explore the interaction between cellular proteins
modulated by HIV-1 infection and viral proteins. By searching for interactions in the HIV-1
Interactions Database (NCBI - NIH), we generated an interaction map (Figure 2.12), revealing
several key interactions between HIV-1 proteins (e.g., Rev, Gag, Vpr, Tat, Capsid) and modulated
cellular proteins. For instance, the viral protein gp120 interacts with the downregulated protein
TAPBPL and the upregulated TPR, while the Tat protein interacts with downregulated GATA zinc
finger domain-containing 2A (GATAD2A), HIST1HIB and upregulated BOP1, while TRAF6
interacts with Tat protein (234-237). Notably, vimentin and NPC-associated proteins were
identified as having antiviral activity, suggesting their role in inhibiting HIV-1 infection. These
results highlight how HIV-1 proteins impact the cellular proteome and interact with host factors
to influence viral replication.

Furthermore, we assessed the abundance of HIV-1 proteins in infected cells with or without

IFN-f pre-treatment. Mass spectrometry analysis revealed that HIV-1 peptides were present only
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in infected samples and not in the controls. Remarkably, 47 HIV-1 peptides were detected when
IFN-B treatment preceded infection, almost twice the number detected when HIV-1 infection
occurred without IFN-B pre-treatment (Figure 2.13). This suggests that [FN-3 treatment results in
the accumulation of HIV-1 proteins at the nuclear pore complex (NPC), potentially trapping them
and altering viral replication. While this accumulation may reflect IFN-induced restriction, it is
also possible that viral proteins themselves contribute to sequestering host defense factors at the
NPC (86). Overall, these findings provide valuable insights into the interactions between HIV-1
proteins and host cellular proteins, as well as how IFN- treatment influences the abundance and

localization of HIV-1 proteins at NPC, which may play a role in modulating HIV-1 replication and

antiviral responses, potentially by preventing nuclear entry.
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Figure 2.12: Interactome map between viral and host cell proteins. The figure was generated
using Cytoscape 3.8. Interaction between the proteins was searched in the NCBI database “Human
Immunodeficiency Virus Type 1 (HIV-1), Human Interaction Database”. Colored oval nodes
indicate up-regulated (red) and down-regulated (blue) cellular proteins observed following HIV or
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IFN treatment. In the nuclear envelope-enriched fractions of THP-1 cells following MS, white
hexagonal nodes indicate viral proteins.
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Figure 2.13: Graph of HIV-1 proteins total spectral count detected following HIV-1 infection
with and without IFN-§ treatment. Bars indicate the numbers of HIV-1 peptides quantified by
mass spectrometry. The green bar indicates the NL43GFP peptides in the cells without IFN-f
treatment and the red bar shows the NL43GFP peptides in the cells treated with [FN-f (maximum
FDR 1%; P<0.01; 1.96>|zScore|[>1.96).

4.MX2 knockdown alters nuclear envelope protein modulation and impairs IFN-f-mediated
antiviral response against HIV-1.

MX2 is an interferon-induced inhibitor of HIV-1 infection (134). The GTPase domain of MX2
interacts with the HIV-1 capsid, enabling its short isoform to moderate antiviral restriction (238).
To further investigate the cause of higher HIV-1 peptide levels at the nuclear envelope, we knocked
down MX2 along with TRIMS5a to assess its role. MX2 knockdown was performed using
shMX2shTRIMS5a cells, with shLUCshTRIMS5a serving as a control (Figure 2.14A). Following
IFN-f treatment, MX2 expression was strongly induced in control cells (shLUCshTRIMS5a), while
only a faint signal was detected in MX2-knockdown cells, confirming effective suppression. The
antiviral activity of knockdown cells lacking MX2 (shMX2shTRIM5a) was significantly impaired
compared to cells in which MX2 was present (shLUCshTRIMSa)). When these knockdown cells
were treated with IFN-B, shLUCshTRIMSa exhibited greater antiviral activity compared to
shMX2shTRIMS5a (+IFN-B) (Figure 2.14A, lower section).
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We further isolated nuclear envelope-enriched fractions from these cells after 12 hours of IFN-
B treatment, 12 hours of HIV-1 infection, both conditions combined, or without IFN-f3 treatment
or HIV-1 infection (Figure 2.14B). Nups were detected using the Mab414 antibody, and Lamin
B1 was used as a nuclear envelope loading control (244). Samples were analyzed via label-free
quantitative mass spectrometry. As expected, we observed various proteins being modulated in
different conditions of knockdown cells (Figure 2.14C). A total of 11 proteins were modulated in
shMX2shTRIMS5a vs. shLUCshTRIMS5a in the presence of HIV-1 infection and IFN-f3 treatment,
while 118 proteins were modulated in untreated knockdown cells. sShLUCshTRIMS5a was used as
the control condition. 75 proteins were modulated in shMX2shTRIMS5a in the presence vs. absence
of IFN-f treatment. 65 proteins were modulated in shLUCshTRIMS5a in the presence vs. absence
of IFN- treatment. Only two proteins were modulated in shLUCshTRIMS5a untreated vs. IFN-f3-
untreated HIV-1-infected samples. Additionally, shMX2shTRIMS5a HIV-1 vs shLUC hsTRIM5a
HIV-1+IFN-B, shMX2 shTRIM5a HIV-1 vs shLUCshTRIMS5a, shMX2 shTRIMS5a HIV-1+IFN-
B vs shLUCshTRIMSa HIV-1 and shLUCshTRIMS5a HIV-1+IFN-B vs shLUCshTRIMS5a have
112, 50, 81 and 75 proteins modulated respectively (see Figure 2.14C). Altogether, our findings
indicated that the absence of MX2 significantly alters protein modulation at the nuclear envelope.
The observed changes in protein expression further suggest that MX2, in conjunction with
TRIMS5a, may be playing a pivotal role in antiviral defense, particularly upon IFN-f treatment.
They may have implications for developing novel antiviral strategies targeting nuclear envelope-
associated processes.

As observed in the earlier experiment (Figure 2.2), HIV-1 infection combined with IFN-f
treatment also led to increased expression of numerous ISG proteins, including MX2, ISG15,
TRIM14, OAS1, OAS2, and IFITM3 (239) in the shLUCshTRIMS5a control cell line, as shown in
Figure 2.15 A. Additionally, other proteins such as AXL, CD209, IF127, IFI44, IF144L, IFITI,
IFIT3, LGALS3BP, PARP14, SIGLECI, SP110, USP18, and XAF1 also exhibited upregulation,
aligning with the previous experiment's findings when comparing IFN to Control conditions
(Figure 2.15 A). Similarly, in shMX2shTRIMS5a cells infected with HIV-1 in the presence of IFN-
B, many ISGs were modulated (Figure 2.15B). While several ISGs overlapped with the
shLUCshTRIMS5a condition (such as ISG15 and TRIM14), additional proteins were exclusively
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modulated in MX2 knockdown cells, including DDX60, TRIM21, and TNFSF10. Many of these
proteins have previously been demonstrated to function as ISGs, antiviral factors, or both directly
or indirectly
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Figure 2.14: MX2 knockdown alters the proteins at the nuclear envelope. A) (upper)Western
blot analysis using the MX2 antibody and actin antibody (as a control) to confirm MX2 knockdown
and (lower part) MX2 knockdown cells antiviral activity: knockdown cells fixed in 4%
formaldehyde after 48 h infection with NL43GFP. Cells were subjected to flow cytometry to obtain
%GFP positive cells (shown in blue bar graph in figure 2.14A). ShLUCshTRIMSa with IFN-f
(12 h prior to infection, 10ng/mL); +HIV-1, shLUCshTRIMS5a +HIV-1, shMX2shTRIMS5a with
IFN-B (12 h prior to infection, 10ng/mL); +HIV-1 and shMX2shTRIMS5a +HIV-1 (MOI=2, n=5)
B) MX2 knockdown cells nuclear envelope enriched samples were analysed using Mab41 and
LaminB1 (as a control). C) Total modulated proteins are shown in dark grey, up-regulated proteins
are shown in red and down-regulated in blue. THP-1 shLUC shTRIMS5a non treated and uninfected
cells= Control, IFN-f treatment-12 h prior to infection; 10 ng/mL; other conditions
shMX2shTRIMS5a, shLUC shTRIMS5a were infected for 12 h; MOI=2, n=5. Proteins with absolute
-1.96 > |z-score| >1.96 and adjusted p-value < 0.01 were considered significantly modulated.
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Figure 2.15: Modulation of proteins in nuclear envelope-enriched fractions by HIV-1
infection and IFN-f treatment in MX2 knockdown cells. shMX2shTRIM5a THP-1 and
shLUCshTRIMSa THP-1 cells were infected or not with NL43GFP (CRFK MOI = 2) and treated
or not with 10ng/ml IFN- for 12 before infection. Infections were done in quintuplicates (N=5).
12 h later, cells were processed for MS. Volcano plots show dysregulated proteins for 8 A)
ShLUCshTRIMS5a HIV-1 + IFN-B vs shLUCshTRIMSa HIV-1, 8 B) shMX2shTRIM5a HIV-1 +
IFN-B vs shMX2shTRIMS5a HIV-1. Colored dots indicate proteins upregulated (red) or
downregulated (blue). Grey dots indicate non-dysregulated proteins.
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We then compared the proteins modulated in shMX2shTRIMS5a HIV-1 vs.
shLUCshTRIMS5a+HIV-1  (Figure 2.16A) to shMX2shTRIMS5oa HIV-1+IFN-B  vs.
shLUCshTRIMS5a HIV-1+IFN-B (Figure 2.16B) to assess the effect of MX2 knockdown in the
presence of IFN-f treatment. Among the 118 modulated proteins, 68 were upregulated, and 50
were downregulated in the absence of IFN-f. However, when IFN-B was introduced, only 11
proteins remained significantly modulated in the shMX2shTRIMSa HIV-1 vs.
shLUCshTRIMS5a+HIV-1 comparison. Among these proteins, WLS, FCGR2C, CD209, and
LGALS3BP were upregulated in both conditions, while DACH1 and SLC12A7 were consistently
downregulated. Notably, MYOF, DNASE2, HLA-F, and MX2 were detected exclusively in IFN-
B-treated cells, supporting their previously established role as IFN-B-regulated proteins (240-242).
In total, 114 proteins were differentially accumulated in shMX2shTRIMS5a HIV-1 vs.
shLUCshTRIMS5a+HIV-1, with 107 proteins uniquely deregulated under this condition (Figure
2.16A; see Table 1 for a complete list). In contrast, shMX2shTRIMSa HIV-1+IFN-B vs.
shLUCshTRIMS5a HIV-1+IFN-f (Figure 2.16B) revealed only two uniquely upregulated proteins,
DNASE2 and GRP124 (Table 1, second row). Similarly, shMX2shTRIMS5a HIV-1+IFN-f vs.
shMX2shTRIM5a HIV-1 (Figure 2.15B) exhibited 11 unique differentially expressed proteins,
while shLUCshTRIMS5a HIV-1+IFN-B vs. shLUCshTRIMS5a HIV-1 (Figure 8A) displayed four
unique modulated proteins. Additionally, 50 proteins were deregulated in shLUCshTRIMSa HIV-
I+IFN-B vs. shLUCshTRIMS5a (Figure 2.16C), with an equal distribution of 25 upregulated and
25 downregulated proteins. Notably, several ISGs, including MX2, ISG15, and MX1, were
upregulated (Figure 2.16C). Interestingly, 11 proteins were uniquely modulated in this condition.
Among them, BAG4, SLC8A1, and PHF3 were significantly downregulated (blue in the volcano
plot, Figure 2.16C), while ISG20, ICAM1, PSMB9, VPS37A, ENDOD1, GBP1, and GAS6 were
upregulated (red in Figure 2.16C). These findings highlight the complex regulatory role of MX2
in the IFN-B-mediated antiviral response, further emphasizing its impact on nuclear envelope-

