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I 

 

Zusammenfassung 

Diese Dissertation untersucht die vielfältigen Funktionen des „Barrier to Autointegration 

Factor 1“ (BAF) im Kontext retroviraler Infektionen und der Regulation der angeborenen 

Immunantwort, mit besonderem Fokus auf seine Interaktion mit HIV-1. BAF ist ein 

hochkonserviertes, DNA-bindendes Protein, das die Autointegration retroviraler DNA 

verhindert und deren korrekte Integration in das Wirtsgenom unterstützt. Mittels 

molekularbiologischer und zellulärer Experimente konnte gezeigt werden, dass eine HIV-

1-Infektion den endogenen BAF-Proteinspiegel in HEK293T-Zellen senkt – jedoch nur, 

wenn die Viruspartikel über das Drei-Plasmid-System erzeugt wurden, nicht aber bei 

Transfektion mit vollständigen HIV-1-Konstrukten. 

Entgegen früheren Annahmen konnte zudem nachgewiesen werden, dass BAF unter 

Überexpressionsbedingungen in HIV-1-Virionen eingebaut wird. Funktionelle Studien 

zeigen, dass BAF für die Replikation von HIV-1 in Zielzellen essenziell ist, jedoch nicht 

in virusproduzierenden Zellen benötigt wird. Ein Knockout von BAF in THP-1-Zellen 

führt zu einer deutlichen Reduktion der HIV-1-Replikation, ein Effekt, der durch erneute 

Expression von BAF teilweise rückgängig gemacht werden kann. Im Gegensatz dazu 

fördert der BAF-Knockout die Replikation des murinen Leukämievirus (MLV), was auf 

virusartspezifische Regulationsmechanismen hinweist. 

Neben seiner Rolle bei der retroviralen Integration wirkt BAF auch als wichtiger 

Regulator der angeborenen Immunantwort. Der Verlust von BAF führt zur 

Hochregulierung interferonstimulierter Gene (ISGs) wie ISG15 und ISG54, selbst ohne 

eine gleichzeitige Erhöhung der Typ-I-Interferon-Produktion. Dies deutet auf eine 

mögliche posttranskriptionale oder chromatinvermittelte Regulation dieser Gene durch 

BAF hin. Darüber hinaus erhöht das Fehlen von BAF die Aktivierung des cGAS–STING-

Signalwegs, was BAF als negativen Regulator dieser antiviralen Achse ausweist. 

Zusammenfassend beschreibt diese Arbeit BAF als doppelt wirkenden Wirtsfaktor: 

Einerseits unterstützt er die retrovirale Integration, andererseits dämpft er übermäßige 

Immunaktivierung. Diese Erkenntnisse liefern neue Einblicke in die Wechselwirkungen 

zwischen Virus und Wirt und identifizieren mögliche Zielstrukturen für therapeutische 

Ansätze bei viralen Infektionen und Immunregulation. 
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Summary 

This dissertation investigates the multifaceted roles of Barrier to Autointegration Factor 

1 (BAF) in the context of retroviral infection and innate immune regulation, with a 

particular focus on its interaction with HIV-1. BAF is a highly conserved DNA-binding 

protein known to prevent retroviral DNA autointegration and promote proper integration 

into the host genome. Through a series of molecular and cellular experiments, I 

demonstrate that HIV-1 infection downregulates endogenous BAF protein levels in 

HEK293T cells, specifically when viral particles are produced via the 3-plasmid system, 

but not with full-length HIV-1 constructs. Notably, BAF can be incorporated into HIV-1 

virions under overexpression conditions, contrary to previous assumptions. 

Functional studies reveal that BAF is essential in HIV-1 target cells but not in virus-

producing cells, underscoring its critical role in the post-entry phase of infection. 

Knockout of BAF in THP-1 cells significantly impairs HIV-1 replication, an effect that is 

partially rescued by BAF re-expression. In contrast, BAF knockout enhances replication 

of Murine Leukemia Virus (MLV), suggesting virus-specific interactions and regulatory 

mechanisms. 

Beyond its role in retroviral integration, BAF also emerges as a key modulator of innate 

immunity. Loss of BAF results in upregulation of interferon-stimulated genes (ISGs) such 

as ISG15 and ISG54, even in the absence of increased type I interferon production. This 

highlights a potential post-transcriptional or chromatin-level regulatory function for BAF 

in ISG expression. Furthermore, BAF deficiency sensitizes cells to enhanced cGAS–

STING pathway activation, supporting its role as a negative regulator of this critical 

antiviral signaling axis. 

In summary, this work defines BAF as a dual-function host factor: facilitating retroviral 

integration while restraining innate immune activation. These findings offer new insights 

into host-virus interactions and uncover potential targets for therapeutic modulation in 

viral infection and immune regulation. 
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1 Introduction 

 

1.1 HIV-1 replication 

Replication of HIV-1 (human immunodeficiency virus type 1, a retrovirus) is a complex 

multi-step process that involves several key steps[1–8](Fig. 2). Infection with HIV-1 

causes systemic T cell destruction and reduced cell-mediated immunity that leads to a 

wide range of opportunistic infections and cancers[9]. In addition to the structural genes 

gag, pol, and env that are found in all retroviruses, HIV-1 possesses two regulatory genes, 

tat, and rev, which are essential for viral replication, along with four accessory genes, vif, 

vpr, vpu, and nef (see Fig. 1)[10]. While these accessory genes are unnecessary for viral 

growth in vitro, they are crucial for replication and pathogenesis in vivo[10].  

 

 

Fig. 1: Schematic representation of the HIV-1 genome organization. The HIV-1 genome is 

composed of the following structural, accessory, and regulatory genes: gag (blue) encodes the 

matrix (MA), capsid (CA), and nucleocapsid (NC) proteins, which are essential for virus 

assembly and structure. pol (red) encodes protease (PR), reverse transcriptase (RT), and 

integrase (IN), which are critical for viral replication and integration. env (purple) encodes the 

surface (SU) and transmembrane (TM) proteins, which facilitate host cell entry. Accessory 

genes (vif, vpr, vpu, and nef in yellow) and regulatory genes (rev and in green) contribute to 

viral replication, immune evasion, and regulation of transcription. The genome is flanked by 5’ 

and 3’ LTRs (light yellow), which contain regulatory sequences necessary for transcription and 

replication. Created with BioRender.com. 

 

A virus must undergo the replication process to create new, infectious virions that can 

infect other body cells or subsequent hosts[11]. 
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Fig. 2： Schematic overview of the HIV-1‑1 replication cycle[2]. The figure illustrates the main 

steps in the HIV-1‑1 replication cycle: binding to the CD4 receptor and co‑receptors; fusion with 

the host cell membrane; possible gradual uncoating of the viral capsid; reverse transcription of 

HIV-1 RNA to DNA; formation of the pre‑integration complex (PIC); and translocation into the 

nucleus. Once in the nucleus, the main uncoating step is required before the viral DNA is 

integrated into the host DNA and subsequently transcribed and translated to form new viral RNA 

and viral proteins that translocate to the cell surface to assemble into new immature virus forms. 

The new viruses bud off and are released. Finally, during maturation, the protease enzyme cleaves 

the structural polyprotein to form mature Gag proteins, producing new infectious virions. Created 

with BioRender.com[2].  

 

1.1.1 HIV-1 entry into host cells 

Enveloped viruses, such as HIV-1, utilize membrane fusion to gain entry into host 

cells[12–14]. HIV-1 infection begins with the attachment of the virion to a host cell via 

its envelope glycoprotein (Env), which subsequently induces the fusion of the viral and 

cell membranes, facilitating viral entry[15]. The HIV-1 Env is the only glycoprotein 
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displayed on the surface of the HIV-1 virion[16–18]. The viral Env specifically binds to 

the CD4 receptor on the surface of a target cell[19]. This binding induces a 

conformational change in Env, allowing it to interact with a co-receptor on the host cell 

surface[20,21]. The two main co-receptors are CCR5 and CXCR4[22]. The choice of co-

receptor depends on the HIV-1 strain: R5-tropic HIV-1 strains use CCR5[23], while X4-

tropic strains use CXCR4[24]. Dual-tropic strains can interact with both CCR5 and 

CXCR4[25]. Binding to the co-receptor triggers further conformational changes in 

another viral glycoprotein, gp41[26]. This glycoprotein facilitates the fusion of the viral 

envelope with the host cell membrane[27]. Gp41 inserts itself into the host cell membrane, 

folding back on itself to bring the viral and cellular membranes closer, allowing them to 

fuse[26,28]. 

 

 

1.1.2 Integration， assembly, and maturation 

After entry into the host cell, the uncoating of the viral capsid occurs gradually, with 

partial disassembly of the capsid as it moves toward the nucleus.[8,29]. Other models, 

however, claim that all uncoating happens in the nucleus[30,31]. The viral RNA genome 

is reverse-transcribed within the reverse transcription complex (RTC) to double-stranded 

DNA by the viral enzyme reverse transcriptase[32]. The RTC matures into the pre-

integration complex (PIC), which delivers the viral DNA to the nucleus for the viral 

enzyme integrase integration into the host cell’s chromosome [33,34]. The pre-integration 

complex may also sequester and protect the viral DNA from cellular DNA-modifying 

enzymes[35] and cytoplasmic DNA sensors[36–38] that could trigger antiviral innate 

immunity. 

The late phase in the HIV-1 morphogenesis includes the assembly of new viral particles, 

their release from the host cell's plasma membrane, and maturation coupled with 

infectious activity[39]. HIV-1 assembly and replication proceed by forming 

morphologically distinct immature and mature viral capsids organized by the Gag 

polyprotein (immature) and the fully processed CA protein (mature)[40]. Immature 
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particles dramatically rearrange upon budding to form mature, infectious virions[40]. The 

maturation process changed the arrangement of the structural components inside the 

virion: the radially arranged Gag molecules were dismantled, and a conical core structure 

was assembled in the center of the viral particle[39]. These capsids enclose the viral 

genome and facilitate delivery into new host cells[40,41]. 

 

 

1.1.2.1 HIV-1 integration and autointegration 

The retrovirus family is characterized by reverse transcription of the viral RNA genome 

to cDNA that is flanked by directly repeated sequences termed long terminal repeats 

(LTRs)[42,43] (Fig. 1) and its integration into the host cell genome[44]. The reverse 

transcribed cDNA integration is mediated by the viral encoded and imported integrase 

enzyme[45]. Integrase excises a dinucleotide from the 3’ terminus of the cDNA in a step 

known as 3’ processing[46,47]. Subsequently, integrase cleaves the host genomic DNA 

at the integration site, generating staggered single-stranded breaks. The 3’ processed viral 

DNA is then covalently linked to the cleaved host DNA in a process known as strand 

transfer[48]. Single-stranded DNA breaks in the host genome at the site of viral 

integration are subsequently repaired by host cellular mechanisms[49,50]. The viral 

genome preferentially integrates into transcriptionally active, open chromatin 

regions[51–53]. Following integration, the transcription of viral genes is driven by host 

transcription factors, leading to the synthesis of the viral transactivating protein 

Tat[44,54]. Tat does not function as a transcription factor itself; instead, it binds to CDK9 

and the cyclin T1 subunit of the P-TEFb complex, as well as RNA polymerase II (RNA 

Pol II), thereby enhancing the phosphorylation of the C-terminal domain (CTD) of RNA 

Pol II[53]. This phosphorylation increases the processivity of RNA Pol II, allowing 

efficient elongation of viral transcripts from the LTR promoter[55]. This sequence of 

events ensures that the viral genes integrated into the host genome are actively transcribed, 

ultimately producing viral proteins and completing the viral replication cycle.  

However, early in the cell infection, most viral cDNA is unintegrated [56–60]. Multiple 

forms of unintegrated viral DNA exist, including linear cDNA[44]. Linear cDNA is the 
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most abundant form, the direct product of reverse-transcribed viral RNA, the precursor 

to an integrated provirus, and the substrate for the integration reaction[61–63]. All other 

unintegrated DNA products derive from linear cDNA and are circular[44].  

Unintegrated circles can be produced through autointegration, also called suicidal 

integration, in which the 3’-ends of the viral DNA integrate into itself instead of the host 

genome[64], producing either internally rearranged or less than full-length DNA 

circles[65]. This process can occur if the integration machinery mistakenly targets viral 

DNA instead of host DNA. Autointegration is seen in murine Moloney leukemia virus 

(MoMLV) and HIV-1 infections and is thus a likely common feature of retroviral 

replication[33,66–69]. Linear cDNA can also be recombined to produce 1-LTR 

circles[70]. In addition, the non-homologous end-joining pathway can form 2-LTR circles. 

(Fig. 3). It is believed that all circular viral DNAs are dead-end products[71]. 

 

 

 

Fig. 3: HIV-1 autointegration and integration. Linear cDNA is the product of reverse 

transcription. Autointegration leads to the formation of the internally or truncated rearranged 

circular circle. Recombination and host factors contribute to 1-LTR and 2-LTR circle formation. 

The viral DNA is also integrated into the host cell’s genome. The figure was reproduced with 

permission from Sloan, R.D., Wainberg, M.A[44]. Created with BioRender.com. 
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1.2 Immunity 

Mammalian cells detect and respond to RNA virus infections by recognizing non-self 

RNA elements through various pathogen recognition receptors (PRRs)[72]. These include 

the cell surface and endosomal RNA sensors Toll-like receptors 3 and 7 (TLR3 and 

TLR7)[73,74], as well as the cytoplasmic RNA sensors retinoic acid-inducible gene I 

(RIG-I)[75] and melanoma differentiation-associated gene 5 (MDA5)[72]. Binding 

single- and double-stranded viral RNA to PRRs leads to the downstream activation of 

transcription factors, including interferon (IFN) regulatory factors 3 and 7 (IRF-3 and 

IRF-7) and NF-κB[76]. This activation induces the production of IFN-α and IFN-β[77]. 

The secreted IFNs then engage the IFN-α/β receptor (IFNAR) in autocrine and paracrine 

manners, activating JAK/STAT-dependent signal transduction cascades[78]. These 

cascades induce the expression of hundreds of interferon-stimulated genes (ISGs), many 

of which possess antiviral properties[79]. 

In addition to utilizing RNA sensors to detect RNA viruses, cells also employ DNA-

sensing machinery to detect DNA viruses or detect intracellular damage caused early in 

infection by both RNA and DNA viruses[80]. For example, Cyclic GMP-AMP synthase 

(cGAS) functions as a DNA sensor[81], which triggers the Stimulator of interferon 

genes (STING) and induction of type I IFN and ISGs. 

At each stage of the immune response, stimulatory and inhibitory signals finely regulate 

the response's magnitude, quality, and nature. Positive regulators enhance the immune 

response to effectively eliminate viral infections, while negative regulators mitigate 

inflammatory responses to prevent immune-mediated tissue damage and spontaneous 

autoimmunity[82]. 

 

 

1.2.1 cGAS-STING pathway 

Innate immunity serves as the first line of defense against invading pathogens. In response 

to infection, cells utilize various DNA sensors to detect microbial DNA or mislocalized 
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cellular DNA, initiating antiviral immune responses. The cGAS/STING pathway has 

emerged as a central innate immune sensing pathway for cytosolic double-stranded DNA 

(dsDNA) and downstream IFN responses[83–88](Fig. 3). Initially, cytosolic DNA is 

recognized by the enzyme cGAS, which catalyzes the cyclic dinucleotide 2,3'-cGAMP 

production from ATP and GTP[89,90]. 2',3'-cGAMP is the second messenger, which 

induces the dimerization and activation of the endoplasmic reticulum (ER) protein-

anchored STING[91,92], also known as MITA[93]. Once activated, dimeric STING 

translocates to a perinuclear Golgi-like compartment, which oligomerizes to recruit and 

activate TANK-binding kinase 1(TBK1) and IKKβ. TBK1 subsequently phosphorylates 

the interferon regulatory factor 3(IRF3), stimulating a type I interferon (IFN) [94–98] and 

IFN-stimulated genes response[99]. 

Detection of foreign nucleic acids is an ancient form of host defense. In vertebrates, this 

detection triggers an antiviral defense program to neutralize the spread of infection. This 

antiviral response is coordinated by type I interferons (IFNs), which orchestrate a 

multifaceted strategy to inhibit viral replication within infected cells, alert neighboring 

cells to the presence of the infection, and expand effector lymphocytes to provide long-

term, specific protection against the virus[38]. 

Some RNA viruses also trigger cGAS-mediated antiviral immunity dependent on the 

release of mitochondrial DNA (mtDNA) during the viral infection[80,100]. Since cGAS 

activation potently suppresses viral replication, viruses have evolved intricate strategies 

to antagonize cGAS-mediated immune signaling[101]. 
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Fig. 4： The cGAS-STING signaling pathway. The innate immune sensor cyclic GMP-AMP 

synthase (cGAS) can sense various cytoplasmic DNAs. Upon binding of dsDNA, cGAS 

undergoes a conformational change that leads to its enzymatic activation, producing the second 

messenger 2',3'-cyclic-GMP-AMP (cGAMP). Upon cGAMP binding, the stimulator of interferon 

genes (STING) translocates from the endoplasmic reticulum (ER) to the Golgi apparatus via coat 

protein complex-II (COP-II) vesicles, where it recruits TANK-binding kinase 1 (TBK1), 

promoting TBK1 autophosphorylation and STING phosphorylation. Phosphorylated STING 

recruits interferon regulatory factor 3 (IRF3), which TBK1 further phosphorylates. In addition to 

IRF3, TBK1 activates nuclear factor kappa B (NF-κB) signaling. Subsequently, nuclear 

translocation of IRF3 and NF-κB induces the expression of type I interferons and inflammatory 

cytokines. Activation of STING also leads to the formation of microtubule-associated protein 

1A/1B-light chain 3 (LC3+) vesicles by autophagy. Created with BioRender.com 



9 

 

 

 

1.2.1.1 Interferon production 

Interferons (IFN) are cytokines that play a crucial role in the immune system[102]. They 

induce antiviral and antitumor effects and promote the development of immune responses. 

Through their action, IFN helps control viral infections, inhibit tumor growth, and 

enhance the activity of various immune cells, contributing to innate and adaptive 

immunity[103–105]. IFN regulates a broad range of physiological processes, including 

cytokine and chemokine synthesis[106], mRNA translation[107], RNA and protein 

stability[108,109], antigen presentation[110], nuclear trafficking[111], cell 

differentiation[112,113], and cell division and apoptosis[114,115]. IFNs are pivotal in 

immune modulation and maintaining cellular homeostasis through these mechanisms. 

There are three main classes of interferons: type I (predominantly IFN-α, IFN-β, and IFN-

κ), type II (IFN-γ)[116], and type III (IFN-λ1 and IFN-λ2, also known as IL-28 and IL-

29). 

 

 

1.2.2 DNA-PK 

The DNA-dependent protein kinase (DNA-PK) is a serine/threonine protein kinase 

primarily known for its role in non-homologous end joining, essential for double-strand 

break (DSB) repair and V(D)J recombination[117]. DNA-PK is a heterotrimeric protein 

complex composed of Ku70, Ku80, and the catalytic subunit DNA-PKcs. Besides its 

nuclear localization, DNA-PK partly localizes in the cytoplasm[118,119]. DNA damage 

and detection of foreign DNA trigger distinct modalities of DNA-PK activity[120]. 