associated protein modulation.
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Figure 2.16: Modulation of proteins in nuclear envelope-enriched fractions by HIV-1
infection and IFN-f treatment in MX2 knockdown cells. shMX2shTRIM5a THP-1 and
shLUCshTRIMSa THP-1 cells were infected or not with NL43GFP (CRFK MOI = 2) and treated
or not with 10ng/ml IFN- for 12 before infection. Infections were done in quintuplicates (N=5).
12 h later, cells were processed for MS. Volcano plots show dysregulated proteins for A) shMX2
shTRIMS5a HIV-1 vs shLUC shTRIMS5a HIV-1, 9 B) shMX2shTRIMS5a HIV-1+IFN-f vs shLUC
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shTRIMSa HIV-1 +IFN-B, 9 C) shLUCshTRIMSa HIV+IFN-B vs shLUCshTRIM5a (LMIX
CTRL). Colored dots indicate proteins upregulated (red) or downregulated (blue). Grey dots
indicate non-dysregulated proteins.

Table 2.1: List of modulated proteins
Conditions Modulated Proteins

shMX2 shTRIM5a + HIV-1vs | PON2, UBTF, CDKI13, USP42, gPRPF3, ENY2, ZC3HI1S,
shLUCshTRIM5a+HIV-1 WHSC1 , RBM34, MAGEA4, CTBP2, CENPB, CHAFIB,
SMU1, STAUI, PAF1, GTF3C2, LEO1, DHX38, PNKP GFIl,
FAMI129A, ADNP NO66, NMNATI1, CHRACI, DROSHA,
CDKN2AIP, RASAL2, POLR2E, ELF1, BRPF1 CXXC1, COPS2,
EXOSC9, TOX4;TOX3 RBMS, KMT2A, DYNCII2, BRD3,
SNX5 GATAD2A, CMTRI1, PATZ1, BARX1, EXOSC4, IFI30,
ROBO1, ALDH5A1, TXNRD2, AGK, PCCB BCKDHA, GRSF1,
MRPL34, SCO2, CTNNDI1, GBAS, CLPX, NDUFA7, GOT2,
LMNA, OAT, MGST3, FH, VIM, DBT, MTHFD2, FLOTI,
BCKDHB, MUT, FECH, DTYMK, PYCR1, ACADSB, MTIF2,
IDH3G, LYZ, ECHI1, CLPP, PITRMI1, ADCK3, NIPSNAPI,
RARS2, MECR, MRPLI1, NDUFAF3, PLGRKT, MRPLA40,
WARS2, MRPS33, NME4, ATPAF1, GUK1, ACSF2, CTDNEPI,
PCCA, MRPS11, SURF1, EARS2, LYPLALI, DRAM2, CCBL2,
ATPAF2, MALSUI1, MRPS24, EXOG

shMX2shTRIMSa+HIV- DNASE?2 , GPR124; ADGRA2

1+IFN-p Vs

shLUCshTRIMSo+HIV-

1+IFN-p

shMX2shTRIMSo+HIV- SPATS2L, GTPBP1, TRIM21, TNFSF10, DDX60L, HMGCSI,
1+IFN-B vs | BTN2A1, DDX60, XRN1, DHX58, TTC17

shMX2shTRIMSa+HIV-1
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shLUC2shTRIMSo+HIV- CDCA7, CNP, SLC38A5, CXorf21

1+IFN-B Vs

shLUC2shTRIMSa+HIV-1

shLUC2shTRIMSa+HIV- BAG4, PPFIA3;PPFIAL;PPFIA2;PPFIA4, SLC8A1, PHEF3,
1+IFN-B vs | ISG20, ICAM1, PSMBY, VPS37A, ENDODI, GBP1, GAS6
shLUC2shTRIMS5a

5. MX2 is not the sole ISG regulating HIV-1 peptide accumulation at the nuclear envelope.

In our previous experiment, we observed an increased presence of HIV-1 peptides in nuclear
envelope-enriched fractions when cells were infected with HIV-1 in the presence of IFN-
treatment (Figure 2.13). Given that MX2 is a known ISG that interacts with the HIV-1 capsid near
the NPC, we hypothesized that MX2 might play a key role in this accumulation, and its absence
could lead to increased viral entry or altered processing at the nuclear envelope. To test this, we
quantified HIV-1 peptides in MX2-knockdown cells and compared them to control knockdown
cells under different conditions of infection and IFN-B treatment. For this analysis,
shLUCshTRIMS5a without infection and IFN- treatment was used as the control. HIV-1 peptides
were detected at approximately fourfold higher levels in shLUCshTRIMSa upon IFN-f treatment
(Figure 2.17). Interestingly, in shMX2shTRIMS5a cells, HIV-1 peptide accumulation in the
presence of IFN- showed only a threefold increase compared to the control condition (Figure
2.17). Contrary to our expectations, the difference between MX2-knockdown and control cells was
not statistically significant. However, this result provides valuable insights into MX2’s role in
antiviral defense, suggesting that additional antiviral factors may compensate for the loss of MX2,
highlighting the robustness of the interferon-mediated defense mechanism. Since our data has
already shown that IFN- treatment modulates other antiviral factors, these factors may mitigate
the impact of MX2 depletion. This compensatory effect might explain why the difference in HIV-
1 peptide accumulation between MX2-knockdown and control cells was not as pronounced as
expected.

Rather than acting alone, MX2 may function in coordination with other ISGs or host factors to

regulate HIV-1 peptide accumulation at the nuclear envelope. This finding points to a broader,
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more intricate antiviral response mediated by IFN-B. Future studies focused on identifying
additional ISGs involved in this process could provide deeper insights into host defense
mechanisms and open new avenues for antiviral therapeutic strategies. In summary, while MX2
plays a significant role in restricting HIV-1 nuclear entry, its knockdown does not completely
abolish IFN-B-mediated antiviral effects, indicating that a broader network of ISGs contributes to

HIV-1 regulation.
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Figure 2.17: Graph of HIV-1 proteins total spectral count detected following HIV-1 infection
with and without IFN-f treatment in knockdown cells. Bars indicate the numbers of HIV-1
peptides quantified by mass spectrometry. ShLUC shTRIMS5a without infection and IFN-f
treatment, shLUCshTRIMS5a infection with HIV-1 with and without IFN- treatment and
shMX2TRIMS5a infection with HIV-1 with and without IFN-f treatment. (maximum FDR 1%;
P<0.01; 1.96>|zScore|>1.96).)

Discussion

HIV-1 infection leads to AIDS, severely compromising immune function and reducing life
expectancy (243, 244). Despite the effectiveness of cART in managing HIV-1 infection, drug
resistance remains a major concern (229, 245). Therefore, identifying ideal drug targets for HIV-
1 remains a key focus in HIV-1 drug research. This study investigates the impact of the innate
immune response, specifically IFN-f, and HIV-1 infection on nuclear envelope proteins and their
associated interactions. Since innate immunity is triggered by viral infections, we pretreated cells

with IFN-B to evaluate its effects on the nuclear envelope. We employed label-free quantitative
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mass spectrometry to quantify the relative abundance of proteins in nuclear envelope-enriched
fractions from NL43GFP-infected and/or IFN-B-treated cells, compared to uninfected and non-
treated controls. Our results show that both HIV-1 infection and innate immune response (via [FN-
B treatment) significantly modulate the protein levels in the nuclear envelope extracts, confirming
our hypothesis. Out of 4849 quantified proteins, 365 (121 with IFN-f treatment, 99 with NL43GFP
infection, and 145 with both NL43GFP infection and IFN-B pre-treatment) proteins showed
statistically significant variation compared to the control, indicating that both factors impact the
nuclear envelope protein composition.