Previous studies have suggested a role for DNA-PK in the antiviral response triggered by 

detecting intracellular DNA[118,121,122]. 

 

 

1.3 BAF/BANF1, Barrier-to-autointegration factor 1 

Barrier-to-autointegration factor, encoded by the BANF1 gene and called BAF[123], is an 
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essential, highly conserved protein among metazoans[124,125]. BAF was first identified 

in mammalian cells because of its association with the pre-integration complexes (PICs) 

of retroviruses and its ability to block suicidal autointegration, thus earning the name 

'barrier-to-autointegration factor 1[124,126,127]. In the cytoplasm, it appears to bind to 

the proviral DNA within the PICs and prevent autointegration[124]; once within the 

nucleus, it appears to facilitate the integration of the proviral DNA into the host 

chromosome[128]. BAF also has intriguing roles in physiology since BAF missense 

mutations appear sufficient to cause human progeroid syndrome[129–131]. In addition, 

BAF can bind to exogenous double-stranded DNA in the cytosol following endosomal 

breakdown to evade autophagy[132]. 

BAF is a small (10-kDa), conserved, and abundant DNA-binding protein with 89 amino 

acids that is a dimer in solution[125]. BAF is a ubiquitously expressed protein in almost 

all eukaryotic cell types[133–137], with multiple functions necessary for maintaining the 

integrity of the cellular genome[138,139]. Although its localization can be variable, 

depending on cell type, age, and cell cycle stage, BAF is found throughout the cytoplasm 

and nucleoplasm and enriched on the nuclear envelope (NE)[140]. BAF localization 

depended on the age of the cell, localizing primarily in the nucleus of >90% of young 

proliferating cells but only 20-25% of aged senescent cells[136]. 

 

 

1.3.1 BAF and pre-integration complexes 

Integration of a DNA copy of the viral genome into a host chromosome is an essential 

step in the retrovirus life cycle. The machinery that carries out the integration reaction is 

an integrase nucleoprotein complex derived from the core of the infecting virion[141–

143]. In vivo, integration is mediated by large subviral pre-integration complexes (PICs) 

that can integrate their endogenous cDNA into an added target DNA in vitro[144–148]. 

In addition to the integrase enzyme, retroviral PICs contain various viral and host cell 

proteins[149–154]. To successfully integrate into host DNA, the viral DNA within this 

complex must avoid self-destructive integration into itself, a reaction termed 

autointegration. BAF is a factor that prevents viral autointegration. In 1994, Lee provided 
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evidence that the PIC of MoMLV contains a cellular barrier-to-autointegration factor 

(BAF) that prevents suicidal autointegration[155]. Evidence of BAF as a cellular 

component in HIV-1 PICs was obtained through co-immunoprecipitation of integrase 

activity using anti-BAF antibodies[156]. PICs were isolated from cytoplasmic extracts of 

HIV-1-infected cells 7 hours post-infection. Antibodies targeting known PIC components, 

such as the viral integrase and matrix proteins, were employed to immunoprecipitate 

active complexes. The presence of viral cDNA was detected by Southern blotting, while 

integrase and BAF were identified through Western blotting. Crucially, controls using 

normal IgG failed to precipitate detectable levels of cDNA or proteins, confirming 

specificity. Additionally, PIC activity and the association of BAF were corroborated using 

antibodies against other components, including Ku-80 and Vpr. Ultrafiltration improved 

the yield of immunoprecipitated complexes, demonstrating that approximately 30% of 

PICs were co-immunoprecipitated with anti-BAF antibodies. These results provided 

robust evidence that BAF is a bona fide component of PIC derived from cells infected 

with either MoMLV or HIV-1[128,156]. 

BAF binds with low micromolar affinity to p55 Gag, the structural precursor of HIV-1 

virions, and to the matrix derived from Gag and may constitute a component of the pre-

integration complex (PIC)[157–159]. BAF was recently discovered at low stoichiometry 

(0–3 per virion) in mature HIV-1 virions[157]. 

BAF was also implicated in restoring the salt-inactivated PIC activity of HIV-1[160]. This 

conclusion was supported by biochemical reconstitution experiments, where HIV-1 PICs 

were first stripped of host factors through exposure to 1.2 M KCl, abolishing their 

integration activity in vitro. The addition of purified recombinant human BAF at low 

nanomolar concentrations (5–20 nM) successfully restored the intermolecular integration 

activity, as evidenced by Southern blot analysis of integration products. Furthermore, Mu-

mediated PCR (MM-PCR) footprinting revealed that BAF, but not other DNA-binding 

proteins such as HMG I(Y) or RNase A, could reconstitute the specific protein-DNA 

structure (intasome) at the ends of viral DNA. These biochemical findings indicate that 

BAF directly interacts with HIV-1 PICs to restore their function in vitro, suggesting its 

role as a natural host cofactor for HIV-1 integration. 
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BAF protects the PIC from being targeted by its integrase in vitro. More generally, BAF 

positively enhances integrase-dependent integration of PIC from both MoMLV and HIV-

1 into target DNA rather than into the viral DNA in vitro[124,126,127]. It has been 

proposed that each BAF dimer has two binding sites for double-stranded DNA (dsDNA) 

and functions by sterically 'cross-bridging' DNA within the pre-integration complex (PIC), 

thereby protecting retroviral DNA from integrase[124]. BAF may play sophisticated roles 

in retrovirus infection due to its ability to bind DNA and protein components of the pre-

integration complex (PIC). Based on its presence in mature virions and its predicted 

ability to recruit more BAF (through oligomerization) from the cytoplasm of newly 

invaded cells, BAF is proposed to contribute to very early events, such as the conversion 

of reverse transcriptase (RT) complexes into pre-integration complexes (PICs), as well as 

later events like facilitate the integration of the proviral DNA into the host 

chromosome[157]. Although BAF is directly involved in stimulating the intermolecular 

integration in the in vitro PIC assay, it is most probable that the in vivo role will be indirect. 

However, BAF does not stimulate the activity of recombinant integrase[161]. 

The pre-integration complex (PIC) characterization has evolved significantly with 

advancements in our understanding of HIV-1 infection mechanisms. Early studies 

characterized the PIC as a cytoplasmic or nuclear nucleoprotein complex containing viral 

double-stranded DNA (dsDNA), viral integrase (IN), and host factors necessary for 

integration activity in vitro[162]. These PICs were extracted and partially purified from 

infected cells using biochemical approaches such as high-salt stripping and Nycodenz 

gradient centrifugation, followed by functional reconstitution with host cell extracts or 

specific host proteins like BAF. BAF was identified as a critical host cofactor that restored 

the integration activity of salt-treated PICs and reconstituted the native protein-DNA 

structure at the ends of the viral DNA[162,163]. However, emerging data have reshaped 

our understanding of HIV-1 replication complexes, particularly with the discovery that an 

intact or nearly intact viral capsid can enter the nucleus[163–165]. Studies now suggest 

that the reverse transcription of viral RNA into DNA and the transition of the reverse 

transcription complex (RTC) to the PIC may occur within the nucleus rather than in the 

cytoplasm, challenging the canonical view of early events in HIV-1 infection[163,166]. 
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Notably, the capsid appears to shield the viral genome and facilitate nuclear transport until 

it undergoes controlled disassembly within the nuclear environment[163]. This new 

understanding raises important questions about the interaction of host factors like BAF 

with the PIC. If the viral core remains largely intact during nuclear entry, BAF is more 

likely to interact with the PIC after partially uncoating the capsid in the nucleus. This 

interaction could stabilize the viral DNA ends, protect against autointegration, and 

facilitate the assembly of the integration machinery at chromatin-associated sites. 

However, the precise timing and location of BAF's engagement remain unclear and likely 

depend on the spatiotemporal dynamics of capsid uncoating and PIC maturation. In light 

of these findings, the definition of the PIC may need to be updated to incorporate its 

dynamic nature and its dependence on nuclear uncoating events. Future studies using 

advanced imaging and biochemical techniques will be essential to resolve how host 

factors like BAF coordinate with capsid disassembly and PIC maturation in the nucleus. 

 

 

1.3.2 BAF function 

BAF participates in multiple cellular pathways (Fig. 5), including gene regulation, 

chromatin structure maintenance, nuclear assembly, and viral infection processes[138]. A 

family of nuclear proteins containing a folded motif known as the LEM domain has been 

identified to directly bind BAF[167–169]. LEM domain proteins include lamina-

associated polypeptide (LAP)2β, emerin, and MAN1 (Fig. 4). LAP2α, distinct from other 

LEM-domain proteins, lacks a transmembrane domain and is found abundantly in the 

nuclear interior, where it stably binds to lamin A[170]. These LEM-domain proteins play 

structural roles during nuclear assembly and are crucial for DNA replication 

competence[171–173]. All LEM-domain proteins interact with BAF, which is thought to 

connect chromatin to LEM-domain proteins in the nuclear envelope[174]. LAP2α and 

BAF co-regulate the assembly of specialized components in nuclear envelope architecture, 

including membrane-anchored LEM-domain proteins and A-type lamin filaments. BAF’s 

capacity to bridge DNA[175], together with findings that LEM-domain proteins 

associated with the nuclear lamina interact with BAF in two-hybrid screens[176], 
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suggests a potential role for BAF in nuclear structure organization. Furthermore, RNA 

interference (RNAi)-mediated downregulation of BAF in Caenorhabditis elegans 

embryos[175] or the generation of BAF-null Drosophila embryos[177] leads to lethal 

phenotypes, underscoring BAF's essential role in nuclear assembly. 

 

 

Fig. 5: All LEM-domain proteins bind BAF, and BAF interacts with chromatin. The nuclear 

envelope, including the outer and inner nuclear membranes. LEM domain proteins lamina-

associated polypeptide (LAP)2b emerin and MAN1, and lamin. These LEM-domain proteins are 

anchored in the INM by transmembrane domain(s). The figure was reproduced with permission 

from Miriam Segura-Totten and Katherine L. Wilson[138], created with BioRender.com. 

 

Early studies showed that BAF forms homodimers, each subunit of which binds double-

stranded DNA in a sequence-independent manner[175,178]. BAF can compact or loop 

DNA in vitro[179,179]. Specifically, each BAF monomer has a helix-hairpin-helix DNA-

binding domain, allowing BAF dimers to bind and `bridge' two strands of DNA either 

intra-molecularly or inter-molecularly[180].  
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In addition to their roles in nuclear assembly, LEM-domain proteins are important for 

gene regulation. Like its LEM-domain partners, BAF also regulates gene expression. 

BAF binds directly to Crx, a homeodomain protein, and represses Crx-dependent gene 

activation in differentiating retinal cells[181]. 

 

 

Fig. 6: BAF has a multi-function. BAF (Barrier-to-Autointegration Factor 1) serves multiple 

intra-cellular functions, including gene regulation, modulation of chromatin structure, nuclear 

assembly, and promotion of retroviral integration. Created with BioRender.com. 

 

 

1.3.3 Vaccinia Related Kinases 1 (VRK1) phosphorylation BAF and nuclear 

functions of BAF 

Phosphorylation can modulate diverse properties of a protein, such as localization, 

turnover, enzymatic activity, protein-protein, and protein-nucleic acid interaction[182]. 

Cycles of phosphorylation and dephosphorylation control BAF function[183]. BAF is 
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phosphorylated by the Vaccinia Related Kinases 1 (VRK1) on its N-terminal serine[184–

187]. BAF dephosphorylation is done by Protein Phosphatase 2A (PP2A) and Protein 

Phosphatase 4 (PP4).  

The VRK1 is part of the casein kinase family, characterized by its homology to the 

vaccinia B1 kinase[185]. VRK1, a nuclear and enzymatically active mitotic kinase that 

phosphorylates serine and threonine residues, plays a vital role in cell cycle progression 

by participating in various cell division processes[188,189]. The VRK1 orthologues in 

Caenorhabditis elegans and Drosophila melanogaster play an essential role in cell 

division[185]. VRK1 has been shown to phosphorylate many substrates, highlighting its 

multifaceted regulatory functions. Key substrates include histone H3, where VRK1 

phosphorylates serine 10 (H3S10) to promote chromatin condensation and mitotic 

progression[190]. Additionally, VRK1 phosphorylates p53 at threonine 18, modulating 

its stability and transcriptional activity under stress conditions[191]. Furthermore, VRK1 

phosphorylates transcription factors such as ATF2 and CREB, linking it to stress response 

pathways and gene regulation[192]. These substrates underscore the diverse roles of 

VRK1 in cell cycle control, chromatin remodeling, and stress response[193]. 

The functional form of BAF is a homodimer that binds to double-stranded DNA in a 

sequence-independent manner, making contact with the phosphate backbone at the minor 

groove[175,180]. In addition to binding to DNA, BAF can bind to protein components of 

the inner nuclear membrane (INM) via their LEM domains[177,194–196]. 

Phosphorylation at the BAF N-terminal residues reduces its affinity for binding to double-

stranded DNA[185,197]. Overexpression of VRK1 partially releases BAF from 

chromatin and redistributes it from the nucleus to the cytoplasm. In contrast, depletion of 

VRK1 impedes the release of BAF from chromosomes during mitosis[187]. This 

increases the number of anaphase bridges and multipolar spindles, frequently resulting in 

aberrant nuclear envelope morphology without affecting the localization of lamin A/C 

and emerin. VRK1 activity tightly regulates the dynamic status of BAF during cell cycle 

progression. VRK1 participates in nuclear envelope (NE) dynamics, including NE 
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assembly and disassembly, by phosphorylating the BAF during interphase and mitotic 

entry and exit[185]. BAF is a chromatin-associated protein that serves as a link between 

DNA and the NE[198]. Phosphorylation of BAF by VRK1 promotes chromatin release 

from the nuclear envelope (NE) and the recruitment of NE-associated proteins into the 

core region during telophase[199].  

 

 

Fig. 7: BAF binding to DNA and its phosphorylation by VRK1. BAF (Barrier-to-

Autointegration Factor 1) can bind to DNA under normal conditions. Upon phosphorylation by 

Vaccinia-Related Kinase 1 (VRK1), BAF undergoes a conformational change that prevents it 

from binding to DNA. The phospho-group (P) is added to specific amino acid residues within the 

BAF protein, altering its DNA-binding capability. 

 

 

1.3.2.1 VRK1 inhibitor: Luteolin 

Luteolin (3',4',5,7-tetrahydroxyflavone)[200] is a small-molecule inhibitor of VRK1 

kinase activity. This naturally occurring flavonoid is widely distributed in plants and is 

well-known for its potent antioxidant properties[201]. In traditional Asian medicine, 

herbs rich in luteolin have been used to treat various disorders, including pain, 

inflammatory diseases, hypertension, and cancer[202]. Numerous lines of evidence have 

demonstrated the wide range of pharmacological effects of luteolin, including its 

anticancer, anti-inflammatory, and anti-allergy activities[202,203]. Although it is known 

that the anticancer properties of luteolin are associated with pro-apoptotic and anti-
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proliferative effects, as well as the inhibition of angiogenesis and metastasis, the 

molecular mechanisms underlying these activities have not been fully 

elucidated[204,205]. Luteolin markedly inhibits VRK1-mediated phosphorylation of cell 

cycle-related substrates, BAF, histone H3, and directly interacts with the catalytic domain 

of VRK1[206]. Luteolin may induce cell cycle arrest by inhibiting VRK1 kinase activity, 

suppressing cancer cell growth, and promoting apoptosis. 

 

 

1.3.3 Mutual impact between BAF, DNA-PK, and cGAS-STING 

 

1.3.3.1 BAF inhibits DNA-PK 

BAF's interaction with DNA plays a role in recruiting DNA-PK to sites of DNA 

damage[207]. BAF can bind to and directly inhibit the activity of DNA-PKcs[208,209]. 

In the presence of BAF, DNA-PKcs are less active, leading to HR (homologous 

recombination pathway). Conversely, when BAF is depleted, DNA-PKcs are more active, 

promoting NHEJ (non-homologous end joining )[207].  

Phosphorylation of BAF by VRK1 impairs its DNA-binding ability[185], thereby 

affecting the recruitment and activation of DNA-PK. This can lead to altered DNA repair 

mechanisms and potentially influence the cellular response to HIV-1-induced DNA 

damage. 
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Fig. 8: Model of BAF-mediated control of DSB repair pathway choice[207]. In the presence 

of BAF, DNA-PKcs is less active, leading to HR. Conversely, when BAF is depleted, DNA-PKcs 

is more active in promoting NHEJ. 

 

 

1.3.3.2 DNA-PK reduces cGAS-STING signaling 

DNA-PK phosphorylates cGAS and suppresses cGAMP synthesis[210,211]. DNA-PK 

deficiency reduces cGAS phosphorylation and promotes antiviral innate immune 

responses, thereby potently restricting viral replication[210]. DNA-PK can sense foreign 

DNA and induce an immune response in cells lacking STING while restricting cGAS 

signaling in cells with STING[211]. 

 

 

1.3.3.3 BAF protects against cGAS-STING 

The absence of BAF led to chromatin activation near host defense genes, which was 
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associated with increased expression of interferon-stimulated genes (ISGs), including 

OAS2, RSAD2 (viperin), IFIT1, and ISG15[72,212]. This phenotype in BAF-deficient 

cells was mediated by a signaling axis dependent on cGAS, STING, and IRF3. 

Additionally, it was linked to a reduced infection rate of both RNA and DNA viruses and 

was reversed when BAF was reintroduced into the cells[72]. The enhanced expression of 

ISGs was mediated by a pathway requiring cGAS, STING, and IRF3[213]. Decreased 

expression of BAF was also associated with increased levels of cytosolic double-stranded 

DNA[132], likely triggering recognition by cGAS. These results suggest that BAF and 

its established roles in inhibiting retrovirus integration and DNA virus replication regulate 

baseline levels of endogenous cytoplasmic double-stranded DNA. This regulation 

prevents unintended cGAS-STING activation and subsequent cellular ISG responses. 

 

 

Fig. 9: This diagram illustrates the complex regulatory interactions between BAF, DNA-PK, 

and the cGAS-STING pathway. BAF inhibits DNA-PK activity, which plays a key role in 

DNA damage repair and non-homologous end joining (NHEJ). Simultaneously, BAF 

competes with cGAS-STING by binding to cytoplasmic DNA, thereby reducing the 

activation of the cGAS-STING pathway[72]. Ablation of BAF resulted in chromatin 
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activation near host defense genes with associated increased expression of ISGs. 

Additionally, DNA-PK can sense foreign DNA and induce an immune response in cells 

lacking STING while restricting cGAS signaling in cells with the presence of STING. 

 

 

1.5 Aims of the thesis 

  

The primary objective of this thesis is to investigate the role of Barrier-to-Autointegration 

Factor 1 (BAF) in HIV-1 replication and host immune responses. Specifically, this study 

aims to determine whether BAF is essential for HIV-1 infection across different cell types, 

including immune and non-immune cells. A key focus is to assess how the 

phosphorylation state of BAF influences viral replication, DNA repair (DNA-PK), and 

antiviral immune signaling (cGAS-STING). Additionally, this work explores whether 

BAF plays a broader role in infections caused by other viruses. By elucidating these 

molecular mechanisms, this study seeks to advance our understanding of host-pathogen 

interactions and inform potential antiviral strategies. 