1. Alteration in nuclear envelope protein composition by HIV-1 infection and IFN-§

treatment

IFN-B, known for its antiviral activity, was used to pre-treat cells before isolating the nuclear
envelope extracts. Flow cytometry results demonstrated that IFN-f pretreatment reduced
NL43GFP infection by 20-fold compared to cells infected with NL43GFP without IFN-f3 treatment
(see Figure 2.3) (228). IFN-f induces the expression of ISGs, establishing an antiviral state in cells
(246). Western blot analysis of nuclear envelope fractions showed modulation in the protein levels
of FG-repeat-containing proteins in response to IFN-f and NL43GFP infection (see Figure 2.4),
motivating us to further quantify total nuclear envelope proteins and assess their modulation by
IFN-B, NL43GFP infection, and their combination.

Label-free quantitative mass spectrometry revealed that several ISGs known for their antiviral
properties, such as MX2 and TRIM22, were modulated in response to IFN-f treatment (Dataset
MSV000086616) (Figure 2.9A). MX2 inhibits HIV-1 by interacting with the CA protein during
the early stages of the HIV-1 life cycle (134), while TRIM22 interferes with HIV-1 replication by
targeting the Tat protein (247). Additionally, TAP-binding protein-like (TAPBPL), involved in
antigen processing and presentation, was modulated by IFN-f treatment (Figure 2.9A). We also
observed that RPL36A, which interacts with gp160 and Pr55 (Figure 2.9A) (248, 249), was
modulated by IFN-p, further supporting its antiviral activity (Figure 2.3).

2. Key antiviral factors identified by IFN-f treatment and NL43GFP infection.
NL43GFP infection deregulated numerous proteins (Figure 2.9). For instance, the HIV-1 Tat

protein has been reported to downregulate the ribosome biogenesis protein, BOP1, in Jurkat cells,
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which was confirmed by our data (Figure 2.9A). We also found that Aryl hydrocarbon receptor
nuclear translocator (ARNT) was 14.66 times more abundant compared to the control, contrary to
previous reports where ARNT was downregulated upon HIV-1 matrix protein p17 exposure (250).
Interestingly, Histone H1.2 (HISTIHI1B) was upregulated upon NL43GFP infection, and it
interacts with Nup and TPR, proteins that play a positive role in HIV-1 genome integration.
We also observed that the nuclear basket protein Nup, TPR, was upregulated upon NL43GFP
infection (Dataset MSV000086616, Figure 2.9B), supporting earlier findings (233). TPR
facilitates HIV-1 integration into the human genome, and its absence leads to random integration,
sometimes in heterochromatic regions (233). Furthermore, in silico analysis of HIV-1 protein and
cellular protein interactions suggests that HIV-1 proteins manipulate a wide array of cellular
proteins to facilitate its life cycle, particularly proteins involved in nuclear transport such as
Nup153 and TPR.

HIV-1 infection altered host-virus protein interactions and increased the localization of
HIV-1 proteins at the nuclear envelope in cells treated with IFN-f.

We also identified that several ISGs were modulated by HIV-1 infection in the presence of IFN-
B treatment. The presence of HIV-1 negatively modulated ISGs such as TRIM22 and MX2, while
RPL36A was positively modulated (Figure 2.10). HIV-1 is known to bypass host antiviral defenses
by inhibiting IFN-I induction through the action of the Vpu protein, which interferes with the
cGAS DNA sensor (251). Our findings further support these mechanisms and highlight the
interplay between HIV-1 infection and the host's innate immune response. Given the antiviral
activity of IFN-B, we expected a reduction in the abundance of HIV-1 peptides in cells infected
with NL43GFP in the presence of IFN-B. However, surprisingly, a higher abundance of HIV-1
peptides was detected in nuclear envelope-enriched fractions from IFN-B-treated and NL43GFP-
infected cells. This may be due to the upregulation of MX2, which targets the HIV-1 CA protein
during nuclear entry at the NPC.
3. MX2, not alone but along with other ISGs alters IFN-pf-mediated antiviral response
against HIV-1.

To explore the interrelationship between modulated proteins, we conducted experiments using

MX2 knockdown cells. These cells displayed protein modulation patterns similar to wild-type cells
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under different conditions (Figure 2.14A-B). For instance, in cells treated with HIV-1 and IFN-f3,
LGALS3BP was upregulated, while MX2 was downregulated in shMX2shTRIM5a cells
compared to shLUCshTRIMSa cells. In wild-type cells treated with IFN-B, we identified 18
commonly upregulated ISGs, including CD209, IFI27, 1F144, IFI144L, IFIT1, IFIT3, IFITM3,
ISG15, LGALS3BP, MX2, OAS1, OAS2, PARP14, SIGLECI1, SP110, and USP18 (Table
available upon request). Although MX2 downregulation altered the expression of various ISGs, it
did not show a significant change in HIV-1 CA peptide levels at the NPC (Figure 2.17). We believe
that other ISGs may help mitigate the effects of MX2 depletion, suggesting that MX2 could work
in concert with other ISGs or host factors to regulate the accumulation of HIV-1 peptides at the
nuclear envelope. Future research aimed at identifying additional ISGs involved in this process
could offer deeper insights into host defense mechanisms and open up new possibilities for
antiviral therapeutic strategies.

In conclusion, this study demonstrates that IFN-f3 and HIV-1 infection modulate proteins in the
nuclear envelope. It also suggests that other ISGs might be responsible for the increased detection
of HIV-1 CA at the NPC in the presence of IFN-f treatment. Additionally, the dampening effect
of HIV-1 on IFN-f was observed, supporting the idea that HIV-1 can escape innate immune
responses. Although the essential ISG MX2 plays a significant role in restricting HIV-1 nuclear
entry, its knockdown does not completely abolish IFN-B-mediated antiviral effects, indicating that
a broader network of ISGs contributes to HIV-1 regulation. Building on these findings, the next
chapter investigates how HIV-1 infection and IFN-B treatment influence viral replication when
capsid assembly is disrupted using GS-CAl, a capsid-targeting inhibitor that interferes with CA-
CA interactions.

Acknowledgement:
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Abstract
The novel HIV-1 drugs GS-CAL1 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 significant accumulation of HIV-1 capsid cores at nuclear pores, as
seen by microscopy, whereas IFN-f 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; NPC; nuclear envelope
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Introduction

HIV-1 capsid (CA) proteins have a central role in several of early post-entry stages of infection,
including retrograde transport, nuclear import and integration (252-256). 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 copies of Nups, NPCs facilitate the
bidirectional transport of macromolecules such as proteins, RNA and ribonucleoprotein complexes
(reviewed in (257)). 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 (258).
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, Nup9s,
Nup107 (central ring); and Nup153 (nuclear basket) (reviewed in (84)). 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; according to this model, the capsid core would act as its own
transporter for nuclear import (84). Interestingly, HIV-1 was also found to modulate the levels of
Nup358 at NPCs , which opens the possibility that HIV-1 cores affect NPCs integrity instead of

simply using them to achieve passage to the nucleus.

Current HIV pharmacological treatments rely largely on targeting the viral enzymes protease,
reverse transcriptase and integrase. By contrast, GS-CAl and the structurally close GS-6207
(lenacapavir) are CA inhibitors that disrupt viral capsid formation by interfering with CA-CA
interactions (183). In clinical trials, GS-6207/lenacapavir has demonstrated efficacy against
multidrug-resistant HIV-1 strains and was approved in 2022, first by the European Union and then
in the United States and Canada, for the treatment of heavily treatment-experienced individuals
(226). GS-CA1 has not been pursued in humans but showed a strong protective effect against HIV-
1 in a primate model (181). 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 (183, 220). Their
effects on early stages seem to stem from a stabilization of the viral capsid core, as seen in “fate-
of-capsid assays” using cores isolated from acutely infected cells as well as virus core-like “tubes”
assembled in vitro from recombinant CA (220). Quantitative analyses of reverse transcribed HIV-
1 cDNA as well as its specifically nuclear species (2-LTR DNA and integrated DNA) suggest that

83



GS-CAT1 and GS-6207 can inhibit several early HIV-1 replication steps. At relatively low doses,
the HIV-1 ¢cDNA is produced and imported to the nucleus, but integration is inhibited; at higher
doses, nuclear import is affected as well; and at yet higher concentrations, reverse transcription is
inhibited in addition to nuclear import (183, 220). Another group also proposed that GS-6207
inhibits nuclear import (259). Consistent with these observations, GS-6207 was found to decrease
HIV-1 integrase punctate signal in the nucleus, reinforcing the notion that nuclear import was
affected (220). 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 (213). Whether GS-CA1
and GS-6207 cause HIV-1 to be specifically sequestered at NPCs is unknown. In addition, the
combined effects of these CA-targeting drugs and of HIV-1 on the integrity of NPCs are also
unknown. Here, using mass spectrometry and immunofluorescence microscopy, we evaluated the
impact of HIV-1 infection and GS-CA1 treatment, as well as beta interferon (IFN-f) 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 RPMI 1640 medium (HyClone, Thermo Scientific,
USA) supplemented with 10% fetal bovine serum (FBS, HyClone) and antibiotics (Penicillin and
Streptomycin, HyClone). Crandell-Rees Feline Kidney (CRFK) cells and human embryonic
kidney 293T cells (HEK293T) were maintained in DMEM (HyClone) supplemented with 10%
FBS and penicillin/streptomycin (HyClone).

HIV-1 vector production and titration

To produce the GFP-expressing HIV-1 vector NL43Grp, HEK293T cells were transfected with
10 pg pNLA43GrpoEnvDNef (228, 260) and 5 pg pMD2G (228) using polyethyleneimine (PEI,
Polysciences, Niles, IL) (261) for 16 h, after which the supernatants were replaced with fresh
medium (228). 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 pm filters (Millipore Sigma Durapore PVDF). Virus titrations were performed by infecting
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CRFK cells with serial dilutions of the vector preparations. CRFK cells were fixed in PBS
containing 4% formaldehyde, 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).

ECsg 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 and 2 h later were infected with NL43grp (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 ECso was calculated using an online tool

available at https://www.aatbio.com/tools/ic50-calculator.