 

 

2 Material and Methods  

 

2.1 Molecular biology  

2.1.1 Plasmid construction  

Plasmid construction involved digesting DNA fragments with restriction enzymes at 

specific sites and ligating the resulting fragments. Briefly, DNA fragments were amplified 

using polymerase chain reaction (PCR), separated via gel electrophoresis, and purified 

through gel extraction. The digested vector and insert fragments were then ligated using 

T4 ligase. Subsequently, the ligated DNA constructs were transformed into E. coli and 

single colonies were selected on Luria-Bertani (LB) agar plates containing antibiotics. 

Finally, positive plasmids were identified by double restriction digestion and confirmed 

through Sanger sequencing. 
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Table 1: List of plasmids. 

Plasmid Resistance gene Reference/Origin 

pMDLg/pRRE Ampicillin [214] Luigi Naldini, Cell 

Genesys, Foster City, California, 

USA 

pRSV-Rev Ampicillin [214] Luigi Naldini, Cell 

Genesys, Foster City, California, 

USA 

pMD.G Ampicillin [214] Luigi Naldini, Cell 

Genesys, Foster City, California, 

USA 

pSIN.PPT.CMV.Luc.IRES.GF P Ampicillin [215] Carsten Münk, Heinrich-

Heine- Universität Düsseldorf, 

Düsseldorf/Germany 

pcDNA6/myc-His-VPX Ampicillin [216] Nathaniel R Landau, 

New York University School of 

Medicine, New York, USA 

pMDLx Ampicillin [216] Nathaniel R Landau, 

New York University School of 

Medicine, New York, USA 

psPAX2 Ampicillin Obtained from the NIH, AIDS 

Reagent Program repository. 

Catalog Number: 11348 

pcDNA3.1 empty Ampicillin Invitrogen. Catalog Number:  

V79520 

pcBAF-HA Ampicillin This work 

pLentiCRISPR v2 Ampicillin Addgene. Catalog Number:  

52961 
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pNL-Bal  Ampicillin [217]Tara G. Edmonds, 

Department of Molecular and 

Cellular Pathology, 

Birmingham, USA 

pNL-LucR-E- Ampicillin [218]Dr. Nathaniel Landau, 

Aaron Diamond AIDS Research 

Center, California, USA 

pHIT60 Ampicillin [219]Jonathan Stoye, Francis 

Crick Institute, London, 

London/England 

 

Table 2: List of oligo primers for plasmid generation. 

Primer Forward 5’ to 3’ Reverse 5’ to 3’ 

BAF-HA TATCCGTATGATGTGCCGGATTATGC

GACAACCTCCCAAAAGCA 

TCACAAGAAGGCGTCGCACC 

sgRNA for 

HEK293T 

KO 

CACCGGCTTCGGATGCCTTCGAGAG AAACCTCTCGAAGGCATCCGAAGCC 

sgRNA for 

THP-1 KO 

CACCGCCAAAAGCACCGAGACTTCG AAACCGAAGTCTCGGTGCTTTTGGC 

 

 

2.1.1.1 Polymerase chain reaction (PCR)  

PCR was used to synthesize new DNA fragments for various purposes, including cloning 

the DNA sequence into an expression vector. Q5® High-Fidelity DNA Polymerase (New 

England Biolabs, Ipswich, USA) was used to amplify DNA fragments according to the 

manufacturer’s instructions. 

 

Table 3: 50 microliter (μl) PCR reaction mixture 
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50 microliter (μl) reaction mixture 

Forward primer 10 micromolar (μM) 

Reverse primer 10 micromolar (μM) 

Q5 High-Fidelity DNA Polymerase 0.5 microliter (μl) 

5X reaction buffer 10 microliters (μl) 

deoxynucleoside triphosphate (dNTPs)  

(New England Biolabs, Ipswich, USA) 

10 millimolar (mM) 

Plasmid or genomic DNA template 10 nanograms (ng) 

Nuclease-free water To 50 ul 

 

The reaction mixture was gently mixed and transferred to a PCR machine (Bioer 

GeneTouch™ Thermal Cycler, Hangzhou, China) with the following program: (i) initial 

denaturation at 98°C for 30 seconds (s); (ii) 30 cycles of denaturation at 98°C for 10 s, 

annealing at 50-70°C for 10 s, and extension at 72°C at 1 kilobase per minute (min/kb); 

(iii) final extension at 72°C for 2 minutes; and (iv) hold at 4°C. 

 

 

2.1.1.2 Agarose gel electrophoresis and gel extraction  

DNA fragments can be separated by gel electrophoresis according to their size. After PCR, 

a mix of DNA gel loading buffers with PCR products and a 1 kilobase plus DNA ladder 

(Thermo Fisher Scientific, Waltham, USA) were loaded into wells of an agarose gel. 

Electrophoretic separation of DNA was conducted at a constant 150 volts (V) for 30 

minutes. The gel image was captured using gel documentation system, and DNA 

fragments were excised from the gel with guidance from the DNA ladder.  

 

The DNA-containing agarose gel was purified using a modified protocol of the QIAquick 

Gel Extraction Kit (QIAGEN, Venlo, Netherlands). 300-500 microliter (μl) of QG buffer 

were added to each tube, followed by incubation on a shaker at 500 revolutions per minute 

(rpm) for 10 minutes at 50°C. The entire solution was transferred to a QIAquick spin 
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column and centrifuged at maximum speed for 1 minute. Then, 600 μl of PE buffer was 

added, and the centrifugation step was repeated twice at maximum speed for 1 minute 

each. Finally, 25 μl of EB buffer was added to the columns and after centrifuging at 

maximum speed for 1 minute, the DNA was eluted. The concentration of DNA was 

measured photometrically at 260 nanometers (nm). 

 

 

2.1.1.3 Double restriction enzyme digestion reaction  

According to the manufacturer's instructions, 1 microgram (μg) of purified insert and 1 

μg of donor plasmid backbone (vector) were digested using double-restriction enzymes.  

 

Table 4: 20 μl Double restriction enzyme digestion reaction system 

20 μl reaction system 

insert or vector 1 μg 

2X enzyme-specific buffer  

as the double digest calculator recommended 

10 μl 

each restriction enzyme 1 μl 

nuclease-free water To 20ul 

 

The components were mixed by pipetting and incubated at 37°C for 1-2 hours (h). 

Following incubation, the digested DNA was evaluated by gel electrophoresis and 

subsequently purified by gel extraction. 

 

 

2.1.1.4 Ligation of vector and insert  

The ligation system was performed with T4 DNA ligase according to the manufacturer’s 

instructions.  

 

Table 5: 20 μl ligation system 
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20 μl ligation system 

purified sticky-end insert or 

donor plasmid backbone (vector) 

100 ng 

10X T4 DNA ligase buffer 2 μl 

T4 ligase 1 μl 

Nuclease-free water To 20ul 

 

Mix thoroughly, spin briefly, and incubate at room temperature (RT) for 2 h. Use 20 μl of 

the mixture to transform an aliquot of competent cells. 

 

 

2.1.1.5 E. coli transformation  

The ligated DNA constructs were transformed into Top10 or Stable 2 chemically 

competent cells (Thermo Fisher Scientific, Waltham, USA) following the manufacturer’s 

instructions. First, competent cells were thawed on ice. A 10 μl aliquot of ligated DNA 

constructs was mixed with competent cells using a pipette and incubated on ice for 10 

minutes for Top10 cells or 30 minutes for Stable 2 cells. After a heat shock at 42°C for 1 

minute, cells were cooled on ice for 2 minutes for Top10 or 10 minutes for Stbl2 cells. 

Subsequently, 500 μl of fresh Luria-Bertani (LB) liquid medium was added to the DNA-

cell mixture and cultured in a shaker at 500 rpm for 1 hour at 37°C for Top10 cells or 

30°C for Stbl2 cells. The resulting cells were plated onto LB agar plates supplemented 

with 100 μg/ml ampicillin or 100 μg/ml kanamycin and incubated overnight at 37°C for 

Top10 cells or 30°C for Stbl2 cells. Single colonies were picked and inoculated into 4 ml 

of LB medium containing 100 μg/ml ampicillin or kanamycin, followed by vigorous 

shaking at 180 rpm overnight at 37°C for Top10 cells or 30°C for Stbl2 cells. 

 

 

2.1.1.6 DNA extraction  
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2.1.1.6.1 DNA extraction from bacteria 

DNA extraction from bacteria was performed using a modified protocol of the ZR 

Plasmid Miniprep-Classic kit (Zymo Research, Irvine, USA).  

Bacterial cultures (2 ml) were harvested by centrifugation at full speed for 20 seconds. 

The pelleted bacteria were resuspended in 200 μl of P1 buffer, followed by the addition 

of 200 μl of P2 buffer. The tube was inverted 2-4 times to mix and incubated for 2 minutes. 

Subsequently, 400 μl of P3 buffer was added, gently mixed and incubated at room 

temperature for 2 minutes before centrifugation at full speed. After centrifugation, the 

supernatant was transferred to a Zymo-Spin™ IIN column and centrifuged at full speed 

for 1 minute. The flow-through was discarded, and the column was washed with 200 μl 

of the endo-wash buffer by centrifuging at full speed for 1 minute. Next, 400 μl of plasmid 

wash buffer was added to the column and centrifuged at full speed for 1 minute. Finally, 

the plasmid DNA was eluted in 30 μl of nuclease-free water by centrifugation for 1 minute 

at full speed into a 1.5 ml microcentrifuge tube. The DNA concentration was measured at 

260 nm using a spectrophotometer. 

For large-scale purification of plasmids, the PureYield™ Plasmid Maxiprep system 

(Promega, Madison, USA) was utilized according to the manufacturer’s instructions. 

 

 

2.1.1.6.2 DNA extraction from cells 

Genomic DNA extraction from cells was performed using the DNeasy Blood & Tissue 

kit protocol (QIAGEN, Venlo, Netherlands).  

Cells were resuspended in 200 μl of Dulbecco's phosphate-buffered saline (DPBS) (PAN-

Biotech, Aidenbach, Germany). 20 μl of Proteinase K was added, followed by 200 μl of 

buffer AL. The mixture was vortexed to mix thoroughly and then incubated at 56°C for 

10 minutes. After the incubation, 200 μl of 96% ethanol was added and mixed by 

vortexing. The sample was transferred into a DNeasy Mini spin column and centrifuged 

at 12,000 rpm for 1 minute to remove the flow-through. Next, 500 μl of buffer AW1 was 

added, centrifuged at 12,000 rpm for 1 minute and discarded the flow-through. 

Subsequently, 500 μl of buffer AW2 was added, and the DNeasy membrane was dried by 
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centrifugation at 14,000 rpm for 2 minutes. Finally, the genomic DNA was eluted in 50 

μl elution buffer by centrifugation at 12,000 rpm for 1 minute. 

 

 

2.1.1.7 Verification of the plasmid  

After purifying the DNA, 300 ng of plasmid was subjected to verification by double 

restriction digestion.  

 

Table 6: 10 μl plasmid verification reaction mixture 

10 μl reaction mixture 

Plasmid 300 ng 

Each restriction enzyme 0.25 μl 

1X or 2X enzyme-specific buffer as recommended by the double digest calculator 

Nuclease-free water To 10 μl 

 

The components were mixed by pipetting, briefly spun down, and then incubated at 37°C 

for 1 hour. 

 

Verification of plasmids was performed by gel electrophoresis of digested plasmid DNA 

based on expected fragment sizes. Plasmids were further confirmed by Sanger sequencing 

at Eurofins company (Eurofins, Luxembourg), and pairwise sequence alignment was 

conducted using DNASTAR Lasergene software (DNASTAR, Inc., Madison, USA).  

 

 

2.1.2 Quantitative real-time PCR  

 

2.1.2.1 RNA isolation 

Total RNA was purified from cells using the QIAGEN RNeasy® Mini Kit (QIAGEN, 

Venlo, Netherlands). First, 350 μl of RLT buffer was added to the cells, followed by 
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vortexing to lyse them. Then, 350 μl of 70% ethanol was added and mixed. Up to 700 μl 

of the sample was transferred to a RNeasy spin column with a 2 ml collection tube, 

centrifuged at 12,000 rpm for 1 minute, and the flow-through was discarded. Next, 700 

μl of RW1 buffer was added to the spin column, centrifuged at 12,000 rpm for 1 minute, 

and discarded the flow-through. The spin column was washed twice with 500 μl of RPE 

buffer, each time centrifuging at 12,000 rpm for 1 minute and discarding the flow-through. 

Finally, 30 μl of RNase-free water was added to the spin column and centrifuged at full 

speed for 1 minute to elute the RNA into a new 1.5 ml collection tube. The total RNA was 

stored at -80°C for future use. 

 

 

2.1.2.2 First Strand cDNA synthesis  

For each sample, 1,500 ng of RNA was reverse transcribed using the RevertAid H Minus 

First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA).  

 

Table 7: 20 μl cDNA synthesis reaction mixture 

20 μl cDNA synthesis reaction mix 

RNA 1500 ng 

Primer (oligo(dT)18 primer) 1 μl 

5X Reaction Buffer 4 μl 

RiboLock RNase inhibitor 1 μl 

RevertAid H Minus M-MuLV reverse transcriptase 1 μl 

10 mM dNTP mix 2 μl 

nuclease-free water To 20 μl 

 

The mixture was incubated at 42°C for 1 hour, followed by 70°C for 5 minutes. The 

synthesized cDNA was stored at -80°C for future use. 
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2.1.2.3 Real-time PCR  

Real-time PCR was used to analyze gene expression.  

Firstly, cDNA was dissolved in nuclease-free water and diluted to a concentration of 10 

ng/μl. SYBR Green is a fluorescent dye that binds to double-stranded DNA, allowing 

real-time quantification of DNA amplification during PCR. 

 

Table 8: 20 μl real-time PCR mixture  

20 μl real-time PCR mixture 

cDNA 1 μl 

Primer pair mix (10 pmol/μl each primer) 1 μl 

SYBR™ Green PCR Master Mix (Thermo Fisher 

Scientific, Waltham, USA) 

10 μl 

Nuclease-free water 8 μl 

 

Amplification was carried out on the ABI PRISM 7700 with the following program. 

 

Table 9: PCR program  

Initial hold 95°C for 10 minutes 

95°C for 15 seconds 

40 cycles 

60°C for 1 minute 

Final hold 72°C for 10 minutes 

 

Relative quantification was performed using the 2(Delta Delta C(T)) method with 

GAPDH as the housekeeping gene. The qPCR primers used in this study are listed in 

Table 10. qPCR primers were synthesized by Eurofins (Eurofins, Luxembourg). 

 

Table 10: List of qPCR primers.  

Gene Forward (5’ to 3’) Reverse (5’ to 3’) 

GAPDH CAACAGCGACACCCACTCCT CACCCTGTTGCTGTAGCCAAA 
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ISG15 GTGGACAAATGCGACGAACC TCGAAGGTCAGCCAGAACAG 

ISG54 TCAGGTCAAGGATAGTCTGGAG AGGTTGTGTATTCCCACACTGTA 

IFNB1 CCTGTGGCAATTGAATGGGAGGC CCAGGCACAGTGACTGTACTCCTT 

Autointegrat

ion 

TTTCAAGTCCCTGTTCGGGCGCCA CTACCTTGTTATGTCCTGCTTG/CTCTAC

AGTACTTGGCACTAGC 

2-LTR GAGATCCCTCAGACCCTTTTAG TCCACAGATCAAGGATCTCTTGTC 

Late RT CAGTGTGGAAAATCTCTAGCAGTGG GCCGTGCGCGCTTCAGCAAGC 

 

 

2.2 Cell culture and virological methods 

 

2.2.1 Cell culture of continuous immortalized cell lines 

HEK293T cells were obtained from the American Type Culture Collection (ATCC) and 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) (PAN-Biotech, Aidenbach, 

Germany), supplemented with 10% fetal bovine serum (FBS) (PAN-Biotech, Aidenbach, 

Germany), 2 mM L-glutamine (PAN-Biotech, Aidenbach, Germany), and 100 units per 

milliliter (U/ml) penicillin-streptomycin (PAN-Biotech, Aidenbach, Germany). 

Human monocytic THP-1 cells were obtained from ATCC and cultured in Roswell Park 

Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific, Waltham, USA) 

supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/ml 

penicillin-streptomycin. 

HEK-Blue™ IFN-α/β cells (Invivogene, San Diego, USA) were cultured in DMEM 

supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin, 30 

μg/ml of blasticidin S hydrochloride (Sigma-Aldrich, Carlsbad, USA) and 100 μg/ml of 

Zeocin™ (Invivogene, San Diego, USA). 

All cells were grown at 37°C in 5% CO2 and handled under sterile conditions. 

For serial passaging, adherent cells were washed with DPBS and incubated with 0.05% 

trypsin (PAN-Biotech, Aidenbach, Germany) for 1-2 minutes at 37°C. Suspension cells 

were harvested by centrifugation at 500 rcf for 5 minutes and resuspended in a fresh 
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medium. For long-term storage, cells were centrifuged at 500 rcf for 5 minutes, then 

resuspended in 1 ml of 10% dimethyl sulfoxide (DMSO) (PanReac AppliChem, Chicago, 

IL, USA) in FBS per cryo vial. Vials were placed in a Nalgene Mr. Frosty freezing 

container containing 100% isopropyl alcohol and stored at -80°C for 48 hours before 

being transferred to liquid nitrogen. 

 

 

2.2.2 Transfection of plasmid  

HEK293T cells were seeded at a density of 800,000 cells per well into 6-well plates 

(Sigma-Aldrich, Carlsbad, USA) and grown to 80% confluence before transfection. For 

each well of a 6-well plate, 2000 ng of DNA was gently diluted into 100 μl of DMEM 

and vortexed. Separately, 4 μl of PolyJet™ reagent was diluted into 100 μl of DMEM and 

vortexed gently. PolyJet™ in vitro DNA transfection reagent (SignaGen Laboratories, 

Frederick, USA) was used according to the manufacturer’s instructions. The diluted 

PolyJet™ reagent was then added to the diluted DNA solution, gently vortexed, and 

incubated at room temperature for 10 minutes. The PolyJet™/DNA transfection 

complexes were subsequently added to the cells. 

 

 

2.2.3 Transfection of herring sperm DNA (HS-DNA) 

I am conducting a study to investigate the effects of BAF on other DNA. Undifferentiated 

and PMA-differentiated THP-1 cells were transfected with 4 μg/ml herring sperm DNA 

(HS-DNA) (Thermo Fisher Scientific, Waltham, USA) using PolyJet™ reagent. 

Day 1: Seeding 4x105 undifferentiated and PMA-differentiated THP-1 cells per well in a 

24-well plate. 

Day 2: THP-1 cells were centrifuged at 150 rcf at room temperature for 10 minutes before 

transfection. The supernatant was completely removed, 300 μl of pre-warmed fresh 

complete cell growth medium was added, and the plate was incubated at 37°C. 
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For each well of a 24-well plate, 8 μg of HS-DNA was diluted into 100 μl of DMEM and 

vortexed gently. Separately, 6 μl of PolyJet™ reagent was diluted into 100 μl free DMEM 

and vortexed gently. The diluted PolyJet™ reagent was then added to the diluted DNA 

solution and vortexed gently, followed by a 10-minute incubation at room temperature. 

The PolyJet™/DNA transfection complexes were added to the cells and incubated at 37°C 

with 5% CO2 for 15 minutes. After incubation, pre-warmed fresh complete cell growth 

medium was added to each well, and the plate was incubated at 37°C with 5% CO2 for 

the indicated time. 

 

 

2.2.4 Virus production and transduction 

 

2.2.4.1 Lentiviral vector production in S2 lab 

HIV-1 based lentiviral luciferase reporter vectors were produced by transfecting 

HEK293T cells in a 6-well plate. The production utilized a three-plasmid system 

consisting of 700 ng of pMDLg/pRRE and 700 ng of pSIN.PPT.CMV.Luc.IRES.GFP, 200 

ng of pMDG.VSV-G, and 350 ng of pRSV-Rev, using PolyJet™ transfection reagent. 

For infecting THP-1 cells, viral particles were produced using a four-plasmid system: 700 

ng of pMDL-X, 700 ng of pSIN.PPT.CMV.Luc.IRES.GFP, 200 ng of pMDG.VSV-G, 350 

ng of pRSV-Rev, and 500 ng of myc-His-VPX, also using PolyJet™ transfection reagent. 

The production of HIV-1-based lentiviral vectors for generating stable expression cell 

lines involved co-transfection of HEK293T cells with 1000 ng of packaging plasmid 

psPAX2 and 200 ng of pMDG.VSV-G, 200 ng of pRSV-Rev, and 1000 ng of pLV2 empty 

vector or pLV2 vector containing the inserted gene, using PolyJet™ transfection reagent. 

Supernatants were harvested 48 hours post-transfection, purified by centrifugation at 

5500 rpm for 10 minutes at 4°C to remove cells, concentrated by centrifugation at 14,000 

rpm for 4 hours at 4°C, resuspended in DMEM, and stored at -80°C. 

To generate stable THP-1 cell lines with sustained gene expression, THP-1 cells were 

transduced with HIV-1-based lentiviral vectors and subjected to spinoculation, which uses 
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centrifugation to enhance viral entry by forcing viral particles onto the target cells. 

Specifically, cells were centrifuged at 1,200 rcf for 2 hours at 30°C. In reporter virus 

infection assays, THP-1 cells were similarly spinoculated with HIV-1 luciferase reporter 

viruses under the same conditions. Two hours before infection, the cells were incubated 

at 37°C with 5% CO₂ for the indicated time. 

 

The Modified Vaccinia Virus Ankara (MVA), a gift from Prof. Dr. Ingo Drexler at 

Heinrich-Heine-Universität Düsseldorf, was routinely propagated and purified.  

The murine leukemia virus (MLV) packaging construct pHIT60, encoding the gag-pol of 

Moloney MLV, was provided by Jonathan Stoye. The production of MLV-based viruses 

for generating stable expression cell lines involved co-transfection of HEK293T cells 

with 1100 ng pHIT60 and 200 ng of pMDG.VSV-G and 1100 ng of pLNCX2 empty 

vector or pLNCX2 vector containing the inserted gene. 

 

 

2.2.4.2 Virus production in S3 lab 

HIV-1 full-length viruses were produced by transfecting HEK293T cells in a 6-well plate. 

For Luciferase reporter virus: The production utilized a two-plasmid system of 2000 ng 

pNL-Luc R-E- and 200 ng of pMDG.VSV-G. For replication competent HIV-1:  pNL-

Bal plasmid was used.  

48 hours after transfection, the supernatant was collected. Subsequently, to ensure 

consistency, the virus's reverse transcriptase (RT) activity was quantified using a SYBR 

Green I-based product-enhanced reverse transcriptase assay[220]. 

 

 

2.2.5 HIV-1 luciferase activity assay 

To determine the regulation of proteins of interest during HIV-1 infection, HEK293T and 

undifferentiated or differentiated THP-1 cells were infected with HIV-1 luciferase 



35 

 

reporter viruses of Luciferase lentiviral vectors. The efficiency of infection or 

transduction was analyzed using the Steady-Glo Luciferase Assay System (Promega, 

Madison, USA) according to the manufacturer’s instructions. 

For HEK293T cells, 104 cells were seeded in 96-well plates with 50 μl of pre-warmed 

fresh cell medium and cultured overnight. HEK292T cells were infected with 50 μl of 

HIV-1 luciferase reporter virus the next day. Then incubated at 37°C with 5% CO2. After 

72 hours, the DMEM was completely removed, infected cells were lysed with 100 μl of 

luciferase reagent and incubated at room temperature for 15 minutes in the dark. 

For PMA-differentiated THP-1 cells, 105 cells per well were seeded with 50 μl of pre-

warmed fresh cell medium containing 25 ng/ml PMA (Calbiochem, Darmstadt, Germany) 

and incubated for 24 hours at 37°C with 5% CO2. After 24 hours, the PMA-containing 

medium was completely removed, and the cells were washed once with pre-warmed 

DPBS. The wells were refilled with 50 μl of pre-warmed cell medium and infected with 

50 μl of HIV-1 luciferase reporter virus, with or without Vpx. The cells were spinoculated 

at 1,200 rcf for 2 hours at 30°C, then incubated at 37°C with 5% CO2. After 72 hours, the 

RPMI was completely removed, infected cells were lysed with 100 μl of luciferase 

reagent and incubated at room temperature for 15 minutes in the dark. 

For undifferentiated THP-1 cells, 105 cells were seeded in 96-well plates with 50 μl of 

pre-warmed fresh cell medium and cultured overnight. The next day, undifferentiated 

THP-1 cells were infected with 50 μl of HIV-1 luciferase reporter virus, with or without 

Vpx. The cells were spinoculated at 1,200 rcf for 2 hours at 30°C, then incubated at 37°C 

with 5% CO2. After 72 hours, infected cells were lysed with 80 μl of luciferase reagent 

and incubated at room temperature for 15 minutes in the dark. 

Following incubation, 100 μl of cell lysate was transferred into black 96-well 

polypropylene microplates (Greiner Bio-One, Kremsmünster, Austria), and luminescence 

was measured for 10 seconds per well using a Centro XS3 LB 960 microplate 

luminometer (Berthold Technologies Bioanalytic, Bad Wildbad, Germany). 
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2.2.6 Generation of reconstituted BAF THP-1 cells  

Reconstituted BAF THP-1 cells were generated by transduction of BAF KO THP-1 cells 

with a retroviral vector. MLV (Moloney murine leukemia virus)-based retroviral vector 

particles were produced by transfecting HEK293T cells with 1100 ng pLNCX2 vector or 

pLNCX2 vector containing insert gene, 1100 ng packaging plasmid pHIT60, and 200ng 

pMDG.VSV-G. At 48 h post-transfection, viral supernatants were harvested and 

concentrated. BAF KO THP-1 cells were transduced with the MLV pseudovirus for 48 h. 

Transduced cells were selected in a fresh complete cell growth medium containing 800 

μg/ml G418Sulfate for 10 days. The efficiency of reconstituted BAF expression of the 

gene was tested by immunoblot analysis. 

 

 

2.2.7 Type I interferon production assay 

The Type I IFN production assay was performed using HEK-Blue™ IFN-α/β cells. These 

cells stably express a reporter gene encoding secreted embryonic alkaline phosphatase 

(SEAP) under the control of the ISG54 promoter. 

Briefly, THP-1 cells were infected with HIV-1, lentiviral vectors or MVA, transfected 

with 4 μg/ml HS-DNA, or stimulated with 3.6 μM STING agonist SR-717 for the 

indicated times (Prof. Dr. Thomas Kurz, Heinrich-Heine-Universität Düsseldorf, 

Düsseldorf, Germany kindly provided STING agonist SR-717).  

For the assay, 20 μl of supernatant from the treated THP-1 cells was added to 180 μl of 

fresh complete cell growth medium containing 50,000 HEK-Blue™ IFN-α/β cells per 

well in a flat-bottom 96-well plate (Sigma-Aldrich, Carlsbad, USA). After 20 hours of 

incubation at 37°C with 5% CO2, 20 μl of the induced supernatant was transferred to 180 

μl of resuspended QUANTI-Blue™ solution (Invivogen, San Diego, USA) in a flat-

bottom 96-well plate and incubated for 1 hour at 37°C. SEAP levels were then determined 

using a Multiskan Spectrum spectrophotometer (Thermo Fisher Scientific, Waltham, 

USA) at 630 nm. 
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2.3 Protein biochemistry 

 

2.3.1 Cell lysis and micro-volume protein concentration determination 

The indicated cells were harvested, washed with cold DPBS, and lysed on ice for 20 

minutes with 100 μl of cold mild lysis buffer (50 mM Tris-HCl [pH 8], 150 mM sodium 

chloride (Carl Roth, Karlsruhe, Germany), 0.8% NP-40 (PanReac AppliChem, Chicago, 

IL, USA), 10% glycerol (PanReac AppliChem, Chicago, IL, USA), 1 mM 

phenylmethanesulfonyl fluoride, a tablet of protease inhibitor cocktail III (Sigma-Aldrich, 

Carlsbad, USA), and 1% phosphatase inhibitor cocktail I (MedChemExpress, South 

Brunswick Township, USA)). Cell lysates were cleared by centrifugation at 14,000 rpm 

for 20 minutes at 4°C. Protein concentrations were then determined using the protein 

A280 application on a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, USA). A blank was established using water, and 2 μl of each sample was used 

for protein concentration determination. 

 

 

2.3.2 Western blotting assay 

Polyacrylamide gels were prepared according to the instructions in Table 11. For the 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) assay, equal 

amounts of protein were mixed with ROTI®Load 1 reduced loading buffer (Carl Roth, 

Karlsruhe, Germany) and heated at 95°C for 5 minutes. Samples and a prestained protein 

molecular weight marker (Thermo Fisher Scientific, Waltham, USA) were loaded into the 

gel wells. Electrophoretic separation of proteins was performed on ice at a constant 130 

V in 1X SDS running buffer. 

Proteins were transferred from gels to a polyvinylidene fluoride (PVDF) membrane 

(Sigma-Aldrich, Carlsbad, USA) at a constant 20 V for 1 hour using a Bio-Rad semidry 

transfer cell (Bio-Rad, Hercules, USA). The semidry transfer method consisted of the 

following layers: SDS-containing transfer buffer prewetted filter paper (Bio-Rad, 
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Hercules, USA), methanol (Carl Roth, Karlsruhe, Germany) prewetted PVDF membrane, 

SDS gel, and SDS-containing transfer buffer prewetted filter paper. 

Membranes were blocked with a 5% non-fat milk (PanReac AppliChem, Chicago IL, 

USA) solution or a 5% bovine serum albumin (BSA) (Thermo Fisher Scientific, Waltham, 

USA) solution for 1 hour at room temperature. The membranes were then incubated in 

primary antibody solution overnight at 4°C with gentle agitation. The next day, 

membranes were washed three times for 10 minutes each with TBST buffer before 

incubating with HRP-linked secondary antibody for 1 hour at room temperature with 

gentle agitation. Afterward, the membranes were washed thrice for 10 minutes each with 

TBST. 

Finally, the membranes were incubated with the Amersham™ ECL Prime Western Blot 

detection reagent (GE Healthcare, Chicago, USA) according to the manufacturer’s 

directions, and the signal was captured using a ChemiDoc MP imaging system (Bio-Rad, 

Hercules, USA). 

Antibodies used in this study are shown in Table 12. 

 

Table 11: Pipetting scheme for SDS gels (per piece) 

 Stacking gel  Resolving gel 15% 

Rotiphorese® Gel 30 (37.5:1) (Carl Roth, Karlsruhe, 

Germany) 

420 μl 3.75 ml 

1.5 mole (M) Tris-HCl pH 8.8 (PanReac AppliChem, 

Chicago IL, USA) 

/ 1.875 ml 

1 M Tris-HCl pH 6.8 (PanReac AppliChem, Chicago IL, 

USA) 

315 μl / 

10% SDS (PanReac AppliChem, Chicago IL, USA) 25 μl 75 μl 

20% Ammonium persulphate solution (APS) (Sigma-

Aldrich, Carlsbad, USA) 

12.5 μl 37.5 μl 

N, N, N′, N′- Tetramethylethylenediamine (TEMED) 

(VWR, Radnor, PA/USA) 

2.5 μl 7.5 μl 
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H2O 1.75 ml 1.8 ml 

 

Table 12: Antibodies for Western blotting 

Antibody Source & Identifier& Supplier Dilution 

α-BAF sc-166324 (Santa Cruz Biotechnology, Dallas, USA) 1/200 

α-TBK1 3504S (Cell Signaling Technology, Danvers, USA) 1/1,000 

α-p-TBK1 5483S (Cell Signaling Technology, Danvers, USA) 1/1,000 

α-ISG15 15981-1-AP (Proteintech, Rosemont, USA) 1/1,000 

α-MX2 sc-47197 (Santa Cruz Biotechnology, Dallas, USA) 1/1,000 

α-DNA-PK 4602T (Cell Signaling Technology, Danvers, USA) 1/1,000 

α-p-DNA-PK PA1-29541 (ThermoFisher, USA) 1/1,000 

α-STING 13647S (Cell Signaling Technology, Danvers, USA) 1/1,000 

α-USP18 4813S (Cell Signaling Technology, Danvers, USA) 1/1,000 

α-p53 OP43 (Oncogene, California, USA) 1/500 

α-GAPDH EB06377 (Everest Biotech, Bicester, UK) 1/10,000 

α-Tubulin T6074 (Sigma-Aldrich, Carlsbad, USA) 1/10,000 

α-HA 51064-2-AP (Proteintech, Rosemont, USA) 1/5,000 

HRP-conjugated 

sheep α-mouse 

IgG 

NA931V (GE Healthcare, Chicago, USA) 1/10,000 

HRP-conjugated 

donkey α-rabbit 

IgG 

NA9340V (GE Healthcare, Chicago, USA) 1/10,000 

HRP-conjugated 

mouse α-goat 

IgG 

sc-2354 (Santa Cruz Biotechnology, Dallas, USA) 1/10,000 

 

 

2.4 Statistical analysis 
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Statistical analysis was performed using GraphPad Prism 8.0 (GraphPad Software Inc., 

La Jolla, CA, USA). Data are presented as individual points, with mean ± standard 

deviation summaries. An alpha level of 0.05 was used to determine statistical significance. 

Unpaired Student’s t-tests were utilized to compare the two groups. If sample sizes in 

both conditions were equal, an unpaired two-tailed Student’s t-test was applied. For 

values normalized to an internal control, one-sample t-tests were used. Multiple 

comparisons were conducted using one-way or two-way analysis of variance (ANOVA). 

 

 

3. Results 

 

3.1 The effect of HIV-1 on endogenous BAF and BAF packaged into HIV-1 particles 

Studying the impact of HIV-1 on endogenous BAF can help us understand the complex 

interactions between the virus and host cells. By investigating the changes in BAF during 

HIV-1 infection, I can gain insights into the virus-host dynamics. I transfected HEK293T 

cells with a 3-plasmid system HIV-1 (Fig. 10A) and pNL-Bal full-length HIV-1 (Fig. 10C) 

and analyzed the BAF protein levels in the transfected cells 48 hr post-transfection. 

Alternatively, the lentiviral vector plasmids were co-transfected with a BAF plasmid with 

an HA tag. All groups, including the control, were transfected with the same total amount 

of DNA by supplementing with the empty vector pcDNA3.1 to ensure equal transfection 

conditions. BAF protein levels were analyzed by immunoblot using an anti-BAF antibody.  

Interestingly, the results revealed a marked reduction in BAF protein levels in cells 

transfected with the 3-plasmid HIV-1 system compared to controls (Fig. 10A, lane 4 vs. 

lane 1). In contrast, transfection with full-length pNL-Bal full-length HIV-1 did not lead 

to any observable change in BAF protein levels relative to control cells (Fig. 10C, lane 4 

vs. lane 1). This discrepancy suggests that the 3-plasmid system, which relies on separate 

plasmids encoding HIV-1 Gag-Pol, Rev, and vector genome components, may induce 

cellular stress or activate host responses differently from the full-length provirus. 

Alternatively, the lack of certain regulatory elements or the non-replicative nature of the 

3-plasmid system could contribute to altered BAF protein stability or expression. These 
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findings highlight the importance of the viral context in modulating host factor expression 

and suggest that only specific forms or stages of HIV-1 expression are capable of 

downregulating BAF. 

To gain more insight into the role of BAF in the HIV-1 replication cycle, I tested whether 

BAF is packaged into HIV-1 virions. I aimed to determine if BAF protein is incorporated 

into HIV-1 viral particles when both BAF and HIV-1 plasmids are co-transfected. 48 hrs 

post-transfection, the lentiviral vector particles were collected and analyzed by 

immunoblots using an anti-BAF antibody. Viral particles were detected by an anti-P24 

antibody that detects the viral capsid protein. The results showed that BAF protein was 

incorporated into the HIV-1 viral particles during co-transfection (Fig. 10B and 10D). 

 

 

Fig. 10: Differential effects of 3-plasmid system and pNL-Bal full-length HIV-1 on 

endogenous BAF protein levels in HEK293T cells, and BAF was incorporated into the HIV-

1 viral particles. (A) Control lane 1: Untreated HEK293T cells were used as a baseline for BAF 

protein expression levels. Lane 2: HEK293T cells were only transfected with the HA-BAF (BAF 

with HA tag) plasmid. Group 3: HA-BAF and HIV-1 3-plasmid system were co-transfected into 
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HEK293T cells. Lane 4: 293T cells were only transfected with the HIV-1 3-plasmid system to 

assess the impact on BAF protein expression. Lane 5: Transfected less HA-BAF plasmid than 

lane 2. Cell lysates were collected to measure protein concentration after 48h of transfection and 

evaluate the impact of HIV-1 transfection. Western blot analysis was performed to quantify BAF 

and HA tag protein levels in both control and HIV-1-transfected cells. (B) Control Group: 

Transfected with HIV-1 3-plasmid system only. Experimental Group: Co-transfected with HIV-1 

3-plasmid system and BAF plasmid. Cells were incubated for 48 hours post-transfection. After 

48 hours, the supernatant was collected to isolate viral particles. (C) Control lane 1: Untreated 

HEK293T cells. Lane 2: HEK293T cells were only transfected with HA-BAF plasmid. Group 3: 

HA-BAF and full-length HIV-1 (pNL-Bal) were co-transfected into HEK293T cells. Lane 4: 293T 

cells were only transfected with the full-length HIV-1 to assess the impact on BAF protein 

expression. Lane 5: Transfected less HA-BAF plasmid than lane 2. Cell lysates were collected to 

measure protein concentration after 48 h transfection and evaluate the impact of HIV-1 

transfection. Western blot analysis was performed to quantify BAF and HA tag protein levels in 

both control and HIV-1-transfected cells. (D) Control Group: Transfected with full-length HIV-1 

only. Experimental Group: Co-transfected with full-length HIV-1 and BAF plasmid. Cells were 

incubated for 48 hours post-transfection. After 48 hours, the supernatant was collected to isolate 

viral particles. Western Blot detected BAF and p24 (HIV capsid protein) protein in the viral 

particles. Shown is a typical result. The experiment was repeated five times. 