Large-scale infections and nuclear envelope purification

2x 107 THP-1 cells cultured in flasks were treated or not with GS-CA1 (Gilead Sciences, Foster
City, California, USA) for 2 h and then were infected or not with NL43grp (MOI = 2) for 12 h. In
a distinct experiment, cells were treated or not with IFN-b (10 ng/ml; PeproTech, Rocky Hill, NJ,
USA) and were infected 12 h later with NL43grp 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 (BioLegend, San Diego, CA), followed by detection with an HRP-
conjugated anti-mouse secondary antibody (Cell Signaling Technology, Whitby, Ontario).
Detection of glyceraldehyde phosphate dehydrogenase (GAPDH) using the 9484 mouse

monoclonal antibody (Abcam, Toronto, ON) was used as a marker for cytosolic proteins. Blots
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were visualized using the Thermo Scientific SuperSignal West Femto substrate, and images were

recorded using the Bio-Rad ImageLab system.

Mass spectrometry

10 pg 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 pg of trypsin
(sequencing grade, Promega, Madison, WI). Samples were analysed by nano-LC/MSMS using a
Dionex UltiMate 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 pg of peptides were separated on a C18 Pepmap Acclaim
column (50 cm length, 75 um 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-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
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to each other using absolute Z-score > 1.96, g-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.

In silico analysis
UniProt was used as the main source for summarized information on protein names, gene
names, protein localization and protein functions. Their putative interactions with HIV-1 proteins

were compiled using the NCBI HIV-1 human interaction database available at the NCBI website.

Microscopy

THP-1 cells were infected with NL43grp (MOI = 1) for 48 h in the presence or absence of IFN-
B (added 12 h before infection) and GS-CA1 (added 2 h before infection) before fixation with 4%
formaldehyde. The cells were permeabilized with Triton (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 Nup TPR
(rabbit antibody, 1:1000 dilution, Abcam), and for DNA using Hoeschst 333422 (262). 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, and CA dots
that co-localized with the TPR signal were counted as well, allowing us to calculate the co-
localization ratio. Counting was performed blindly, from anonymized pictures and by a student

who was not involved in the “wet lab” phase of the experiment.

Results
GS-CAI efficiently inhibits early stages of HIV-1 infection in THP-1 cells
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THP-1 monocytic cells are representative of the monocyte-macrophage lineage, one of the main
types of HIV-1 host cells in vivo (263). To assess the effects of GS-CA1 on the early steps of HIV-
1 infection in these cells, we used an NL4-3-derived HIV-1 vector expressing GFP in place of Nef
(260). THP-1 cells were challenged with NL43ggp in the presence of multiple drug concentrations,
and the percentage of GFP-positive cells was determined using flow cytometry (Figure 3.1A). We
found that GS-CAT strongly inhibits THP-1 infection, with an ECs¢ of approximately 0.125 nM

(Figure 3.1A), which is consistent with previous studies.
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Figure 3.1: GS-CAL1 efficiently inhibits HIV-1 early infection stages in THP-1 cells. (A) Dose-
dependent inhibition of NL43grp. THP-1 cells were treated with multiple dilutions of GS-CA1 and
infected with NL43grp for 48 h. % GFP-positive cells were determined by FACS. (B) Infection
control in mass spectrometry (MS) experiments. Cells were infected or not with NL43grp (CRFK
MOI = 2) and treated or not with 2 nM GS-CAL. 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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is as follows: Control, light blue; GS-CA1 treatment, orange; HIV-1-infected, grey; MIX (HIV1 +
GS-CA1l), green. PCA was performed using the z-scores of all proteins in all samples. The distance
between dots indicates the level of dissimilarity between replicates.

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 extracts extracted using a commercial kit
(S3.1). 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 (264). Using this antibody, we observed an enrichment in
bands above 150 kDa in the nuclear envelope fractions, consistent with the high molecular weight
of several FG-containing Nups. Some bands were specific to nuclear extracts (e.g., between 20
and 35 kDa), whereas others were specific to cytoplasmic extracts (around 40 kDa); it is unclear
whether these are true Nups that did not co-purify with nuclear envelopes, or whether they are
non-Nups recognized by the antibody in an unspecific fashion. As expected, the protein
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was absent from the nuclear envelope
fractions (Figure S3.1).

In the next experiment, THP-1 cells were infected or not with NL43grp for 12 h, in the presence
or absence of 2 nM GS-CA1. Quintuplicate infections were performed at a multiplicity of infection
leading to about 40% infected cells in the absence of drug (Figure 3.1B). The GS-CAl
concentration used was 16-times higher than the observed ECso. As expected, infection with the
NL43crp vector was completely abrogated at this concentration (Figure 3.1B). Nuclear envelope
extracts were subjected to label-free mass spectrometry (MS). The principal component analysis
(PCA) shown in Figure S3.2 demonstrates that the control and GS-CA1 treated cells show only
minor differences (except for sample CTRL 5), whereas the NL43grp-infected (“HIV1”) group
and the NL43grp-infected + GS-CAl-treated (“MIX”) group are clearly distinct. Figure S3.3
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
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proteins is found when comparing HIV-1 + GS-CA1 to either control samples or GS-CA1-treated

ones.

Effect of HIV-1 and GS-CAIl 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. 3.2). With the threshold parameters used
(z-score > or < 1.96; p-values and g-values < 0.05), we found that HIV-1 vector infection alone
and GS-CAl treatment alone had little impact on nuclear envelope proteins, as previously
observed in the PCA (Figure S3.2). HIV-1 (NL43grp) infection resulted in the reduced relative
abundance of only 5 proteins, i.e. Lysozyme C (gene name: LYZ), pH domain leucine-rich repeat-
containing 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 (FOXKI1) and Syntaxin-11 (STX11). Treatment with GS-CAl 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 either transiently associating with the nuclear
envelope, or possibly contaminants. In contrast, HIV-1 infection in the presence of GS-CAl
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 ISG products, according to the Interferome database (265),
whereas others are involved in the ubiquitin/proteasome pathway, as detailed in the Discussion
section. We also performed single-variable comparisons, i.e. HIV-1 + GS-CA1 vs HIV-1 and HIV-
1 +GS-CA1 vs GS-CA1 (Figure S3.4), and interestingly, we observed that GS-CA1 treatment was

a much greater inducer of variation than HIV-1.
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Figure 3.2: Modulation of proteins in nuclear envelope-enriched fractions by HIV-1 infection
and GS-CAL1 treatment. THP-1 cells were infected or not with NL43grp (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 NL43grp-infected cells compared
to control (uninfected) cells (top left), GS-CAl-treated cells compared to control (untreated) cells
(top right) and NL43grp-infected, GS-CAl-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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Figure S3.3: HIV-1 infection in the presence of GS-CA1 modulates many proteins. (A)
Identified, quantifiable, and quantified proteins in comparison analyses. Identified proteins are
total proteins identified in this analysis based on the presence of unique peptides; quantifiable
proteins (orange) are proteins identified in all replicates of at least one of the two groups (4300
proteins were quantifiable on average for the whole analysis); quantified proteins (gray) are
quantifiable proteins with at least two peptides. (B) Number of proteins found to be dysregulated.
Blue bars show the total modulated proteins in each condition, orange bars indicate upregulated
proteins, and gray bars represents downregulated proteins.

93



HIV-1 + GS-CA1 vs HIV-1 | HIV-1 + GS-CA1 vs GS-CAT
CENPQ,
10.04 .
41 HOMER3
DOLPP1 BTE3L4
.
ESCO2 :
= 5 — 15 TNXB UBA2
E £ INF ZBTBIT 8 rpie
. .
g g URE&L2.AHCY L1
& 5 50 KDELR@SG2 GCDH- .
~ 2] = 507 1p15, ZNF141 :TIMM8B
= = ]
[=2] [e]
38 8 RCL1 ;r.SUPV3L1 'y
I | .‘ Rad
o KRT10 *
1 2.5
0 0.0
2 1 0 1 R 2 -1 0 1 2 3 4
logs (Fold Change) log, (Fold Change)
@ Down-regulated Not Regulated @ Up-regulated @® Down-regulated Not Regulated @ Up-regulated

Figure S3.4: Effect of GS-CA1 on nuclear enriched fraction (in the presence of HIV-1
infection) MS analysis of nuclear envelope-enriched fractions from HIV-1 (NL43grp)-infected
and GS-CAl-treated THP-1 cells, compared to HIV-1-infected cells (A) and compared to GS-
CAl-treated cells (B). Colored dots indicate the upregulated (red) or downregulated (blue) proteins

whereas gray dots indicate non-modulated proteins. The threshold parameters used are the same
as in Figure. 2.
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Figure S3.5: Volcano plot showing proteins significantly modulated in an MS analysis of
nuclear envelope-enriched fractions from THP-1 cells treated with IFN-p, compared with
the untreated control. Colored dots indicate upregulated (red) or downregulated (blue) proteins
whereas gray dots indicate non-modulated proteins. The plot at the bottom shows an enlargement
for the highly upregulated proteins. The parameters used are the same as before.

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-3 and then analyzed nuclear envelope-
enriched fractions from treated and untreated cells (Figure S3.5). Results showed that 55 proteins
were regulated, including 10 downregulated and 45 upregulated. As expected, most upregulated

proteins were ISGs, including known antiviral factors such as MX2 and ISG15.