 

 

3.2 BAF knockout (KO) in HEK293T and THP-1 cells 

To further investigate the effects of BAF on HIV-1 replication across different cellular 

models, including non-immune cells such as HEK293T and undifferentiated THP-1 cells 

and immune-like cells such as differentiated THP-1, I performed BAF knockout 

experiments to assess its role in viral replication. Undifferentiated THP-1 cells are a 

monocytic leukemia cell line. After PMA-induced differentiation, THP-1 cells exhibit 

functions similar to macrophages. 

BAF-deficient HEK293T and THP-1 cells were generated by using the CRISPR-Cas9 

method using lentiviral vectors expressing Cas9 and sgRNA against BAF (Fig. 11A and 
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11B).  

 

To determine whether BAF knockout affects the normal function of HEK293T and THP-

1 cells, I evaluated the cell growth rate between vector-control HEK293T (pLV2 

HEK293T) and BAF knockout (KO) HEK293T cells (Fig. 11C), as well as between pLV2 

THP-1 and BAF KO THP-1 cells (Fig. 11D). Measuring cell proliferation in vector-

control, and KO cells is essential to assess whether the knocked-out protein plays a role 

in cell growth regulation, to exclude potential non-specific effects of the knockout, and 

to ensure that any observed biological changes in subsequent experiments are not due to 

impaired cell viability or proliferation.  

Specifically, I measured cell proliferation by counting the number of cells on day 1 and 

day 3. On day 1, I seeded 3 × 10⁵ pLV2 HEK293T cells and BAF KO HEK293T cells, as 

well as 4 × 10⁵ pLV2 THP-1 cells and BAF KO THP-1 cells, into separate wells of a 6-

well plate. On day 3, I quantified the cell numbers in both groups. The results showed no 

significant difference in cell numbers between pLV2 HEK293T and BAF KO HEK293T 

cells (Fig. 11C) or between pLV2 THP-1 and BAF KO THP-1 cells (Fig. 11D) by day 3, 

suggesting that BAF knockout does not impair the normal proliferation of either 

HEK293T or THP-1 cells. 
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Fig. 11: Verification of BAF knockout and its effect on cell proliferation in HEK293T and 

THP-1 cells. (A, B) Western blot analysis confirming BAF knockout in HEK293T (A) and THP-

1 (B) cells. Whole-cell lysates from vector control (pLV2) and BAF knockout (KO) cells were 

subjected to immunoblotting with an anti-BAF antibody. α-Tubulin served as a loading control. 

BAF protein expression was absent in BAF KO cells, confirming successful knockout. (C, D) 

Cell proliferation analysis of HEK293T (C) and THP-1 (D) cells. The number of cells was counted 

on day 1 (black bars) and day 3 (gray bars) after seeding pLV2 and BAF KO cells into a 6-well 

plate. Cell counts for both groups were determined using a hemocytometer. This allowed for 

comparing cell growth rates between the two cell lines. Data are presented as mean ± standard 

deviation (SD). 

 

3.3 Effect of BAF KO in producer or target cells on HIV-1 replication 

 

3.3.1 The absence of BAF in producer cells does not affect HIV-1 infectivity 

To test the relevance of BAF in the virus producer cell, I produced two types of HIV-1 

reporter viral particles. First, I transfected a three-plasmid HIV-1 system into pLV2 

HEK293T cells. Second, I transfected the same HIV-1 system into BAF KO HEK293T 

cells. Then I harvested the two different HIV-1 reporter viral particles. The final step 
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involved infecting the target cells: pLV2 HEK293T, BAF KO HEK293T, and pLV2 THP-

1, BAF KO THP-1 cells. Viral particles were normalized for RT activity. Luciferase 

activity was measured 48 hr post transduction.  

Figure 12 panels (A–D) show the HIV-1 luciferase activity (cps) in different target cells 

infected with HIV-1 reporter viral particles produced by either wild-type (pLV2 

HEK293T) or BAF knockout (BAF KO HEK293T) producer cells. Results show that 

when pLV2 HEK293T cells were used as target cells, comparable luciferase signals were 

observed for viruses produced by either wild-type or BAF KO HEK293T producer cells, 

with no statistically significant difference (Figure 12A). Similarly, in BAF KO HEK293T 

target cells, infection efficiency remained unchanged between the two virus sources 

(Figure 12B). When THP-1 cells were used as target cells, a slight decrease in luciferase 

activity was observed for viruses produced by BAF KO cells compared to those from 

wild-type HEK293T cells; however, this difference was not statistically significant in 

either pLV2 THP-1 (Figure 12C) or BAF KO THP-1 target cells (Figure 12D). Together, 

these results indicate that knockout of BAF in HEK293T producer cells does not 

significantly affect the infectivity of HIV-1 reporter viral particles, regardless of the target 

cell type. 
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Fig. 12: The absence of BAF in producer cells does not affect the infectivity of HIV-1. (A-D) 

pLV2 and BAF KO HEK293T, pLV2, and BAF KO THP-1 cells were infected by two types of 

HIV-1 reporter viral particles, which produced either in pLV2 HEK293T or BAF KO HEK293T 

cells for 72 hours, followed by luciferase activity analysis. Significance was determined using 

a two-tailed Student's t-test (Fig. 10) (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). 

Data are representative of three independent experiments (graphs show mean ±SD). 

 

To further validate this conclusion, I generated HIV-1 reporter viral particles in the 

presence of overexpressed BAF. I co-transfected a three-plasmid HIV-1 system with a 

BAF plasmid into pLV2 HEK293T cells to produce a virus in which BAF was 

overexpressed in HEK293T cells. 

For further infections, I used CRFK cells, derived from a feline kidney. These cells can 

effectively support the replication of various viruses, including HIV-1, making them an 

ideal model for studying viral biology and antiviral drug development. HIV-1 infection 

of CRFK cells with three different viruses (produced in pLV2 293T, BAF KO 293T, and 

BAF-overexpressing pLV2 293T cells) was performed. The infection was performed with 

two different viral input amounts: 1 IU and 5 IU of RT-activity. “IU” refers to infectious 

units based on reverse transcriptase (RT) activity, which serves as a surrogate measure for 

viral particle quantity. RT activity was quantified using a standard reverse transcriptase 

assay, and viral input was normalized to ensure equal amounts of virus were used across 

conditions. Specifically, 1 IU and 5 IU represent two different doses of virus, 

corresponding to the RT activity equivalent to 1 and 5 units of infectious virus, 

respectively. 

The results show that infection with 1 IU show no significant differences in luciferase 

activity among viruses produced from the three different producer cell types (Fig. 13). At 

5 IU, the luciferase activity significantly increases compared to 1 IU but remains similar 

across all three producer cell conditions (Fig. 13). No statistically significant differences 

(ns) were observed between the groups at either viral input level. I conclude that these 

data suggest that BAF knockout or overexpression in HEK293T producer cells does not 

significantly affect HIV-1 infectivity in CRFK target cells. Increasing the viral input from 
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1 IU to 5 IU RT activity leads to a higher infection level, as expected, but the source of 

virus production does not influence infection efficiency in this setting. These findings 

indicate that CRFK cells are equally susceptible to HIV-1 regardless of whether the virus 

was produced in control, BAF KO, or BAF-overexpressing HEK293T cells.  
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Fig. 13: The absence of BAF in producer cells does not affect the infectivity of HIV-1. CRFK 

was infected by three different HIV-1 reporter viral particles for 72 hours, followed by 

luciferase activity analysis. Significance was determined using a two-way analysis of variance 

(ANOVA) (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Data are representative of 

three independent experiments (graphs show mean ±SD).  

 

 

3.3.2 The absence of BAF in target cells decreased HIV-1 infection 

 

3.3.2.1 The absence of BAF in target HEK293T cells decreased HIV-1 infection 

I found that BAF is not imported for virus-producer cells (section 3.3.1). Next, I tried to 

figure out if BAF is important for HIV-1 infection in target cells. I employed a virus 3-

plasmid system to generate the HIV-1 Luc reporter viral particles in WT HEK293T cells. 
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Subsequently, I used different viral input amounts for infections: 1, 5, 10, and 20 IU RT 

activity. I infected pLV2 HEK293T or BAF KO HEK293T cells.  

The graph (Fig. 14) illustrates the infection efficiency of HIV-1. In all tested viral doses 

(1, 5, 10, and 20 IU RT activity), the luciferase signal in pLV2 HEK293T cells (black bars) 

was significantly higher than that in BAF KO HEK293T cells (gray bars). The luciferase 

signals increased with the viral input in both cell lines, demonstrating a dose-dependent 

infection pattern. Statistical analysis indicates highly significant differences (p < 0.001 or 

*p < 0.0001) between the two cell lines across all viral doses. These findings suggest that 

BAF KO HEK293T cells exhibit a significantly reduced susceptibility to HIV-1 infection 

compared to pLV2 HEK293T cells. This implies that the BAF protein may play a critical 

role in facilitating HIV-1 infection. 

 

 

 

Fig. 14: The absence of BAF expression in target HEK293T cells decreased HIV-1 infection. 

pLV2 HEK293T and BAF KO HEK293T cells were transduced with HIV-1 luciferase reporter 

viral particles for 72 h, followed by luciferase activity analysis. Significance was determined 

using two-way ANOVA. (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Data are 

representative of three independent experiments (graphs show mean ±SD). 
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3.3.2.2 The absence of BAF in target THP-1 cells decreased HIV-1 infection 

 

To further investigate that BAF is important for early HIV-1 infection steps post-entry, I 

infected PMA-differentiated and undifferentiated THP-1 cells. Viral particles were 

generated using a 4-plasmid system (HIV-1 with VPX plasmid) to produce the HIV-1 Luc 

reporter viral particles. VPX promotes viral replication by suppressing the function of 

sterile alpha motif and HD domain 1 (SAMHD1). SAMHD1 is an intracellular antiviral 

factor that hydrolyzes deoxynucleotide triphosphates (dNTPs) within the cell, limiting 

the availability of nucleotides necessary for viral replication, particularly for retroviruses 

like HIV[221,222]. Antiviral SAMHD1 is expressed in differentiated THP-1 cells. In 

addition, I used full-length HIV-1 Luc reporter virus generated using the NL-luc and VSV-

G plasmids. 

The figure 15 presents the infection efficiency of HIV-1 in PMA-differentiated (Fig.15A 

and Fig.15C) and undifferentiated (Fig.15B and Fig.15D) THP-1 cells, comparing pLV2 

THP-1 cells (black bars) and BAF KO THP-1 cells (gray bars). HIV-1 infection was 

measured by its luciferase activity. HIV-1 (VPX) infection in PMA-differentiated THP-1 

cells resulted in significantly higher luciferase activity in pLV2 THP-1 cells compared to 

BAF KO THP-1 cells (p < 0.01) (Fig. 15A). Similarly, in undifferentiated THP-1 cells, 

HIV-1 (VPX) infection showed a significantly higher luciferase signal in pLV2 THP-1 

cells than in BAF KO THP-1 cells (p < 0.001) (Fig. 15B). NL-luc HIV-1 infection in 

PMA-differentiated THP-1 cells followed the same trend, with pLV2 THP-1 cells 

exhibiting significantly greater luciferase activity than BAF KO THP-1 cells (p < 0.01) 

(Fig. 15C). NL-luc HIV-1 infection in undifferentiated THP-1 cells also demonstrated a 

significant reduction in luciferase signal in BAF KO THP-1 cells compared to pLV2 THP-

1 cells (p < 0.001) (Fig. 15D). These results indicate that BAF KO THP-1 cells exhibit 

significantly reduced susceptibility to HIV-1 infection compared to pLV2 THP-1 cells, 

regardless of cell differentiation status. This trend is consistent across both VPX-

containing and NL-luc HIV-1 infections, suggesting that BAF plays a crucial role in 

facilitating HIV-1 infection in THP-1 cells.  
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Fig. 15: The absence of BAF expression decreased HIV-1 infection in THP-1 cells. (A) PMA-

differentiated pLV2 THP-1 and BAF KO THP-1 cells were transduced with HIV-1/VPX 

luciferase reporter viral particles for 72 h, followed by luciferase activity analysis. (B) 

Undifferentiated pLV2 THP-1 and BAF KO THP-1 cells were transduced with HIV-1/VPX 

luciferase reporter viral particles for 72 h, followed by luciferase activity analysis. (C) PMA-

differentiated pLV2 THP-1 and BAF KO THP-1 cells were transduced with full-length HIV-1 

luciferase reporter virus for 72 h, followed by luciferase activity analysis. (D) Undifferentiated 

pLV2 THP-1 and BAF KO THP-1 cells were transduced with full-length HIV-1 luciferase reporter 

virus for 72 h, followed by luciferase activity analysis. Significance was determined using a two-

tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Data are 

representative of three independent experiments (graphs show mean ±SD). 

 

 

3.4 Restoration of BAF in THP-1 cells to verify its effect on HIV-1 replication 

After knocking out the expression of the BAF protein in THP-1 cells using the CRISPR-

Cas9 system and observing a decrease in HIV-1 replication, I aimed to confirm that this 

reduction was specifically due to the absence of BAF. To achieve this, I constructed an 

MLV-based retroviral vector encoding the BAF protein with mutations in the PAM 



51 

 

sequence in the cDNA, preventing further targeting by the CRISPR-Cas9 system. This 

vector was then transduced into BAF KO THP-1 cells, allowing stable re-expression of 

BAF (Fig. 16). This approach assessed whether restoring BAF expression would rescue 

HIV-1 replication, thereby confirming its essential role in the viral replication process. 

The Western blot analysis shown in Figure 16 evaluates the expression levels of BAF 

protein in different THP-1 cell conditions. α-Tubulin serves as a loading control to ensure 

equal protein loading across samples. In pLV2 THP-1 cells (wild-type control), a 

detectable BAF protein band is present. In BAF KO THP-1 cells, the BAF protein band 

is absent, confirming the successful knockout of BAF via the CRISPR-Cas9 system. In 

BAF KO + pLNCX2 cells, no visible BAF band is detected, indicating that the empty 

vector does not restore BAF expression. In BAF KO + BAF reconstituted cells, BAF 

expression is restored, demonstrating the successful reintroduction of BAF using the 

MLV-based retroviral vector carrying a PAM-mutated BAF gene. These results confirm 

the successful knockout of BAF in THP-1 cells and demonstrate that its expression can 

be effectively restored using a retroviral vector carrying a PAM-mutated BAF construct. 

This provides a reliable model for investigating the functional role of BAF in HIV-1 

replication and other cellular processes. 

 

 

Fig. 16: BAF restoration in BAF KO THP-1 cells. Protein lysates from THP-1 cells. pLV2 THP-

1, BAF KO THP-1, pLNCX2 THP-1 and BAF restored THP-1 cells were immunoblotted with 

the indicated antibodies. 

 

In the next experiment, I investigated the effect of BAF restoration in BAF knockout cells 

on HIV-1 replication (Fig. 17). HIV-1 infection was measured in THP-1 cells with either 
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wild-type BAF (pLV2 THP-1) or BAF knockout (BAF KO THP-1) (Fig. 17A). BAF 

expression was restored in BAF KO THP-1 cells (BAF restores THP-1), and the impact 

on HIV-1 replication was assessed in these cells (Fig. 17B). 

HIV-1 replication, measured by luciferase activity, was significantly reduced in BAF KO 

THP-1 cells compared to pLV2 THP-1 cells (p < 0.05), as seen before. However, 

reintroducing BAF in the BAF KO THP-1 (BAF KO THP-1 + BAF) cells significantly 

enhanced HIV-1 replication compared to the control group lacking BAF (BAF KO THP-

1 + pLNCX2) (p < 0.001) (Fig. 17B). These results further support that BAF promotes 

early HIV-1 replication in THP-1 cells.  

 

 

 

Fig. 17: BAF restoration leads to enhanced HIV-1 replication. (A) pLV2 THP-1 and BAF KO 

THP-1 were transduced with HIV-1 luciferase reporter viral particles for 72 h, followed by 

luciferase activity analysis. (B) pLNCX2 THP-1 (empty MLV vector transfected in BAF KO 

THP-1 cell), and BAF restored THP-1 cells (BAF KO THP-1 +BAF) were transduced with HIV-

1 luciferase reporter viral particles for 72 h, followed by luciferase activity analysis. Significance 

was determined using a two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, and 

****P < 0.0001). Data are representative of three independent experiments (graphs show mean 

±SD). 

 

 

3.5 BAF KO regulates STING-mediated signaling activation 

 

3.5.1 BAF KO increased STING-mediated signaling activation upon HIV-1 infection 
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Since I have established that the presence of BAF in target cells is crucial for HIV-1 

infection, it is essential to understand the underlying mechanisms driving this effect. HIV-

1 infection triggers an innate immune response[99,223], and I aim to investigate whether 

there is a relationship between BAF and the innate immune response to HIV-1 infection. 

The sensing of HIV-1 cDNA by the cGAS–STING signaling pathway has emerged as a 

major mechanism in mounting the antiviral immune response against the infection[224–

226]. 

This experiment uses Western blot analysis to investigate the effect of STING agonist 

SR-717 treatment on the expression of key immune-related proteins in THP-1 WT and 

BAF KO cells. When a STING agonist is added to the cells, it activates the STING 

(Stimulator of Interferon Genes) pathway. The STING agonist SR-717 acts as a cGAMP 

mimetic that induces the same “closed” conformation of STING, thus enhancing STING-

dependent antitumor immunity and diverse STING-dependent biological processes[227]. 

First, I treated WT THP-1 cells as a baseline control with 3.6 μM of the STING agonist 

SR-717 (Fig. 18A). Panel A (Fig. 18A) compares protein expression in WT THP-1 cells 

treated with either DMSO (control) or SR-717. Panel B (Fig. 18B) shows the effects of 

SR-717 in BAF KO cells on protein expression. 

SR-717 treatment significantly upregulated ISG15 and USP18 expression in WT THP-1 

cells compared to the DMSO control. STING expression was reduced, while the A3A, 

IRF3, and TBK1 levels remained relatively unchanged (Fig. 18A). In BAF KO cells was 

an altered protein expression pattern detectable in both DMSO- and SR-717-treated cells. 

Notably, ISG15 and USP18 levels were increased in BAF KO THP-1 cells. BAF KO 

reduced A3A expression compared to pLV2 control cells, while STING, IRF3, and TBK1 

showed no significant changes (Fig. 18B). These findings suggest that BAF KO induces 

the expression of ISG15 and USP18, key interferon-stimulated genes.  
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Fig. 18: BAF KO upregulates STING-mediated signaling activation. (A) Protein lysates from 

WT THP- cells were stimulated with DMSO as a control or 3.6 μM STING agonist SR-717 for 1 

hour, followed by immunoblotting analysis with the indicated antibodies. (B) Protein lysates from 

pLV2 and BAF KO THP-cells were stimulated with DMSO as a control or 3.6 μM STING agonist 

SR-717 for 1 hour, followed by immunoblotting analysis with the indicated antibodies. 

 

3.5.2 BAF regulates interferon production and ISGs at the mRNA level upon HIV-1 

infection 

This experiment evaluates the production of type I interferon (IFN) in THP-1 cells 

following HIV-1 infection. After measuring luciferase activity, the supernatants were 

collected to stimulate HEK-Blue cells, which detect type I IFN signaling[228]. These 

cells are engineered to report IFN-α/β activity, allowing us to measure IFN-α/β levels in 

our experiments. The resulting IFN production was quantified. Type I IFN production 

was measured in pLV2 THP-1 cells treated with either medium only (control) or HIV-1 

(Fig. 19A). The effect of BAF knockout (KO) on type I IFN production was examined by 

comparing pLV2 THP-1 and BAF KO THP-1 cells after HIV-1 infection (Fig. 19B). HIV-

1 infection significantly increased type I IFN production in pLV2 THP-1 cells compared 

to the control group (treated only with medium) (p < 0.001). There was no significant 
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difference in type I IFN production between pLV2 THP-1 and BAF KO THP-1 cells 

following HIV-1 infection (ns, insignificant). I conclude that HIV-1 infection strongly 

induces type I IFN production in THP-1 cells. However, BAF KO does not significantly 

affect HIV–1–induced IFN production, suggesting that BAF may not play a major role in 

regulating the type I IFN response upon HIV-1 infection. 

 

 

Fig. 19: BAF KO did not change IFN-α/β production upon HIV-1 infection. (A) Type I IFN 

production was significantly increased in pLV2 THP-1 cells after HIV-1 infection compared to 

the control group (medium only) (p < 0.001). (B) There was no significant difference in type I 

IFN production between pLV2 THP-1 and BAF KO THP-1 cells following HIV-1 infection (ns, 

insignificant). Significance was determined using a two-tailed Student’s t-test (*P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001). Data represent mean ± SD of at least three independent 

experiments. 

 

The next experiment investigates the role of BAF in HIV-1 infection by analyzing the 

expression of key interferon-stimulated genes (ISGs) and type I interferon (IFN) response 

genes. RT-qPCR was performed to quantify the mRNA levels of IFNB1 (encoding IFN-

β), ISG15, and ISG54 in BAF KO and vector control (pLV2) THP-1 cells after 48 hours 

of HIV-1 (VPX) infection. Results showed, HIV-1 infection increased IFNB1 expression 

in both pLV2 and BAF KO THP-1 cells compared to the control condition (medium only), 

but no significant difference was observed between the two cell types (Fig. 20A). In 

contrast, HIV-1 infection significantly upregulated ISG15 expression, and its induction 
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was significantly higher in BAF KO THP-1 cells compared to pLV2 control cells (p < 

0.01) (Fig. 20B). Similar to ISG15, ISG54 expression was strongly induced by HIV-1, 

with a significantly higher increase in BAF KO THP-1 cells compared to pLV2 THP-1 

cells (control cells) (p < 0.0001) (Fig. 20C). These findings suggest that BAF depletion 

enhances the expression of ISG15 and ISG54 upon HIV-1 infection, indicating that BAF 

may act as a negative regulator of certain interferon-stimulated genes. However, IFNB1 

expression was not significantly affected by BAF KO, suggesting that the upstream 

induction of type I IFNs remains intact in the absence of BAF. 

 

 

Fig. 20: BAF KO did not change IFNβ mRNA level, but ISG15 and ISG54 mRNA was 

increased upon HIV-1 infection. RT-qPCR analysis of ISG54, IFNB1, and ISG15 mRNA in BAF 

KO THP-1 and pLV2 THP-1 (vector control) cells infected with HIV-1 (VPX) for 48 hr. (A) 

IFNB1 expression was induced by HIV-1 but showed no significant difference between BAF KO 

THP-1 and pLV2 THP-1 (vector control) cells. (B) HIV-1 infection significantly increased ISG15 

expression, with a higher induction in BAF KO THP-1 cells (p < 0.01). (C) ISG54 expression was 

strongly upregulated by HIV-1, with a significantly greater increase in BAF KO THP-1 and pLV2 

THP-1 (vector control) cells (p < 0.0001). Significance was determined using a two-tailed 

Student’s t-test (Figs.11A-11C) (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Data 
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are representative of three independent experiments (graphs show mean ±SD). 

 

 

3.5.3 Type I IFN-α/β triggered from Modified Vaccinia Virus Ankara (MVA), Sendai 

virus (SeV), or SR-717 in BAF KO THP-1 

To further investigate the effect of BAF knockout (KO) on type I interferon (IFN-α/β) 

responses response to non-HIV pathogens, I examined type I IFN production in BAF KO, 

STING KO, and vector control (pLV2) THP-1 cells following stimulation with Modified 

Vaccinia Virus Ankara (MVA), Sendai virus (SeV), or the STING agonist SR-717. These 

stimuli were selected to activate distinct innate immune pathways: SeV, an RNA virus, 

primarily triggers the RIG-I/MAVS signaling pathway[229], whereas MVA is a vaccinia 

virus that can trigger cGAS/STING sensing pathways[230]; in contrast, SR-717 directly 

activates STING-dependent pathways[231]. By comparing IFN-α/β responses across 

different stimuli, we aimed to determine whether BAF plays a broader role in regulating 

innate immune activation beyond HIV-1 infection. IFN-α/β production was quantified 

using a reporter assay.  

MVA stimulation led to a robust induction of type I IFNs in both pLV2 THP-1 (black bar) 

and BAF KO THP-1 (gray bar) cells, with no significant difference between the two 

groups (Fig. 21A). STING KO cells (white bar) exhibited no significant difference 

between control (medium only) in IFN production (Fig. 21B), consistent with the 

relevance of the cGAS/STING pathway for sensing of MVA. SeV triggered a strong IFN 

response in all three groups (Fig. 21B). No significant difference was observed between 

BAF KO THP-1 and pLV2 THP-1 control cells. In contrast, STING KO cells exhibited a 

slight but significant reduction in IFN production (p < 0.01), suggesting a potential minor 

role for STING in SeV-triggered IFN responses. SR-717 led to a potent IFN response in 

both pLV2 and BAF KO THP-1 cells, with no significant difference between them (Fig. 

21C). STING KO cells exhibited almost no IFN production, confirming that SR-717 

specifically activates the STING pathway. These findings demonstrate that BAF knockout 

does not influence type I IFN responses to MVA, SeV, SR-717, or HIV-1, suggesting that 
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BAF is not a general regulator of IFN-β induction in response to these stimuli. The 

complete abolition of IFN responses in STING KO cells upon MVA or SR-717 

stimulation further validates the STING dependency of these stimuli, while the slight 

reduction in SeV-induced IFNs in STING KO cells suggests potential crosstalk between 

STING and RIG-I/MAVS pathways. 

 

 

Fig. 21: Type I IFN-α/β production in BAF KO, STING KO, and pLV2 (vector control) THP-

1 cells upon stimulation with MVA, SeV, or SR-717. (A) MVA stimulation induced significant 

IFN production in pLV2 and BAF KO THP-1 cells, but STING KO cells showed a drastic 

reduction, confirming STING dependence. (B) SeV triggered strong IFN responses across all 

groups, with a slight but significant reduction in STING KO cells (p < 0.01). (C) SR-717 induced 

robust IFN production in both pLV2 and BAF KO cells, while STING KO cells exhibited nearly 

no response, confirming the specificity of SR-717 for STING activation. Data represent mean ± 

SD from at least three independent experiments. 
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3.5.4 IFNB1 and ISG15, ISG54 in mRNA level in BAF KO THP-1 cells upon 

Herring-Sperm (HS)-DNA transfection 

To further investigate the effect of BAF knockout (KO) in THP-1 cells on the immune 

response to non-HIV pathogens, we examined IFNB1, ISG15, and ISG54 mRNA levels 

in BAF KO and vector control (pLV2) THP-1 cells following transfection with Herring-

Sperm (HS)-DNA with 24 hr. Quantitative RT-PCR analysis revealed that, upon HS-DNA 

stimulation, IFNB1 expression was significantly upregulated in both cell lines. 

Specifically, in pLV2 THP-1 cells, IFNB1 mRNA levels increased by approximately 

1012-fold (from an average of 1.03 to 1012.13), while in BAF KO THP-1 cells, the 

increase was even more pronounced, approximately 1906-fold (from an average of 0.81 

to 1525.45). In addition, BAF KO THP-1 cells compared to pLV2 controls showed a 

further significant increase (****, p < 0.0001) (Fig. 22). These results indicate that BAF 

deficiency further enhances IFNB1 transcriptional activation in response to HS-DNA 

transfection. 

Our findings demonstrate that BAF KO THP-1 cells exhibit a heightened IFNB1 mRNA 

response to HS-DNA stimulation, suggesting that BAF may function as a negative 

regulator of IFNB1 induction in the context of cytosolic DNA sensing. This highlights a 

potential role for BAF in modulating innate immune signaling pathways activated by non-

HIV DNA. 

 

 

Fig. 22:  IFNB1 mRNA expression in BAF KO and vector control (pLV2) THP-1 cells after 

HS-DNA transfection. Cells were treated with PMA before transfection. Relative IFNB1 mRNA 
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levels were measured by qRT-PCR and normalized to housekeeping gene expression. Statistical 

significance was determined using an unpaired t-test (ns = insignificant; ****, p < 0.0001). Data 

are presented as mean ± SEM from biological replicates. 

 

3.5.5 ISG15, ISG54, and IFNB1 in mRNA level in BAF Knockout Cells upon MVA 

infection 

I used qPCR to measure ISG15, ISG54, and IFNB1 mRNA levels in BAF KO cells upon 

MVA infection in PMA-differentiated and undifferentiated THP-1 cells. Quantitative RT-

PCR analysis revealed that upon MVA infection, IFNB1, ISG15, and ISG54 expression 

were significantly upregulated in both pLV2 and BAF KO THP-1 cells. In PMA-

differentiated cells, IFNB1 expression increased by approximately 24-fold in pLV2 cells 

and 64-fold in BAF KO cells (Fig. 23A), with BAF KO cells showing a further significant 

increase. Similarly, ISG15 expression increased by 33-fold in pLV2 and 10-fold in BAF 

KO cells (Fig. 23B), and ISG54 increased by 36-fold in pLV2 and 7-fold in BAF KO cells 

(Fig. 23C), both showing enhanced expression in the BAF KO group. In undifferentiated 

cells, ISG15 expression increased by 33-fold in pLV2 and 10-fold in BAF KO cells (Fig. 

23D), while ISG54 increased by 36-fold in pLV2 and 9-fold in BAF KO cells (Fig. 23E), 

again with significantly higher expression in BAF KO cells. 
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Fig. 23: IFNβ, ISG15, and ISG54 mRNA were further increased in BAF KO THP-1 cells 

upon MVA infection. (A–C) Relative mRNA levels of IFNB1 (A), ISG15 (B), and ISG54 (C) in 

differentiated THP-1 cells comparing pLV2 control cells and BAF knockout cells following MVA 

infection. (D–E) Relative mRNA levels of ISG15 (D) and ISG54 (E) in undifferentiated THP-1 

cells comparing pLV2 and BAF KO cells post-MVA infection. In all panels, ‘Control’ refers to 

cells treated with medium only (no MVA infection). RT-qPCR analysis of ISG54, IFNB1, and 
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ISG15 mRNA in BAF KO and vector control THP-1 cells with MVA infection for 48h. 

Significance was determined using a two-tailed Student’s t-test (Fig. 20) (*P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001). Data are representative of three independent experiments 

(graphs show mean ±SD). 

 

 

3.6 Quantitative analysis of late RT, 2-LTR circles, and autointegration in HIV-

infected THP-1 cells 

HIV-1 infection was performed by exposing pLV2 THP-1 cells and BAF KO THP-1 cells 

to the full-length pNL-Bal virus. After 24 hours of infection, cells were harvested, and 

genomic DNA was extracted for quantitative PCR (qPCR) analysis. The results revealed 

distinct differences in viral replication intermediates between the two cell lines. 

Compared to pLV2 THP-1 cells, BAF KO THP-1 cells exhibited a significant decrease in 

late RT products, a marked increase in 2-LTR circles, and an elevated level of 

autointegration. These findings suggest that BAF deficiency impairs late RT, promoting 

2-LTR circle formation and autointegration during HIV-1 replication (Fig. 24). In average, 

over three independent experiments, BAF knockout resulted in a 71% decrease in late RT 

products compared to control cells (Fig. 24A). In contrast, the level of 2-LTR circles 

increased by 36% in BAF KO cells (Fig. 24B), indicating enhanced nuclear import or 

failed integration. Furthermore, autointegration events were elevated by approximately 

2.6-fold in BAF KO cells relative to pLV2 controls (Fig. 24C), suggesting that loss of 

BAF promotes aberrant integration events.  
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Fig. 24: Analysis of late reverse transcription (RT), 2-LTR circle formation, and 

autointegration during HIV-1 infection in pLV2 THP-1 and BAF KO THP-1 cells. (A) Late 

reverse transcription products were quantified in THP-1 cells infected with NL-Bal. A significant 

reduction in late RT levels was observed in BAF KO THP-1 cells compared to control pLV2 THP-

1 cells. (B) The formation of 2-LTR circles, a marker of aborted integration, was assessed. BAF 

KO THP-1 cells exhibited slightly higher levels of 2-LTR circles than pLV2 THP-1 cells. (C) 

Relative levels of autointegration were measured. BAF KO THP-1 cells showed a marked 

increase in autointegration events compared to pLV2 THP-1 cells. Data are presented as the mean 

± SEM from three independent experiments, normalized to the control condition. 

 

 

3.7 DNA-PK inhibitor: KU-57788 

Given the mutual regulatory relationship between BAF, DNA-PK, and the cGAS–STING 

pathway, I next sought to investigate the role of DNA-PK activity in this context. BAF 

has been reported to inhibit DNA-PK, while DNA-PK negatively regulates cGAS–

STING signaling. Since BAF also serves to restrain cGAS–STING activation, I 
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hypothesized that pharmacological inhibition of DNA-PK might modulate this signaling 

axis in the absence of BAF. 

 

 

3.7.1 DNK-PK inhibitor: KU-57788 with 4h treatment 

 

In both undifferentiated and differentiated pLV2 THP-1 cells, as well as BAF KO THP-1 

cells, cells were preincubated with the DNA-PK inhibitor KU-57788 for 4 hours. After 

this preincubation, the inhibitor-containing medium was removed and replaced with fresh 

medium containing HIV-1(VPX) or NL-luc R-E- full-length virus, without the inhibitor. 

Under these conditions, HIV-1 luciferase activity was consistently reduced, 

demonstrating that the inhibitory effect is independent of BAF (Fig. 25). 

 

Fig. 25: DNA-PK inhibitor KU-57788 treatment for 4h inhibits HIV-1(VPX) and NL-luc 

independent of BAF. (A and B) PMA-differentiated and undifferentiated pLV2 THP-1 and BAF 

KO THP-1 cells were treated with KU-57788 for 4 h, followed by HIV-1(VPX) infection for 48 

h. (C and D) PMA-differentiated and undifferentiated pLV2 THP-1 and BAF KO THP-1 cells 
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were treated with KU-57788 for 4 h, followed by HIV-1(NL-luc) infection for 48 h, and analyzed 

by luciferase activity assay. Significance was determined using two-way ANOVA (*P < 0.05, **P 

< 0.01, ***P < 0.001, and****P < 0.0001). Data are representative of three independent 

experiments (graphs show mean ±SD). 

 

Furthermore, when measuring interferon (IFN) production under the above-described 

experimental conditions using differentiated THP-1 cells, only one of the two virus 

systems showed increased IFN in the cell supernatant. An increase in IFN was observed 

in control cells and much stronger increase in BAF KO THP-1 cells infected with HIV-

1(VPX) (Fig. 26A, B). In contrast, there was a noticeable decrease in HIV-1 luciferase 

activity without any change in IFN levels when infected with NL-Luc (Fig. 26C, D).  

 

 

Fig. 26: After DNA-PK inhibitor KU-57788 4h treatment, interferon production was 

increased in differentiated BAF KO THP-1 cells when infected with HIV-1(VPX). (A) After 
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analyzing the luciferase activity assay, I measured the interferon production assay in pLV2 THP-

1 cells infected with HIV-1(VPX). (B) After analyzing the luciferase activity assay, I measured 

the interferon production assay in BAF KO THP-1 cells infected with HIV-1(VPX). (C) After 

analyzing the luciferase activity assay, I measured the interferon production assay in pLV2 THP-

1 cells infected with NL-luc. (B) After analyzing the luciferase activity assay, I measured the 

interferon production assay in BAF KO THP-1 cells infected with NL-luc. Significance was 

determined using a two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 

0.0001). Data are representative of three independent experiments (graphs show mean ±SD). 

 

 

3.7.2 DNK-PK inhibitor: KU-57788 with 24h treatment 

In the next experiments, both undifferentiated and differentiated pLV2 THP-1 cells, as 

well as BAF KO THP-1 cells, were preincubated with the DNA-PK inhibitor KU-57788 

for 24 hours. After this preincubation, the inhibitor-containing medium was removed and 

replaced with fresh medium containing HIV-1(VPX) or NL-luc R-E- full-length virus, 

without the inhibitor. The results showed that HIV-1 inhibition was observed only in the 

pLV2 THP-1 cells, while no inhibitory effect was detected in the BAF KO group (Fig. 

27). This suggests that BAF may be essential for DNA-PK inhibitor-mediated 

suppression of HIV-1 in THP-1 cells. The lack of inhibition in the BAF KO cells indicates 

that BAF may play a key role in facilitating this inhibitory pathway. 
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Fig. 27: DNA-PK inhibitor KU-57788 inhibits HIV-1(VPX) and NL-luc for 24h depends on 

BAF. (A and B) PMA-differentiated and undifferentiated pLV2 THP-1 and BAF KO THP-1 cells 

were treated with different concentrations of KU-57788 for 24 h and followed by HIV-1(VPX) 

infected within 48 h. (C and D) PMA-differentiated and undifferentiated pLV2 THP-1 and BAF 

KO THP-1 cells were treated with different concentrations of KU-57788 for 24 h and followed 

by HIV-1(NL-luc) infected within 48 h. And analyzed by luciferase activity assay. Significance 

was determined using two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and****P < 

0.0001). Data are representative of three independent experiments (graphs show mean ±SD). 