IFN-f but not GS-CAI 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
peptides, which were not included in the results shown in Figure 3.2. We performed an identical
analysis in cells treated or not with IFN-p, as this drug promotes the expression of ISGs, including
MX2 which was proposed to interfere with HIV-1 nuclear import by binding CA proteins (144).
All the peptides detected were from the structural proteins matrix (MA) and capsid (CA). GS-CAL1
did not result in any noticeable modulation in the relative abundance of these peptides in NL43Grp-
infected cells (Figure 3.3A). Remarkably, in the presence of IFN-f, a substantial increase in several
of the HIV-1 peptides in the nuclear envelope extracts was evident (Figure 3.3B). These results
point to differences in the mechanisms of action of GS-CA1 and IFN-B , with the latter promoting

the significant accumulation of HIV-1 proteins in nuclear envelope-associated fractions.
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Figure 3.3: HIV-1 protein levels in nuclear envelope fractions are modulated by IFN-p but
not GS-CA1l. (A) Intensity of HIV-1 protein-associated peptides detected by MS in nuclear
envelope-enriched fractions following infection with the NL43grp vector in absence or presence
of GS-CA1, or in uninfected, untreated cells as a control. 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 NL43grp and treated or not with IFN-f. Bars represent
the average values from 3 replicates, with standard deviations. In both (A) and (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.
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HIV-1 significantly colocalizes with TPR in the presence of GS-CAl

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 3.4A, HIV-1 CA signal was present
mostly as small “dots” which were found throughout the cells in the conditions used. Based on
previous work from our team and others, those dots are expected to represent mostly individual
HIV-1 cores/replication complexes (266-268). 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 examples are shown by white arrows in Figure 3.4A,
whereas the quantification analysis is shown in Figure 3.4B. We found that in the presence of GS-
CA1, the relative number of HIV-1 CA signal colocalizing with TPR significantly increased, by
about 8-fold. Treatment with IFN-f also resulted in an increase in CA-TPR colocalization, but this
phenotype was significantly smaller compared with GS-CA1l (Figure 3.4B). However, IFN-f
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 3.4A). These
results again point to differences in the effects of GS-CA1 and IFN-3 on HIV-1 early stages and
are consistent with GS-CA1 causing the sequestration of HIV-1 at NPCs, albeit this concerns a

very small proportion of detectable HIV-1 in the infected cells.
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Figure 3.4. Effect of GS-CA1 and IFN-B on HIV-1 subcellular distribution. (A) THP-1 cells
were infected with NL43grp (CRFK MOI = 2) for 12 h in the presence or absence of either IFN-f
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). Hoeschst 33342 was used to reveal
DNA (blue). White arrows show examples of the CA-TPR co-localization 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”
colocalizaing with TPR, relative to the total number of CA signal dots.
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Discussion

Considering its very low effective concentrations and advantageous pharmacodynamic
properties, it is likely that usage of GS-6207 will expand in the future, as indicated by clinical trials
under way (216). Thus, the mechanisms of action for this new class of HIV drugs need to be
established more thoroughly. When this 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 (269).
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, 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 , 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 the control cells. 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 uM (183)). Also, less than half of the cells were infected in the control without drug
in this experiment (Figure 3.1B), 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. 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. In the Excel
file named “Singh et al — modulated proteins” shared as supporting information, we include the

information available at the HIV-1 Human Interactions Database compiled by the National Center
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for Biotechnology Information (https://www.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-

1/interactions/), regarding human interactors of HIV-1 proteins with accompanying references.
This analysis indicates that 29 of the 84 modulated proteins were previously found to interact with
at least one HIV-1 protein. For instance, two proteins that are part of the 20S proteasome complex,
proteasome subunit beta type-6 (PSMB6) and the immunoproteasome-specific proteasome subunit
beta type-10 (PSMB10), which is known to functionally interact with HIV-1 CA , were
upregulated. Similarly upregulated was Proteasome activator complex subunit 3 (PSME3, also
called proteasome activator 28 gamma, PA28-y), which is predicted to interact with HIV-1 Vif
and Vpr (270). Other ubiquitin/proteasome-relevant proteins were found to be upregulated in this
experiment, specifically UBE2L3, an E2 ubiquitin conjugase that is involved in the control of
viruses and is itself targeted by viral proteins , and MGRNI1, an E3 ubiquitin ligase that targets
human papillomavirus (HPV) proteins (271). These observations hint at an increased association
with the nuclear envelope of the ubiquitin-proteasome pathway, which has a central role in the
control of retroviral infections by interferon-stimulated restriction factors (68). Thus, the results
obtained open a series of doors to possible interactions between HIV-1 and host factors at the
nuclear envelope. However, we did not observe modulation of Nups, a finding that we confirmed
in a “manual” analysis of the peptide-level data (not shown).

Using MS, we were able to detect the presence of HIV-1 peptides in nuclear envelope-enriched
fractions. 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 (272). Accordingly, MA was found long ago to co-purify with
HIV-1 complexes present in the nucleus of acutely infected cells (273, 274). As detailed 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-f. 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 (144). Upon immunofluorescence observation of acutely infected cells, we
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did observe an increase in the relative co-localization 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-f 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-CALI 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? 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.

Conclusions

Taken together, our MS and microscopy data suggest that GS-CA1 causes a block to nuclear
import by sequestration of HIV-1 capsid cores at nuclear pores, whereas IFN- 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.
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Chapter 4

Discussion

4.1 Summary
The nuclear transport of the HIV-1 genome across the nuclear envelope is a critical step in the

viral infection cycle. However, the role of the nuclear envelope and NPC proteins in HIV-1
infection remains poorly understood. This study investigates alterations in the nuclear envelope
proteome during the early stages of HIV-1 infection. While previous studies have investigated
HIV-1 nuclear import and capsid interactions with nucleoporins, few have specifically examined
the host proteomic landscape at the nuclear envelope during early infection. Most work, such as
that by Bejarano et al. and Zila et al. (82, 213, 275), focused on mechanistic or imaging-based
analyses of capsid transit, without profiling nuclear envelope—enriched fractions. This study fills
that gap by applying LC/MS/MS to nuclear envelope—enriched samples from HIV-1-infected
THP-1 cells, revealing distinct host protein modulation under IFN- and GS-CA1 treatment. These
findings offer new insight into early host-virus interactions at the nuclear periphery.

This study reveals that HIV-1 infection modulates the expression of ISGs at the nuclear
envelope, including MX2. However, knockdown experiments indicate that MX2 alone is not
sufficient to regulate HIV-1 nuclear entry, suggesting the involvement of additional ISGs. This is
further supported by the observation that IFN-f3 pretreatment leads to an accumulation of HIV-1
peptides at the nuclear envelope.

Additionally, this study explores the impact of the FDA-approved capsid inhibitor GS-CA1 on
HIV-1 nuclear entry. Unlike IFN-3, which results in peptide accumulation at the nuclear envelope,
GS-CA1 blocks HIV-1 entry at the NPC. These findings highlight the nuclear envelope as a key
regulatory site in HIV-1 infection, influenced by both viral mechanisms and the host immune
response. This underscores the need for further research into strategies that simultaneously inhibit
HIV-1 nuclear entry and enhance IFN-mediated antiviral defense at the nuclear envelope.

4.2 Effect of IFN on proteins from nuclear envelope enriched fraction

4.2.1 IFN-stimulated genes in nuclear envelope enriched fractions
This study shows the effect of IFN on the nuclear envelope enriched fraction in different THP-

1 cell conditions. In one condition, we administered IFN-f and compared it to THP-1 cells without
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IFN-B, observing many modulated proteins (Chapter 2). We also assessed IFN in
shLUCshTRIMS5a HIV-1 infection with and without IFN-. Additionally, the study showed IFN's
effect on shMX2shTRIMS5a infected with HIV-1 with and without IFN-B. Many proteins are ISGs
upregulated by IFN-I signaling. IFIT1, IFIT3, IFITM3, ISG15, MX2, OAS1, OAS2, and USP18
are key ISGs in the innate immune response against viral infections (276). These proteins are
components of the cellular antiviral defense induced by interferons, with several exhibiting direct
antiviral activity. The reduced infection observed in IFN-treated cells supports their functional role
in restricting HIV-1.. IFITM3 inhibits viral entry for multiple enveloped viruses by restricting
fusion from late endosomes, in our study, IFITM3 was upregulated in IFN-B—treated THP-1 cells,
consistent with its known antiviral role. (277). Both IFIT1 and IFIT3 were upregulated in IFN-
treated conditions, supporting their role in amplifying antiviral signaling(278). ISG15, MX2, and
OAS proteins also have well-characterized antiviral functions and as expected, these proteins were
upregulated (276). While IFITM proteins influence CD4+ T cell differentiation (influencing
Th1/Th2 polarization), in THP-1 cells their antiviral role is more prominent. (279). SIGLEC1 and
CD209 are involved in immune cell interactions and pathogen recognition (280-282). In our
dataset, several of these ISGs were enriched in the nuclear envelope fraction, suggesting potential
trafficking or NPC association. Their presence in the nuclear envelope enriched fraction may
reflect transient localization, trafficking through nuclear pore complexes, or proximity during
active signaling. This interpretation is supported by known interactions of some ISGs with NPC
components, such as MX2 and ISG15.

Similarly, shMX2shTRIMS5a infection with HIV-1 with IFN-B presence and absence has
revealed differential accumulation of ISGs such as MX2, ISG15, and OAS2, consistent with their
roles in nuclear import restriction. Diotallevi et al., mention that Glutathione (GSH) depletion
affects the expression of several ISGs, including OAS2, OAS3, MX2, IRF7, IRF9, and STATI
(283). These genes are part of innate immunity and antiviral response, requiring GSH for optimal
induction (283). Although GSH levels were not directly measured in our study, the modulation of
OAS2, MX2, and STATTI aligns with their GSH-sensitive expression. This suggests glutathione
plays a role in fine-tuning the innate immune response to infection, rather than limiting

inflammation. Oguejiofor et al. discuss the endometrial immune response to bacterial
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lipopolysaccharide (LPS) and identify several up-regulated ISGs, including RSAD2, MX2, OASI,
ISG15, and BST2 (284). This indicates their importance in the innate immune response to viral
and bacterial infections. Painter and his team describe a transgenic mouse model expressing a
picornavirus RNA-dependent RNA polymerase (RdRP) that leads to upregulation of 80 ISGs,
resulting in profound resistance to viral challenge (285). This supports the broader concept that
sustained ISG expression, as observed in our IFN-treated THP-1 cells, can confer antiviral
protection. This study demonstrates that sustained activation of the innate immune system through
ISG upregulation can provide broad-spectrum antiviral protection without causing harmful
autoimmunity or chronic inflammation. Examining common metabolic pathways, STAT1 and
STAT2 are transcription factors shuttling between cytoplasm and nucleus upon interferon
stimulation (286). Their presence in the nuclear envelope—enriched fraction may reflect active IFN
signaling. They play crucial roles in interferon signaling and gene expression regulation. EIF2AK?2
(PKR) shuttles between cytoplasm and nucleus, with nuclear localization mediated by a bipartite
nuclear localization signal (NLS) (287). IFI16, primarily nuclear, can shuttle to the cytoplasm upon
viral infection (286). It acts as a DNA sensor in innate immune responses. Some proteins interact
with nuclear transport pathways or NPC components. ISG15, a ubiquitin-like protein, modifies
RanGAP1, involved in nucleocytoplasmic transport (288). MX1 and MX2 are GTPases localized
to different cellular compartments. MX2 associates with NPCs and inhibits HIV-1 nuclear import
(289). In our study, MX2 was consistently enriched in IFN-treated conditions, reinforcing its role
in NPC-mediated restriction.