 

Furthermore, when measuring interferon (IFN) production, a decrease was observed in 

pLV2 THP-1 cells. Without any change in IFN levels in BAF KO THP-1 cells (Fig. 28).  
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Fig. 28: After DNA-PK inhibitor KU-57788 24h treatment, interferon production was 

decreased in pLV2 THP-1 cells. (A) After analyzing the luciferase activity assay, I measured the 

interferon production assay in pLV2 THP-1 cells infected with HIV-1(VPX). (B) After analyzing 

the luciferase activity assay, I measured the interferon production assay in BAF KO THP-1 cells 

infected with HIV-1(VPX). (C) After analyzing the luciferase activity assay, I measured the 

interferon production assay in pLV2 THP-1 cells infected with NL-luc. (B) After analyzing the 

luciferase activity assay, I measured the interferon production assay in BAF KO THP-1 cells 

infected with NL-luc. Significance was determined using a two-tailed Student’s t-test (*P < 0.05, 

**P < 0.01, ***P < 0.001, and ****P < 0.0001). Data are representative of three independent 

experiments (graphs show mean ±SD). 

 

 

3.7.3 DNK-PK inhibitor: KU-57788 with 24h treatment of STING KO cells 

Both differentiated and undifferentiated STING knockout (KO) THP-1 cells were treated 

with a DNA-PK inhibitor for 24 hours. The results showed that the DNA-PK inhibitor 

did not exhibit any inhibitory effect on HIV-1 in the STING KO THP-1 cells (Fig. 29). 
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This lack of response suggests that STING may be required for the DNA-PK inhibitor’s 

suppressive action on HIV-1, highlighting a potential role for STING in mediating or 

enhancing this inhibitory pathway. 
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Fig. 29: DNA-PK inhibitor KU-57788 has no inhibition of HIV-1(VPX) in STING KO THP-

1. PMA-differentiated and undifferentiated STING KO THP-1 cells were treated with KU-57788 

for 24 h and followed by HIV-1(VPX) infection within 48 h. And analyzed by luciferase activity 

assay. Significance was determined using two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, 

and****P < 0.0001). Data are representative of three independent experiments (graphs show 

mean ±SD). 

 

 

3.8 The absence of BAF on MLV infection 

After investigation of the effects of knocking out the BAF on the infection rates of HIV-

1, I wanted to test infections of an unrelated other retrovirus, the Murine Leukemia Virus 

(MLV) in BAF KO cells. Infection experiments were performed using undifferentiated 

THP-1 cells. MLV was generated by co-transfecting three plasmids. pMP71 (encoding 

the MLV genome), pHIT60 (providing the gag-pol proteins), and VSVG (encoding the 

vesicular stomatitis virus G envelope protein for pseudotyping) into HEK293T cells. The 

resulting pseudotyped MLV particles were collected from the supernatant and used for 

infection experiments. HIV-1-based viruses were produced using a three-plasmid system. 

Virus-containing supernatants were harvested and used to infect THP-1 cells. HIV 
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infection was done in parallel to the MLV infections (Fig. 30A). As shown above, after 

knocking out BAF, HIV-1 infection was significantly inhibited (Fig. 30A). In contrast, 

MLV infection showed an increase following BAF KO (Fig. 30A).  

To confirm that the measured luciferase activity was specific to viral infection, medium-

only controls were included in a separate experiment (Fig. 30B). Both undifferentiated 

pLV2 control and BAF KO THP-1 cells showed negligible luciferase signals in the 

absence of virus, confirming the specificity of MLV-derived luciferase activity.  

This may indicate that MLV's integration process is less dependent on BAF, or other 

cellular factors might compensate for the absence of BAF, facilitating MLV integration 

and replication. Additionally, the loss of BAF might alter chromatin structure to favor 

MLV access to the host genome. These results highlight the distinct roles that BAF plays 

in the life cycles of HIV-1 and MLV. The differential impact suggests that HIV-1 relies 

on BAF for infection, and its absence disrupts some steps in this process. MLV either 

does not depend on BAF or benefits from changes in the cellular environment caused by 

BAF KO, leading to enhanced replication. 

 

 

Fig. 30: In the absence of BAF, decreased HIV-1 but increased MLV. (A) pLV2 THP-1 

and BAF KO THP-1 cells were infected with HIV-1 paralleled with MLV within 48 h. (B) pLV2 

THP-1 and BAF KO THP-1 cells were infected with MLV within 48 h, and analyzed by luciferase 

activity assay. Significance was determined using a two-tailed Student’s t-test (*P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001). Data are representative of three independent 

experiments (graphs show mean ±SD). 
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3.9 BAF phosphorylation 

 

3.9.1 VRK1 inhibitor: Luteolin 

3.9.1.1 Luteolin short-term (4 h) effects on HIV-1 replication. 

Luteolin is described to be an inhibitor of VRK1, the kinase that phosphorylates 

BAF[232–234]. To investigate the effect of luteolin on HIV-1 replication, Both 

undifferentiated and differentiated pLV2 THP-1 cells, as well as BAF KO THP-1 cells, 

were preincubated with luteolin for 4 hours. After this preincubation, the inhibitor-

containing medium was removed and replaced with fresh medium containing HIV-1(VPX) 

or NL-luc R-E- full-length virus, without the inhibitor. 

 

In the first experiment, short-term treatment with luteolin produced differential effects on 

HIV-1 replication depending on the cell differentiation state and BAF status (Fig. 31). In 

differentiated THP-1 cells, luteolin significantly reduced HIV-1(VPX) luciferase 

expression in control (pLV2) cells (p < 0.01, Fig. 31A), but had no significant effect in 

BAF KO cells. However, luteolin did not significantly alter luciferase expression in cells 

infected with NL-luc R-E- full-length virus, regardless of BAF status (Fig. 31B). In 

undifferentiated THP-1 cells, luteolin had no significant effect on HIV-1(VPX) 

replication in either pLV2 or BAF KO cells (Fig. 31C), while it significantly reduced NL-

luc R-E- full-length expression in pLV2 cells (p < 0.01) but not in BAF KO cells (Fig. 

31D). These findings suggest that luteolin can inhibit HIV-1 replication in a BAF-

dependent manner, particularly in differentiated cells, although this effect is context-

dependent and not consistent across different viral constructs or cell states. The variability 

in short-term responses may reflect complex regulatory mechanisms involving VRK1 and 

BAF, where immediate phosphorylation changes may not directly or uniformly impact 

HIV-1 replication dynamics. 
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Fig. 31: Short-term effects of luteolin on HIV-1 replication. (A and B) Differentiated and 

undifferentiated pLV2 THP-1 and BAF KO THP-1 were treated with luteolin for 4 h and then 

infected with HIV-1(VPX) within 48 h, and analyzed by luciferase activity assay. (C and D) 

Differentiated and undifferentiated pLV2 THP-1 and BAF KO THP-1 were treated with luteolin 

for 4 h, infected with NL-luc R-E- full-length within 48 h, and analyzed by luciferase activity 

assay. Significance was determined using two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, 

and****P < 0.0001). Data are representative of three independent experiments (graphs show 

mean ±SD). 

 

 

3.9.1.2 Luteolin long-term (24 h) effects on HIV-1 replication 

In a second assay, the cells were treated for 24 hours with Luteolin. After 24 hours of 

luteolin treatment, significant inhibition of HIV-1 replication was consistently observed 

in pLV2 THP-1 cells but not in BAF KO THP-1 (Fig. 32). The inconsistency in short-

term treatments maybe caused by the complexity of immediate phosphorylation events, 

while the significant reduction in HIV-1 levels at 24 hours suggests that prolonged VRK1 



73 

 

inhibition effectively disrupts critical pathways necessary for HIV-1 replication. These 

findings underscore the potential of luteolin as a therapeutic agent in targeting HIV-1, 

especially in strategies aimed at modulating VRK1 and BAF interactions. Importantly, 

the anti-HIV-1 activity of luteolin depends on the presence of BAF. 

 

 

Fig. 32: Long-term effects of luteolin on HIV-1 replication. pLV2 THP-1 and BAF KO THP-

1 were treated with luteolin for 24 h and then infected with HIV-1(VPX) or NL-luc within 48 h, 

and analyzed by luciferase activity assay. Significance was determined using two-way ANOVA 

(*P < 0.05, **P < 0.01, ***P < 0.001, and **** P < 0.0001). Data are representative of three 

independent experiments (graphs show mean ±SD). 

 

 

3.9.1.3 Luteolin enhances type I IFN production in BAF KO compared to pLV2 

THP-1 cells upon HIV-1 infection 

Since I observed that luteolin can inhibit HIV-1 replication in pLV2 THP-1 cells, I 

conducted additional tests to assess interferon (IFN) production to determine whether this 

inhibitory effect is associated with IFN response (Fig. 33). I assessed IFN production 

using the HEK-Blue IFN-α/β reporter assay. Differentiated pLV2 or BAF KO THP-1 cells 

were preincubated with luteolin for 4 hours (Fig. 33A) or 24 hours (Fig. 33B). After this 

preincubation, the inhibitor-containing medium was removed and replaced with fresh 

medium containing HIV-1(VPX) virus, without the inhibitor. Supernatants were collected 

and applied to HEK-Blue cells to quantify secreted type I IFNs. 

As shown in Fig. 33A, at 4 hours post-treatment, HIV-1 infection alone did not 
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significantly alter type I IFN production in BAF KO THP-1 compared to pLV2 cells. 

However, in the presence of luteolin, a significant increase in IFN production was 

observed in BAF KO cells compared to pLV2 cells. At 24 hours (Fig. 33B), IFN 

production showed the same trend as 4 hours post-treatment. 

These results suggest that luteolin treatment reduced HIV-1 replication in pLV2 THP-1 

cells but had no inhibitory effect in BAF KO cells, suggesting that BAF is required for 

luteolin’s antiviral activity. While HIV-1 infection alone did not significantly alter type I 

IFN production in BAF KO cells compared to pLV2 cells, luteolin treatment led to a 

markedly higher IFN response in BAF KO cells than in pLV2 cells at both 4 and 24 

hours post-treatment.

 

Fig. 33: BAF deficiency enhances luteolin-mediated IFN response in HIV-1-infected THP-1 

cells. Differentiated pLV2 or BAF KO THP-1 cells were infected with HIV-1 (VPX) in the 

presence or absence of luteolin. After analyzing the luciferase activity assay, supernatants were 

collected at (A) 4 hours and (B) 24 hours post-infection and analyzed for type I IFN production 

using HEK-Blue IFN-α/β reporter cells. Significance was determined using a two-way ANOVA 

(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Data are representative of three 

independent experiments (graphs show mean ±SD). 

 

3.9.1.3 Luteolin on BlaER1 cells of HIV-1 replication 

BlaER1 cells are a B cell line that can be transdifferentiated into macrophage-like cells. I 

differentiated the BlaER1 cells and used them to study the effect of luteolin in the early 
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phase of HIV-1 infection. I used the HIV-1(VPX) virus. Luteolin was given to cells for 

24 hours and then replaced with media containing the virus. The virus transferred 

luciferase expression was measured 48 hours post-infection. Results show that luteolin 

significantly inhibited HIV-1 infection in BlaER1 cells in a dose-dependent manner (Fig. 

34).  
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Fig. 34: Luteolin decreased HIV-1 replication in BlaER1. BlaER1 macrophage-like cells were 

treated with luteolin for 24 h and then infected with HIV-1 within 48 h, and analyzed by luciferase 

activity assay. Significance was determined using one-way ANOVA (*P < 0.05, **P < 0.01, ***P 

< 0.001, and **** P < 0.0001). Data are representative of three independent experiments (graphs 

show mean ±SD). 

 

 

3.10 NF-κB inhibitor: CAPE 

Caffeic acid phenethyl ester (CAPE) is an NF-κB inhibitor[76,235]. NF-κB is activated 

by several cellular pathways and also downstream of the cGAS-STING cascade[236]. 

Once STING is activated, it triggers two major pathways. The Interferon Regulatory 

Factor 3 (IRF3) pathway produces type I interferons, which are crucial for antiviral 
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defense[237,238]. The NF-κB pathway drives the production of pro-inflammatory 

cytokines (e.g., IL-6, TNF-α) that are essential for the immune response[237,239]. An 

NF-κB signaling pathway is involved in the transcription of HIV-1, which can be 

exploited for HIV-1 cure studies[240].  

Our study explored the effects of Caffeic Acid Phenethyl Ester (CAPE) on HIV-1 

replication in both pLV2 THP-1 and BAF KO THP-1 cells across multiple time points 

(Fig. 35 and Fig. 36). Differentiated or undifferentiated pLV2 or BAF KO THP-1 cells 

were preincubated with CAPE for 4 hours (Fig. 35) or 24 hours (Fig. 36). After this 

preincubation, the inhibitor-containing medium was removed and replaced with fresh 

medium containing HIV-1(VPX) or NL-luc R-E- full-length virus, without the inhibitor. 

HIV replication was measured via luciferase activity after 48 hours post-infection. 

Supernatants were collected and applied to HEK-Blue cells to quantify secreted type I 

IFNs (Fig. 37).  

In differentiated THP-1 cells infected with HIV-1(VPX), after 4 hours of CAPE treatment, 

significantly reduced luciferase activity in both pLV2 and BAF KO cells (Fig. 35A). In 

undifferentiated THP-1 cells, CAPE also significantly suppressed HIV-1(VPX) 

replication in both cell types (Fig. 35B). Similar inhibitory effects of CAPE were 

observed when differentiated cells were infected with NL-luc R-E- full-length virus, 

confirming the antiviral activity of CAPE in both pLV2 and BAF KO cells (Fig. 35C). 

These data suggest that CAPE effectively inhibits HIV-1 replication in THP-1 cells 

regardless of BAF expression. 
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Fig. 35: Four-hour CAPE treatment inhibits HIV-1 in a BAF-independent manner. 

Differentiated and undifferentiated pLV2 and BAF KO THP-1 cells were treated with CAPE for 

four hours and then infected with HIV-1(VPX) or NL-luc full-length virus within 48 h. And 

analyzed by luciferase activity assay. Significance was determined using two-way ANOVA (*P < 

0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001). Data are representative of three independent 

experiments (graphs show mean ±SD). 

 

As shown in Figure 36A, CAPE treatment significantly reduced HIV-1(VPX)-mediated 

luciferase activity in pLV2 cells, indicating a strong inhibitory effect. In contrast, the BAF 

KO cells are less susceptible than the pLV2 cells to CAPE on HIV-1(VPX) replication, 

suggesting that the presence of the BAF is necessary for CAPE-mediated inhibition for 

24h treatment (Fig. 36A). Similarly, in Figure B, CAPE treatment significantly 

suppressed NL-luc R-E- full-length virus replication in pLV2 cells, but this inhibitory 

effect was abolished in BAF KO cells (Fig. 36B). These results demonstrate that the 

antiviral effect of 24h treatment CAPE against HIV-1 is dependent on the BAF, 
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implicating BAF as a potential mediator of NF-κB–regulated antiviral responses. 

 

 

Fig. 36: 24-hour CAPE treatment inhibits HIV-1 in a BAF-dependent manner. pLV2 and 

BAF KO THP-1 cells were treated with pyrimethamine for 24h and then infected with HIV-

1(VPX) or NL-luc R-E- full-length virus within 48 h, and analyzed by luciferase activity assay. 

Significance was determined using two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, 

and****P < 0.0001). Data are representative of three independent experiments (graphs show 

mean ±SD). 

 

To assess whether CAPE modulates type I interferon (IFN) production following HIV-1 

infection, I measured secreted IFN activity in the supernatants of PMA-differentiated 

THP-1 cells using the HEK-Blue IFN-α/β reporter assay. Cells were treated with CAPE 

or only medium as a control and infected with HIV-1(VPX) as previously described. 

Following luciferase measurements, and used to stimulate HEK-Blue cells to detect IFN-

dependent reporter activity. CAPE treatment significantly reduced IFN activity in pLV2 

and BAF KO cells, indicating suppression of type I IFN responses (Fig. 37). These 

findings support a model in which CAPE suppresses HIV-1-induced type I IFN 

production. 
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Fig. 37: IFN production reduced by CAPE treatment for 24h during HIV-1 infection. pLV2 

and BAF KO THP-1 cells were treated with CAPE for 24 hours and then infected with HIV-

1(VPX) within 48 hours, followed by interferon production analysis. Significance was determined 

using two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001). Data are 

representative of three independent experiments (graphs show mean ±SD). 

 

 

3.11 Pyrimethamine inhibits HIV-1 dependent on BAF 

Pyrimethamine (PYR) is an anti-malarial drug[241]. Co-infections of HIV and malaria 

are two of the leading causes of mortality and morbidity in sub-Saharan Africa and part 

of Asia[242–245]. Pyrimethamine is a competitive inhibitor of the dihydrofolate 

reductase (DHFR) enzyme, leading to a deficiency of thymidylate monophosphate 

(dTMP)[246], thus causing inhibition of DNA biosynthesis and cell growth. Previous 

reports have suggested that pyrimethamine probably enhanced the pre-transcriptional step 

and facilitated viral RT reaction in the accumulated S-phase[247,248]during HIV-1 

replication. Given this, I hypothesized that pyrimethamine treatment could enhance HIV-

1 replication by altering the host cell cycle and facilitating reverse transcription. However, 

the mechanistic basis for this effect remains poorly understood. Considering the 

widespread use of pyrimethamine in HIV-1–endemic regions, elucidating how this drug 

modulates HIV-1 replication could have important implications for co-infection 

management and may uncover novel host-dependent regulatory pathways exploitable for 

therapeutic intervention. 
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To investigate the impact of pyrimethamine on early HIV-1 replication, PMA-

differentiated (Fig. 38A) and undifferentiated (Figure 38B) THP-1 cells were 

preincubated with pyrimethamine for 1 hour (Fig. 38) or 24 hours (Fig. 39). After this 

preincubation, the inhibitor-containing medium was removed and replaced with fresh 

medium containing HIV-1(VPX) or NL-luc R-E- full-length virus, without the inhibitor. 

HIV replication was measured via luciferase activity after 48 hours post-infection. 

Supernatants were collected and applied to HEK-Blue cells to quantify secreted type I 

IFNs (Fig. 40). In PMA-differentiated pLV2 cells, PYR treatment significantly reduced 

HIV-1 luciferase activity (Fig. 38A), indicating an inhibitory effect on early HIV-1 

replication. However, this inhibitory effect was abolished in BAF KO cells, where 

luciferase levels remained low and unchanged by PYR treatment, suggesting that the 

presence of the BAF is required for PYR-mediated restriction of HIV-1. Similarly, in 

undifferentiated THP-1 cells (Fig. 38B), PYR treatment also significantly reduced HIV-1 

luciferase activity in pLV2 cells, but again had no significant effect in BAF KO cells. 

These findings indicate that, contrary to previous reports suggesting a potential 

enhancement of HIV-1 reverse transcription by PYR, in our THP-1 cell model, PYR 

restricts early HIV-1 replication in a manner dependent on the BAF, possibly through 

modulation of chromatin remodeling or early antiviral signaling pathways. 

 

 

Fig. 38: One-hour pyrimethamine treatment inhibits HIV-1 in a BAF-dependent manner. 

(A and B) Differentiated and undifferentiated pLV2 and BAF KO THP-1 cells were treated with 

pyrimethamine for one hour, then infected with HIV-1(VPX) within 48 h, and analyzed by 

luciferase activity assay. Significance was determined using two-way ANOVA (*P < 0.05, **P < 
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0.01, ***P < 0.001, and****P < 0.0001). Data are representative of three independent 

experiments (graphs show mean ±SD). 

 

In the second experiment, differentiated pLV2 and BAF KO THP-1 cells were 

preincubated with pyrimethamine for 24 hours (Fig. 39). After this preincubation, the 

inhibitor-containing medium was removed and replaced with fresh medium containing 

HIV-1(VPX) (Fig. 39A) or NL-luc R-E- full-length virus (Fig. 39B), without the inhibitor. 

PYR treatment significantly reduced HIV-1(VPX) luciferase activity (Fig. 39A). 

However, this inhibitory effect was abolished in BAF KO cells, where luciferase levels 

remained low and unchanged by PYR treatment, suggesting that the presence of the BAF 

is required for PYR-mediated restriction of HIV-1 during 24h PYR treatment. Similarly, 

PYR treatment also significantly reduced NL-luc R-E- full-length virus luciferase activity 

in pLV2 cells, but again had no significant effect in BAF KO cells (Fig. 39B). These 

findings indicate that PYR restricts early HIV-1 replication in a manner dependent on the 

BAF either with short-term (1h) (Fig. 38) or longer-term (24h) (Fig. 39) treatment. 

 

 

Fig. 39: 24-hour pyrimethamine treatment inhibits HIV-1 in a BAF-dependent manner. (A 

and B) pLV2 and BAF KO THP-1 cells were treated with pyrimethamine for 24 hours and then 

infected with HIV-1(VPX) or NL-luc full-length virus within 48 hours and analyzed by luciferase 

activity assay and followed by interferon production analysis. Significance was determined using 

two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001). Data are 

representative of three independent experiments (graphs show mean ±SD). 

 

To assess whether PYR induces type I interferon (IFN) responses, I measured IFN activity 
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in the supernatants of infected cells using the HEK-Blue IFN-α/β reporter assay after 24 

hours of PYR treatment and HIV-1(VPX) infection. No significant change in IFN activity 

was detected in either pLV2 or BAF KO cells, indicating that the observed antiviral effect 

of PYR is independent of type I IFN induction. Together, these findings suggest that PYR 

restricts HIV-1 replication through a BAF-dependent, IFN-independent mechanism. 
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Fig. 40: IFN production unaltered by pyrimethamine treatment during HIV-1 infection. 

pLV2 and BAF KO THP-1 cells were treated with pyrimethamine for 24 hours and then infected 

with HIV-1(VPX) within 48 hours, followed by interferon production analysis. Significance was 

determined using two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001). 

Data are representative of three independent experiments (graphs show mean ±SD). 

 

 

4. Discussion 

4.1 Differential effects of HIV-1 construct on BAF protein levels 

This study provides significant insights into the interaction between HIV-1 and BAF 

(Barrier to Autointegration Factor 1). BAF is a highly evolutionarily conserved DNA-

binding protein inhibiting retroviral DNA autointegration, promoting retroviral DNA 

integration into the host chromosome[125,249,250]. BAF is recognized as a natural host 

co-factor for HIV-1 integration due to its role in facilitating the HIV-1 pre-integration 

complex (PIC)[160,251]. Previous reports suggested that BAF was expressed in all cell 

types[175], consistent with its proposed essential roles in cell division[175,198,252]. 
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Consistent with our findings, Western blotting results revealed that HIV-1 infection 

reduces endogenous BAF protein levels in HEK293T cells when transfected with the 3-

plasmid HIV-1 system. In contrast, transfection with full-length pNL-Bal full-length HIV-

1 did not lead to any observable change in BAF protein levels.  

 

 

4.2 BAF incorporation into HIV-1 virions under overexpression conditions 

Although previous reports suggested that BAF is excluded from MoMLV[126] and HIV-

1[124] particles, my data challenge the previous assumption that when BAF is 

overexpressed in virus-producing HEK293T cells, BAF can be detected in the HIV-1 

virions. This suggests that BAF may be incorporated into HIV-1 under overexpression 

conditions. Unlike other host restriction factors that may be incorporated into the virion 

to affect viral infectivity, BAF appears to have a primarily cell-autonomous function. 

However, its potential low-level presence in viral particles under overexpression 

conditions warrants further investigation.  

 

 

4.3 BAF is essential in target cells for efficient HIV-1 replication 

Furthermore, even though BAF can be detected in the supernatant, the absence of BAF 

in virus-producing cells does not affect the virus's infectivity. However, the depletion of 

BAF in target cells reduces HIV-1 replication. I utilized four distinct THP-1 cell groups. 

Knockout of BAF significantly reduced HIV-1 infection compared to pLV2 THP-1 cells. 

The reintroduction of BAF partially restored infection levels. These results are consistent 

with previous studies suggesting that BAF plays a critical role in maintaining viral 

genomic integrity by preventing autointegration of retroviral DNA [124,138,178,239]. 

The finding that BAF does not affect viral infectivity in producer cells further emphasizes 

its role in the post-entry phase of target cells, where its loss appears to limit HIV-1 

replication. 
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4.4 BAF as a negative regulator of cGAS–STING pathway activation 

The cGAS–STING signaling axis, comprising the synthase for the second messenger 

cyclic GMP–AMP (cGAS) and the cyclic GMP–AMP receptor stimulator of interferon 

genes (STING), detects pathogenic DNA to trigger an innate immune reaction involving 

a potent type I interferon response against microbial infections[90]. Type I interferons 

impede viral propagation[253–255]. The knockout of BAF led to the upregulation of 

ISG15 and USP18, while APOBEC3A (A3A) protein levels were downregulated. Upon 

stimulation with SR-717, a STING agonist, similar patterns were observed, with further 

upregulation of ISG15 and USP18 and a continued decrease in A3A levels. These findings 

contribute to the growing evidence suggesting that BAF is crucial in regulating the innate 

immune response. The upregulation of ISG15 and USP18 in the absence of BAF suggests 

that BAF may generally act as a negative regulator of these pathways. This is consistent 

with previous studies that have implicated BAF protects against a basal cGAS-STING 

response[72]. BAF might suppress these pathways under normal conditions, potentially 

as a means of preventing excessive immune activation. The further increase in these 

proteins following SR-717 stimulation suggests that the STING pathway remains 

responsive even in the absence of BAF but is modulated differently when BAF is absent. 

Mechanistically, upregulated A3A exacerbates cytosolic double-stranded DNA (dsDNA) 

accumulation, thus stimulating the cGAS-STING pathway[256]. The decrease in A3A 

might be a specific regulatory mechanism to avoid excessive DNA damage or mutations, 

which could be detrimental under heightened immune activation conditions. 

 

 

4.5 BAF knockout differentially affects type I IFN induction and ISG expression 

I investigated the impact of BAF knockout on the innate immune response in THP-1 cells, 

focusing on type I interferons (IFNs) and interferon-stimulated genes (ISGs) following 

stimulation with HIV-1, MVA, Sendai virus, SR-717, and HS-DNA. Surprisingly, BAF 

knockout did not significantly alter type I IFN expression compared to control pLV2 

THP-1 cells in response to these stimuli, suggesting that BAF is not essential for the initial 

activation of type I IFN pathways, or that compensatory mechanisms might mask its loss. 
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However, a marked upregulation of ISG15 and ISG54 was observed in BAF KO cells 

compared to pLV2 THP-1 cells. Although both are interferon-stimulated genes, their 

regulation differs from IFN-β. IFN-β is an early response cytokine rapidly induced upon 

sensing cytosolic DNA or RNA, initiating the antiviral response[257,258]. In contrast, 

ISG15 and ISG54 are downstream ISGs whose expression is driven by IFN-β signaling 

via the JAK-STAT pathway[259–262]. ISG15 encodes a ubiquitin-like protein involved 

in ISGylation, modulating protein stability and antiviral signaling, while ISG54 inhibits 

viral replication by suppressing translation of viral RNA. Both are typically considered 

early to intermediate ISGs, activated soon after IFN signaling begins, but their sustained 

expression may be influenced by additional regulatory layers, including mRNA stability, 

chromatin accessibility, or repressor release, potentially modulated by BAF. Thus, the 

elevation of ISG15 and ISG54 without a corresponding increase in IFN-β suggests that 

BAF may regulate ISG expression independently or downstream of IFN production, 

possibly at the transcriptional or post-transcriptional level. 

In summary, while BAF appears dispensable for the initial induction of IFN-β, it plays a 

role in fine-tuning ISG expression, particularly ISG15 and ISG54. These findings point 

to a broader immunoregulatory function of BAF beyond its known role in viral DNA 

integration. Further research should focus on dissecting how BAF modulates ISG 

transcription or stability and whether this impacts antiviral outcomes. 

 

 

4.6 BAF differentially regulates HIV-1 and MLV replication 

My results showed that BAF knockout reduced HIV-1 replication but significantly 

increased MLV (Murine Leukemia Virus) replication in THP-1 cells. There is limited 

literature addressing the relationship between MLV and BAF. However, despite both 

MLV and HIV-1 being retroviruses, they belong to different classes; HIV-1 is a lentivirus, 

while MLV is a γ-retrovirus[263,264]. These significant differences may account for the 

distinct ways these viruses[263,264]interact with host cellular factors like BAF. MLV 

integrations were equally distributed inside (49.4%) and outside (50.6%) genes, whereas 

75.7% of the HIV-1 integrations were within genes[265]. Whereas MLV integration sites 
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clustered around transcription start sites, HIV-1 insertions were significantly reduced in 

the same region and equally distributed to the other areas of the targeted genes[266]. HIV-

1 did not share the preference of MLV for regulatory elements. Although similarly 

clustered, HIV-1 integrations avoid promoters and regulatory elements and prefer 

transcribed regions marked by H3K36me3 and H2BK5me1 instead. These differences 

have interesting implications in terms of viral evolution. γ-Retroviruses may have evolved 

a mechanism coupling target site selection to gene regulation to activate or maintain their 

proviral expression[265,266]. Fine mapping of MLV sites around the TSS of ＞ 8000 

genes showed a bimodal distribution. There were virtually no insertions in the -38 to +34 

region, where the general transcription factors contact the core promoter and recruit Pol 

II[267]. In particular, no integration was detected in the -35 to -25 and +5 to +10 regions, 

corresponding to the TATA box and the first component of the tripartite downstream core 

promoter element. This indicates that basal transcription factors, most likely TFIID, 

occupy the promoter of all targeted genes, making it physically inaccessible to retroviral 

PICs[265]. Furthermore, the increase in MLV replication may indicate that BAF may 

affect other stages of the retroviral life cycle, such as reverse transcription or nuclear 

import of viral DNA. The exact mechanism by which BAF exerts its inhibitory effects on 

MLV and potentially other retroviruses remains to be fully elucidated. 

 

 

4.7 Time-dependent effects of DNA-PK inhibition on HIV-1 infection and IFN 

responses 

There is a complex relationship between BAF, DNA-PK, and cGAS-STING. BAF can 

inhibit DNA-PK[207]. DNA-PK phosphorylates cGAS and suppresses its enzymatic 

activity[210]. DNA-PK deficiency reduces cGAS phosphorylation and promotes antiviral 

innate immune responses, thereby potently restricting viral replication[120,210,268,269]. 

Although previous studies have demonstrated the therapeutic potential of KU-57788 in 

enhancing cancer treatment efficacy[270,271], such as improving survival in 

glioblastoma models through DNA-PK inhibition[270], no prior research has reported its 
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use in suppressing HIV replication. My study provides novel evidence that KU-57788 

activates antiviral innate immune responses and restricts HIV-1 infection, revealing a 

previously unrecognized role for this inhibitor in the context of retroviral immunity. My 

study investigated the impact of the DNA-PK inhibitor KU-57788 on HIV infection and 

associated interferon (IFN) production. These findings reveal the relationship between 

DNA-PK signaling, HIV-1 replication, and innate immune responses. Short-term 

treatment with KU-57788 (4 hours) significantly decreased HIV-1 infection in both pLV2 

THP-1 cells and BAF KO THP-1 cells. This effect was accompanied by a concurrent 

increase in IFN production in both cell lines. These results suggest that DNA-PK plays a 

pivotal role in facilitating HIV-1 infection, and its inhibition activates innate immune 

signaling, potentially enhancing antiviral responses. The observed elevation in IFN 

production aligns with previous reports linking DNA-PK inhibition to the activation of 

IFN-stimulatory DNA pathways or other innate immune sensors (e.g., cGAS-STING). 

Importantly, this increase in IFN production occurred independently of BAF, highlighting 

a broader mechanism of action that is not solely reliant on the BAF-mediated restriction 

pathway.  

In contrast, the long-term treatment (24 hours) with KU-57788 demonstrated differential 

effects based on the presence of BAF. While HIV-1 infection was significantly decreased 

in pLV2 THP-1 cells following prolonged exposure to the inhibitor, this reduction was 

not observed in BAF KO THP-1 cells. This finding indicates that the long-term antiviral 

effect of KU-57788 is BAF-dependent, implicating a potential crosstalk between DNA-

PK inhibition and the BAF-mediated restriction pathway in the context of prolonged 

inhibition. Interestingly, IFN production showed an opposite trend, decreasing after long-

term treatment in pLV2 THP-1 cells, while remaining unaffected in BAF KO THP-1 cells. 

This suggests that the sustained IFN response elicited by short-term DNA-PK inhibition 

may be transient or subject to negative feedback regulation, possibly mediated by DNA-

PK-independent pathways or cellular homeostatic mechanisms.  

Taken together, my results highlight the dual role of DNA-PK in regulating HIV-1 

replication and modulating innate immune responses. The short-term effects appear to 

reflect the direct inhibition of DNA-PK's pro-viral functions and subsequent activation of 
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IFN signaling. In contrast, the long-term effects reveal a more complex interplay 

involving BAF-dependent restriction of HIV and temporal modulation of the IFN 

response. These findings underscore the importance of considering treatment duration 

and cellular context when evaluating the therapeutic potential of DNA-PK inhibitors. 

Future studies should further dissect the molecular mechanisms underpinning the 

differential effects of short- and long-term DNA-PK inhibition, focusing on the 

downstream pathways that govern IFN production and BAF-mediated restriction. 

Additionally, the potential for negative feedback mechanisms or compensatory pathways 

to dampen the antiviral and immunostimulatory effects of DNA-PK inhibition over time 

warrants further investigation. Elucidating these pathways may aid in the optimization of 

therapeutic strategies targeting DNA-PK for HIV-1 and other viral infections. 

 

 

4.8 BAF as a mediator of luteolin's antiviral activity against HIV-1 via VRK1 

inhibition 

BAF can bind DNA, thereby facilitating HIV-1 replication[160,175,180]. However, when 

BAF is phosphorylated by the kinase VRK1, its DNA-binding capacity is inhibited. 

Luteolin functions as an inhibitor of VRK1[272]. Luteolin has demonstrated antiviral 

activity against a range of viruses, including PEDV, PRV, hPIV-2, HSV-1, and HBV[273–

278], through mechanisms such as inhibiting viral replication and modulating host 

immune responses. However, its effects on HIV-1 remain unclear. I investigated the 

effects of luteolin on HIV-1 infection and innate immune responses, focusing on the role 

of BAF and IFN production.  

My findings demonstrate that luteolin treatment selectively decreases HIV-1 infection in 

pLV2 THP-1 cells, but this effect is absent in BAF KO THP-1 cells. Moreover, luteolin 

treatment did not alter IFN production in pLV2 THP-1 or BAF KO THP-1 cells, 

suggesting that its antiviral activity is independent of innate immune activation. Without 

BAF, the VRK1 inhibition induced by luteolin does not impact HIV-1 replication, further 

confirming that the antiviral activity of luteolin is mediated through BAF-dependent 

mechanisms. My findings highlight the specificity of luteolin as a VRK1 inhibitor and its 
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capacity to modulate BAF activity, providing a novel avenue for restricting HIV-1 

replication. These results further emphasize the importance of BAF as a key restriction 

factor. 

 

 

4.9 BAF-dependent modulation of CAPE’s antiviral efficacy against HIV-1 over 

time 

NF-κB plays a pivotal role in regulating IFN production, while IFN, in turn, can modulate 

NF-κB activity through feedback mechanisms[236,279,280]. Both factors are intricately 

involved in multiple aspects of immune regulation and are essential components of 

antiviral immunity and inflammatory responses[281]. Caffeic acid phenethyl ester (CAPE) 

is an NF-κB inhibitor[282]. CAPE exhibits broad antiviral activity against viruses 

including SARS-CoV-2, PRRSV, FCV, and HIV-1[283–288]. Previous studies have 

shown that CAPE selectively inhibits HIV-1 integrase activity, indicating a direct 

mechanism of action against viral replication. Previous findings support CAPE’s potential 

as a natural antiviral compound with relevance to HIV-1 infection. My study integrates 

the roles of BAF and the NF-κB inhibitor CAPE in the context of HIV-1 infection, with 

a particular focus on the temporal dynamics of antiviral responses across different 

treatment durations. 

My study demonstrates that 4 hours of CAPE (Caffeic Acid Phenethyl Ester) treatment 

effectively inhibits HIV-1 replication and decreases IFN (Interferon) production in both 

of pLV2 and BAF KO THP-1 cells. This indicates that CAPE has a significant antiviral 

effect. Interestingly, a different trend was observed when CAPE was administered for 

longer durations of 24 hours. The antiviral efficacy of CAPE was notably reduced in BAF 

knockout cells after 24 hours of treatment. This suggests that the absence of BAF alters 

the cellular response to CAPE. Under these conditions, CAPE retained its ability to inhibit 

HIV-1 replication in pLV2 cells. This temporal effect implies that the initial stages of 

CAPE interaction with cellular targets are still effective in the absence of BAF. Still, 

longer exposure times may lead to compensatory mechanisms or the depletion of factors 

necessary for CAPE's antiviral activity. 
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4.10 Pyrimethamine suppresses HIV-1 replication via a BAF-dependent mechanism 

Previous studies have shown that pyrimethamine, used as an antimalarial and antiparasitic 

agent, also exhibits inhibitory effects against HIV-1, particularly through mechanisms 

involving immune modulation and potential synergy with antiretroviral drugs[289–292]. 

However, these studies have largely focused on its effects in combination therapies or its 

indirect immunological roles. My findings provide direct evidence that pyrimethamine 

alone effectively suppresses HIV-1 replication in pLV2 THP-1 cells at both early (1 hour) 

and late (24 hours) time points post-treatment. This temporal analysis reveals the 

compound’s rapid and sustained antiviral activity, offering novel insights into its potential 

as a direct-acting antiviral agent against HIV-1. However, this inhibitory effect was not 

observed in BAF KO THP-1 cells. This suggests that the mechanism by which 

pyrimethamine inhibits HIV-1 replication is likely dependent on the presence of BAF. 

BAF may be required to activate or stabilize antiviral pathways triggered by 

pyrimethamine, and its absence might impair these pathways, leading to the loss of 

pyrimethamine efficacy.  

In conclusion, my study identifies BAF as a key factor in HIV-1 replication and immune 

regulation and highlights the potential of Luteolin, CAPE, and pyrimethamine as 

therapeutic agents against HIV-1. The differential effects of these compounds in BAF KO 

cells underscore the complexity of their mechanisms of action and suggest potential 

avenues for combination therapies that target multiple stages of the HIV-1 life cycle. 
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