Given the nuclear envelope enrichment strategy used in this study, it is possible that some
proteins detected are not permanent residents but transiently associated or in transit. This is a
known limitation of subcellular fractionation and should be considered when interpreting the
proteomic data.

In conclusion, these genes are involved in various aspects of the immune response, including
viral recognition, signaling, and effector functions. The studies highlight their importance in
mounting an effective defense against viral infections and show how their expression can be
modulated by  factors like  glutathione levels or  genetic = modifications.

Future studies incorporating cytosolic and nuclear fraction comparisons, as well as imaging-based
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localization, will help refine these interpretations and validate the spatial distribution of ISGs

during infection.

4.2.2 MX2 knockdown modulated various proteins related to different metabolic pathways
Based on previous studies, proteins like PNKP, UBTF, and GTF3C2 play critical roles in DNA

repair, transcription, and genome stability (290-292). Their downregulation upon HIV-1 infection
in your experiments may reflect a viral strategy to suppress host processes that could hinder its
replication. Similar to the observed response with CDK 13, HIV-1 might target these proteins to
weaken cellular defenses, such as DNA repair pathways or transcription-coupled mechanisms,
thereby creating a favorable environment for its replication.

The downregulation of PNKP might compromise the cell's ability to repair HIV-induced DNA
damage, contributing to genomic instability, a hallmark of viral infections. Similarly, suppressing
UBTF and GTF3C2 could interfere with transcription and gene expression, potentially enhancing
the virus's ability to hijack host machinery for viral production.

Future studies could explore the specific viral factors responsible for this suppression and identify
therapeutic approaches to counteract these effects. These findings may open new avenues for
understanding how HIV-1 manipulates host proteins and pathways for its survival and replication.

The proteins identified are VIM (related to cell structure), LYZ (linked to immune function),
NIPSNAP1 (involved in vesicle movement), CTDNEP1 (helps form the nuclear envelope),
DRAM?2 (related to autophagy), CCBL2 (breaks down amino acids), and EXOG (repairs
DNA)(293-295). These proteins warrant further investigation to better understand their roles in
innate immunity and HIV-1 regulation at the nuclear pore complex (NPC). For instance,
CTDNEPI, involved in nuclear envelope formation, may influence NPC architecture during IFN-
B treatment and viral infection. Likewise, examining the relationship between LYZ and innate
immune signaling at the NPC could provide additional insights..

There were common proteins modulated by IFN in wild-type and knockdown cells. CD209,
ISG15, LGALS3BP, and OAS?2 are involved in antiviral immunity, particularly in relation to HIV-
1 infection and the interferon (IFN) response pathway. ISG15 and OAS2 are ISGs crucial in the
innate immune response against viral infections, including HIV-1 (296, 297). ISG15 negatively
regulates the IFN-I signaling cascade and confers broad-spectrum resistance to viral infections

when deficient in humans (297). OAS2, part of the oligoadenylate synthetase (OAS) family,
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produces 2'-5'-linked second messenger molecules that activate RNase L, leading to viral RNA
degradation (296). CD209 (DC-SIGN) and LGALS3BP are also involved in antiviral immunity
(298-300). CD209 recognizes and binds to HIV-1, potentially facilitating viral entry into cells.
LGALS3BP (Galectin-3-binding protein) is an ISG implicated in the antiviral response against
HIV-1. These proteins are part of the antiviral state induced by IFN-I. The IFN-I response leads to
the expression of numerous ISGs, including ISG15 and OAS2, which contribute to establishing an
antiviral state in cells (297, 301). This antiviral state is characterized by the upregulation of
proteins that target different stages of the viral life cycle.

In the context of MX2 downregulation, the continued modulation of CD209, ISGIS,
LGALS3BP, and OAS2 suggests that IFN-induced antiviral activity is maintained through MX2-
independent mechanisms. While MX2 is known to inhibit HIV-1 nuclear import, our data show
that HIV-1 capsid peptides still accumulate at the nuclear envelope in MX2 knockdown cells,
indicating that other ISGs may compensate for its absence. This highlights the redundancy and
robustness of the IFN-I response, where multiple effectors contribute to viral restriction at the
nuclear envelope. In summary, CD209, ISG15, LGALS3BP, and OAS2 are part of the innate
immune response against viral infections, particularly HIV-1. They are either directly induced by
interferons or modulate the interferon response, contributing to the overall antiviral state of the
cell.

4.2.3 ISGs trap the HIV-1 peptides on the nuclear envelope
As mentioned in Chapter 2, I[FN-f3 presence has led to increased HIV-1 peptides at the nuclear

envelope. The observation that IFN-beta leads to increased HIV-1 capsid (CA) peptides at the
nuclear envelope, even when MX2 is knocked down, suggests a complex interplay between
interferon-induced antiviral mechanisms and HIV-1 infection. Several factors could explain this
result:

Firstly, IFN-I, such as IFN-f, induces a broad range of antiviral genes beyond MX2. While
MX2 is known to inhibit HIV-1 nuclear import (134), other ISGs may also contribute to the
accumulation of CA peptides at the nuclear envelope. For instance, Bulli et al. (2016) indicate that
HIV-1 CA mutations that escape MX2 inhibition still show increased sensitivity to IFN-a,
suggesting the involvement of additional antiviral factors (149). In our study, the persistence of

CA accumulation at the nuclear envelope despite MX2 knockdown suggests that other ISGs, such
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as ISG15, OAS2, and LGALS3BP, may compensate for the absence of MX2 and contribute to
nuclear import restriction.

Interestingly, the HIV-1 capsid protein itself plays a crucial role in protecting the virus from
IFN-induced inhibitors during early post-entry steps (149). This suggests that the increased
presence of CA peptides at the nuclear envelope might be a viral strategy to shield against antiviral
effectors, rather than solely a result of host restriction factors. This observation reinforces the idea
that MX2 is not the sole effector in IFN-mediated nuclear import inhibition. The redundancy of
ISG functions, and their coordinated action at the nuclear envelope, likely underpins the robustness
of the antiviral state.

In conclusion, the lack of significant change upon MX2 knockdown implies that multiple IFN-
induced factors likely contribute to the observed phenotype. The complex interactions between
HIV-1 capsid, cellular cyclophilins, and various ISGs (149) underscore the need for further
investigation to fully understand the mechanisms governing HIV-1's interaction with the interferon
response at the nuclear envelope. Some futuristic experiments could be to analyze all the CA-
binding ISGs and their effect at the nuclear envelope. Future experiments could systematically
analyze CA-binding ISGs and their spatial localization during infection to identify which factors
directly contribute to capsid retention or nuclear import blockade. This would help clarify the

hierarchy and interplay of ISGs in HIV-1 restriction.
4.3 GS-CAL1 effect on nuclear envelope proteins and its parallel comparison

with ISGs
This study includes the capsid inhibitor and precursor of Lenacapvir, GS-CA1. This drug

inhibits HIV-1 at the nuclear envelope by stabilising the capsid prohibiting viral capsid uncoating.
Interestingly, the mechanism of action for GS-CAT1 appears to be different from some other CA
inhibitors. While compounds like PF-3450074 (PF74) promote premature uncoating of the HIV-1
capsid (217), the specific effect of GS-CA1 on capsid disassembly is not explicitly stated in the
provided context. However, the general mechanism of CA inhibitors suggests that they can impact
the highly regulated activity of CA, potentially affecting both the early and late stages of the viral
lifecycle (215). Mass spectrometry data on THP-1 cells infected with HIV-1 in the presence and

absence of GS-CA1 or IFN has provided many proteins that could be of future interest.
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4.3.1 Effect of HIV-1 and GS-CA1 on nuclear envelope-associated proteins as seen by mass
spectrometry

The study shows that while HIV-1 infection or GS-CA1 treatment alone minimally affects nuclear
envelope proteins, their combination significantly alters 84 proteins (Chapter 2, Figure 2). Many
are ISG products or part of the ubiquitin/proteasome pathway, indicating a complex interplay
between HIV-1, GS-CALI, and cellular responses. This finding is partially supported by previous
studies. The minimal effect of HIV-1 alone on nuclear envelope proteins aligns with earlier work.
However, the dramatic effect of combined HIV-1 and GS-CA1 treatment is novel. Previous studies
showed GS-CA1 inhibits HIV-1 infection (183), but its effect on nuclear envelope proteins was
not explored in detail.

Modulated proteins in HIV-1 infection in the presence of GS-CAL fall into several processes:
Transcription and RNA processing: SRSF3, ZNF141, ZNF813, UTP15, GTF2H3, MED21,
PAPOLA, LUC7L3, POLR2D, KDM4A, TADA3, PCF11, BTF3, PURA, DR1, TFCP2, SF3A2,
EZH2, IRF2BP1, MED10, and HMG20A are involved in transcription regulation and RNA
processing (302). Protein degradation and modification: PSMB6, PSMB10, PSME3, UBE2L3,
and UBA2 are part of the ubiquitin-proteasome system (302). Cell signaling and regulation:
ARHGAP11A, GPSM3, PLEK, MIF, INPP5B, and CAPRINI play roles in signaling pathways
(303). DNA replication and repair: ESCO2, SUPV3L1, and NSMCE4A are involved in DNA
processes (302). Metabolism: GCDH and GBEI are involved in metabolic processes (302).
TRHDE is a potential target gene in the sensory neuronal specification and pain perception (304),
associated with growth traits in sheep (305), and implicated in glioma tumorigenesis (306). These
proteins cover a range of cellular and metabolic processes, with many involved in transcription,
RNA processing, and protein degradation. TRHDE highlights the diverse roles of these proteins

across biological systems and disease states.

The modulation of these proteins in our study of HIV-1 infection highlights the virus's ability
to manipulate diverse cellular processes to establish and maintain infection. Proteins involved in
transcription and RNA processing, such as POLR2D, SF3A2, and EZH?2, are critical for both host
and viral gene expression. Their modulation may reflect how HIV-1 hijacks the host transcription

machinery to prioritize its gene expression while potentially suppressing host antiviral responses.
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However, in the presence of GS-CAl, which blocks HIV-1 nuclear import, the continued
modulation of these proteins suggests that either early post-entry events (such as capsid recognition
or partial uncoating) still trigger host responses, or that GS-CAL1 itself induces cellular stress or
signaling changes that impact transcriptional regulation. Similarly, proteins linked to the ubiquitin-
proteasome system, including PSMB6, PSMB10, and PSMES3, are often exploited by HIV-1 for
the degradation of host restriction factors or viral protein processing. The modulation of these
pathways underscores the virus's strategy to optimize its replication and evade immune detection.
These findings suggest that even in the absence of productive infection, host cells may respond to
viral components or drug-induced perturbations, highlighting the need to disentangle direct

antiviral effects from host-driven responses in future studies.

Furthermore, the impact on DNA repair proteins, such as ESCO2 and NSMCE4A, suggests that
HIV-1 might suppress cellular DNA repair processes to facilitate its integration into the host
genome, contributing to genomic instability commonly observed during infection. Proteins like
MIF and CAPRINI1, which play roles in cell signaling and regulation, may be targeted to disrupt
host immune responses or to influence RNA granule dynamics that are essential during viral
infections. Metabolic proteins, such as GCDH and GBE1, highlight the virus's demand for altering
energy and biosynthetic pathways to support its replication. The modulation of TRHDE, with its
diverse roles in sensory neuronal functions and tumorigenesis, could also reflect unexplored
neuroimmune aspects of HIV-1 pathogenesis.

These findings emphasize the extensive host-pathogen interactions during HIV-1 infection,
where the virus manipulates a broad range of cellular processes to enhance its survival and
replication. Understanding the roles of these modulated proteins offers valuable insights into viral
strategies and presents potential therapeutic targets for intervention.

When comparing HIV-1 infected cells (with GS-CA1 treatment) to uninfected cells with GS-
CAL treatment, many proteins were modulated, particularly transport-related ones: SLC35B1 and
SLCY9A1 are solute carrier (SLC) family members, membrane-bound transporters moving
substrates across cellular membranes (307). SLC transporters play crucial roles in cellular
processes, including drug disposition and response (308, 309). TRAMI is involved in protein

translocation across the endoplasmic reticulum membrane (310). TIMM17A and TIMMSEB are
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part of the translocase of the inner mitochondrial membrane (TIM) complex, facilitating protein
import into mitochondria (310). KDELR2 retrieves endoplasmic reticulum proteins from the Golgi
apparatus. SRP19 targets secretory proteins to the endoplasmic reticulum membrane for
translocation. These proteins relate to cellular transport, but may not all be directly involved in the
transmembrane transport of small molecules like SLC and ABC transporters (308, 309, 311, 312).

A few proteins were particularly interesting: LYZ is an important innate immune system
component with antimicrobial properties, defending against bacterial infections (305, 313).
CREBI1 and CEBPB are transcription factors regulating immune responses, including innate
immunity (305, 313). SLC9AL1 is involved in ion transport and pH regulation, indirectly affecting
immune responses and viral entry (305, 313). TRHDE has been mentioned in sensory neuronal
specification and nociception, potentially affecting immune responses indirectly (304). Further
research on each protein's function in immune responses and viral interactions is necessary.

This result highlights the complex interactions between HIV-1, antiviral compounds, and
cellular proteins, suggesting GS-CA1's mechanism may involve more than direct HIV-1 inhibition,
potentially affecting cellular pathways, particularly those related to interferon responses and
protein degradation. This could impact understanding drug efficacy and side effects.

Future research could explore the specific roles of affected proteins in HIV-1 infection and GS-
CAL action, potentially uncovering new therapeutic targets. Investigating synergies between GS-
CA1l and interferon-based therapies might lead to more effective treatments. Exploring how
protein changes impact HIV-1 latency and reactivation could provide insights into viral
persistence. These findings may guide the development of novel antiviral strategies targeting
newly identified pathways, potentially revolutionizing HIV-1 treatment and improving patient
outcomes.

4.3.2 IFN-B but not GS-CA1 causes the accumulation of HIV-1 at the nuclear envelope

IFN-B treatment, but not GS-CAl, causes a significant accumulation of HIV-1 peptides
(specifically MA and CA) in nuclear envelope-enriched fractions. This suggests different
mechanisms of action for IFN-f3 and GS-CA1 in inhibiting HIV-1 infection, with IFN-B potentially

blocking the nuclear import of viral components.
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This finding is partially supported by previous research. The role of IFN-B in inducing ISGs,
including MX2, which interferes with HIV-1 nuclear import, has been established (134). Our data
build on these findings by showing that IFN-B treatment leads to the accumulation of HIV-1
proteins at the nuclear envelope, which is a novel observation. Notably, GS-CA1 treatment did not
prevent this accumulation, challenging earlier hypotheses that capsid disruption would block
nuclear envelope localization (https://doi.org/10.1128/mbio.00348-24).

This result provides new insights into the mechanisms of IFN-f-mediated inhibition of HIV-1
infection. It suggests that IFN-B may act by trapping viral components at the nuclear envelope,
preventing nuclear entry. The contrasting effect of GS-CA1 indicates a different mode of action,
potentially acting at a different stage of the viral life cycle.

Future research could explore the specific mechanisms of IFN-B-induced HIV-1 peptide
accumulation at the nuclear envelope, focusing on individual ISGs like MX2. Investigating
potential synergies between IFN-B and other antivirals, such as GS-CA1l, could lead to more
effective combination therapies. Additionally, these findings may inspire the development of novel
antiviral strategies targeting HIV-1 nuclear import. Such research could significantly advance our
understanding of HIV-1 infection dynamics and potentially yield new classes of antiretroviral
drugs, improving treatment outcomes for HIV-1 patients.

4.3.3 HIV-1 significantly colocalizes with TPR in the presence of GS-CA1

GS-CA1 significantly increases HIV-1 CA colocalization with TPR at nuclear pores, suggesting
sequestration of HIV-1 at NPCs. IFN-f also increases CA-TPR colocalization, but to a lesser
extent, and causes CA accumulation near the nuclear envelope without specific NPC association.
This indicates different mechanisms of action for GS-CA1 and IFN- in inhibiting HIV-1 infection
during early stages.

This finding partially supports previous studies suggesting GS-CA1 inhibits HIV-1 nuclear
import (220). However, it contradicts studies proposing no effect of GS-CA1 on CA presence in
the nucleus (220). The IFN-B effect aligns with known antiviral mechanisms but provides new
insights into its spatial impact on HIV-1 distribution.

This study provides visual evidence for GS-CAl's mechanism of action, suggesting it

specifically targets the nuclear import stage of HIV-1 infection. It also highlights differences
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between GS-CAl and IFN-B in their antiviral effects, potentially informing more targeted
therapeutic approaches. The quantitative analysis of CA-TPR colocalization offers a new method
for assessing antiviral compound efficacy at the nuclear pore level.

Future research could focus on understanding the molecular mechanisms behind GS-CA1-
induced HIV-1 sequestration at NPCs. Investigating potential synergies between GS-CA1l and
IFN-B could lead to more effective combination therapies. Further studies on the role of TPR and
other Nups in HIV-1 infection might reveal new therapeutic targets. Finally, this approach could

be extended to evaluate other antiviral compounds targeting HIV-1 nuclear import.

4.4 The examination of implications arising from these findings

The research presented in this thesis encompasses two interconnected projects that explore the
intricate interactions between HIV-1, host cell proteins, and antiviral treatments at the nuclear
envelope.

Project 1, detailed in Chapter 2, investigated the effects of IFN-B on cellular proteins,
particularly those associated with the nuclear envelope. This study revealed significant modulation
of ISGs and, notably, an unexpected accumulation of HIV-1 peptides at the nuclear envelope
following IFN-f treatment. Intriguingly, this accumulation persisted even in the absence of MX2,
a key ISG, suggesting the involvement of other IFN-induced factors in this process.1

Project 2, presented in Chapter 3, built upon these findings by examining the effects of GS-
CAl, a novel HIV-1 capsid inhibitor. Unlike IFN-B, which broadly activates antiviral pathways
and retains HIV-1 peptides at the nuclear envelope, GS-CA1 directly blocks nuclear import by
arresting the capsid at the pore, leading to focused CA-TPR colocalization. This reflects distinct
mechanisms: host-driven retention versus drug-induced capsid trapping.. Although not analyzed
in detail here, a direct comparison between HIV-1 alone and GS-CA1 alone would be valuable,
especially since the combination treatment triggered more pronounced proteomic changes than
either condition alone. This suggests potential synergy or additive effects worth exploring in future
studies.

The connection between these projects lies in their complementary exploration of HIV-1
interactions with the nuclear envelope under different antiviral conditions. Both studies highlight

the critical role of the nuclear envelope in HIV-1 infection and demonstrate how different antiviral
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agents can disrupt this process, albeit through distinct mechanisms. The contrasting effects of IFN-
B and GS-CA1 on HIV-1 localization provide valuable insights into the complexity of viral-host
interactions and suggest multiple potential targets for therapeutic intervention.

Together, these projects advance our understanding of HIV-1 infection dynamics and open new

avenues for antiviral strategy development, particularly those targeting nuclear import processes.

4.5 Significance of this study

The study presents several novel and original findings that significantly advance our
understanding of HIV-1 infection and host-virus interactions. One of the most striking discoveries
is the unexpected MX2-independent accumulation of HIV-1 peptides at the nuclear envelope
following IFN-f treatment. While these findings challenge existing hypotheses about MX2's role,
they are based on a subset of the nuclear envelope—enriched proteome and may not capture all
relevant host factors. These findings challenge existing hypotheses about MX2's role and suggest
the involvement of previously unrecognized factors in this process. However, further studies using
broader proteomic or transcriptomic approaches will be necessary to fully elucidate the
mechanisms.

Another significant contribution is the comparative analysis of how GS-CA1 and IFN-f affect
HIV-1 localization at the nuclear envelope. While both treatments increase HIV-1 CA
colocalization with TPR, GS-CA1 causes specific sequestration at nuclear pores, whereas IFN-3
leads to a more general accumulation near the nuclear envelope. This distinction provides new
insights into the mechanisms of action of these antiviral agents.

It is the first to conduct a comprehensive proteomic analysis of nuclear envelope-enriched
samples from THP-1 cell lines using LC/MS/MS. This approach has yielded unprecedented
insights into the dynamic changes occurring within the nuclear envelope in response to HIV-1
infection and IFN- treatment. The identification of novel modulated proteins, including TPR and
vimentin, opens new avenues for understanding HIV-1 pathogenesis and potential therapeutic
targets.

Furthermore, the research reveals a complex interplay between HIV-1 and innate immunity,
showing that the virus can dampen the effects of IFN-B on certain ISGs. This provides new insights

into how HIV-1 evades host immune responses. The study also establishes a novel methodology
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for assessing antiviral compound efficacy at the nuclear pore level through quantitative analysis
of CA-TPR colocalization.

Collectively, these original findings challenge existing paradigms, provide new methodologies
for studying HIV-1 infection, and open up new avenues for antiviral drug development and
understanding of host-virus interactions. They set the stage for future research that could lead to

more effective therapeutic strategies against HIV-1 and potentially other viral infections.
4.6 Comprehensive evaluation and future directions: analyzing HIV-1

interactions with the NPC

The study largely addresses the proposed hypotheses and objectives, providing valuable
insights into the interactions between HIV-1, the NPC, and antiviral treatments. The study
successfully investigates the impact of IFN-B on HIV-1 capsid peptide distribution in nuclear
membrane-enriched samples and analyzes the role of MX2 in this process. Notably, the results
challenge the initial hypothesis regarding MX2's role, revealing unexpected complexities in the
interferon-mediated antiviral response.

Regarding the second hypothesis, the research effectively examines the effect of GS-CA1 on
HIV-1 capsid peptide accumulation in nuclear membrane-enriched samples. The study also
provides a comparative analysis of the mechanisms by which IFN-f and GS-CA1 block HIV-1
capsid at the NPC, revealing distinct patterns of viral capsid localization under these treatments.
However, the study is limited by its focus on nuclear envelope—enriched proteomes, which may
exclude key cytoplasmic or nuclear factors involved in HIV-1 restriction. Additionally, the
absence of gene ontology or pathway enrichment analysis restricts broader biological
interpretation of the proteomic shifts.

However, to fully meet the objectives and provide a more comprehensive understanding of
HIV-1 interactions with the NPC, several additional experiments could be considered. These
include investigating other ISGs given the unexpected results with MX2, conducting time-course
analyses to understand the dynamics of HIV-1 capsid accumulation, and exploring combination
treatments of IFN- and GS-CA1 to assess potential synergistic or antagonistic effects.

Furthermore, structural studies using high-resolution imaging techniques could provide

valuable insights into the interactions between HIV-1 capsid, NPC components, and antiviral
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factors. In vivo studies in animal models would help validate the findings in a more physiologically
relevant context. Lastly, more in-depth mechanistic studies could further elucidate the molecular
processes by which IFN- and GS-CA1 affect HIV-1 capsid accumulation at the NPC.

By incorporating these additional experiments, the research would provide an even more
comprehensive understanding of HIV-1 interactions with the NPC and the mechanisms of action
of both host immune responses and synthetic drugs in combating HIV-1 infection. This expanded
knowledge could potentially pave the way for developing more effective and synergistic treatment

strategies against HIV-1.

4.7 Conclusion

In conclusion, this study advances our understanding of HIV-1 interactions with the nuclear
envelope and the host cell's innate immune response. It challenges existing paradigms, particularly
regarding MX2's role, and opens new avenues for future research. The findings suggest that HIV-
1 nuclear entry mechanisms and the host cell's attempts to block this entry are more complex than
previously thought, involving multiple proteins and pathways. This research sets the stage for
developing novel therapeutic strategies targeting nuclear import processes and exploiting the

interplay between antiviral compounds and cellular responses.
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Abstract

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.
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The novel HIV-1 drugs GS-CAl 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-CAL on the early stages of HIV-1infection, specifically the steps
involving the nuclear envelope, in comparison to the antiviral cytokine IFN-.
Mass spectrometry data indicated that nuclear envelope proteins were only
modestly affected by either GS-CAL treatment or HIV-1 infection, but combining
the two had a more significant impact, altering the levels of many proteins
including proteasomal components. GS-CA1l induced a small but clear
accumulation of HIV-1 capsid cores at nuclear pores, as seen by microscopy,
whereas IFN-f 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
envelope, interferon

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, Nupl07 (central ring); and Nupl53
(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 aftect 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-
CAl 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-CAl treatment, in
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comparison to [FN-3 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 NL43grp, HEK293T cells
were transfected with 10 pg pNL43Grpapnvaner (25, 26) and 5 pg
pMD2.G (26) using polyethyleneimine (PEIL, 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 um filters
(Millipore Sigma Durapore PVDEF). 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).

ECs5o 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 NL435gp (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 ECs, 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-CALl for 2 h and then were infected or not with NL435pp
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-f (PeproTech, Rocky Hill, NJ,
USA) and were infected 12 h later with NL43gp 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 pg 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 ug of trypsin (sequencing
grade, Promega, Madison, WI). Samples were analyzed by nano-
LC/MSMS using a Dionex UltiMate 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
ug of peptides were separated on a C18 Pepmap Acclaim column
(50 cm length, 75 pum 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-
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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,
g-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 63x/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-CALl 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 NL43gp
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-CAl strongly inhibits THP-1
infection, with an ECs, 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
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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
NL43Ggp for 12 h, in the presence or absence of 2 nM GS-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 ECs. As expected, infection with the
NL43Grp 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-CAL treated cells show only minor differences (except for sample
CTRL_5), whereas the NL43gp-infected (“HIV-17) group and the
NL43pp-infected + GS-CAl-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-CAL1 to either control samples or GS-CAl-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-CAL1 treatment alone had little
impact on nuclear envelope proteins, as previously observed in the
PCA (Supplementary Figure S2). HIV-1 (NL43ggp) infection
resulted in the reduced relative abundance of only 5 proteins, i.e.
Lysozyme C (LYZ), pH domain leucine-rich repeat-containing
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GS-CAL1 efficiently inhibits HIV-1 early infection stages in THP-1 cells. (A) Dose-dependent inhibition of NL43grp. THP-1 cells were treated with
multiple dilutions of GS-CA1 and infected with NL43g¢p 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 NL43¢p (CRFK MOI = 2) and treated or not with 2 nM GS-CAL. 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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Modulation of proteins in nuclear envelope-enriched fractions by HIV-1 infection and GS-CA1 treatment. THP-1 cells were infected or not with
NL43crp (CRFK MOI = 2) and treated or not with 2 nM GS-CAL. Infections were done in quintuplicates. 12 h later, cells were processed for MS.
Volcano plots show dysregulated proteins for NL43gp-infected cells compared to control (uninfected) cells (top left), GS-CAl-treated cells
compared to control (untreated) cells (top right) and NL43gp-infected, GS-CAl-treated cells compared to control (uninfected, untreated) cells
(bottom). Colored dots indicate proteins upregulated (red) or downregulated (blue). Grey dots indicate non-dysregulated proteins.

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 (FOXKI1) and Syntaxin-11 (STXII).
Treatment with GS-CAl 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-CAl 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-CAl
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-CAl 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-CAl vs GS-CAl
(Supplementary Figure S4), and interestingly, we observed that
HIV-1 was a much greater inducer of variation than
GS-CALl 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-f 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-CAl
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
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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 NL43gpp-infected cells (Figure 3A). Remarkably,
in the presence of IFN-f, 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-CA1l

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

10.3389/fviro.2025.1547176

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-CAl, the
relative number of HIV-1 CA signal colocalizing with TPR
increased by about 8-fold. Treatment with IFN-} also resulted in
an increase in CA-TPR colocalization, but this phenotype was
smaller compared with GS-CA1 (Figure 4B). However, IFN-8
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
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FIGURE 3

HIV-1 protein levels in nuclear envelope fractions are modulated by IFN- but not GS-CAL. (A) Intensity of HIV-1 protein-associated peptides
detected by MS in nuclear envelope-enriched fractions following infection with the NL43g¢p vector in absence or presence of GS-CAL (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 NL43grp 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-CAL
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Effect of GS-CAL and IFN-B on HIV-1 subcellular distribution. (A) THP-1 cells were infected with NL43gep (CRFK MOI = 2) for 12 h in the presence or
absence of either IFN-3 added 12 h before infection) or GS-CAL (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

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-CAl-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 uM (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-CAL. 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
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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
IEN-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-f.
However, a more striking phenotype associated with IFN-8
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-CAl 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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