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Abstract 

The latent reservoir remains the foremost obstacle to a HIV-1 cure development. This latent reservoir 

is composed of cells infected with replication-competent and yet transcriptionally silent proviruses, 

which are the source of viral rebound after antiretroviral therapy (ART) is interrupted. Therefore, people 

living with HIV-1 (PLWH) have to remain on treatment for their lifetime. However, ART is associated 

with cytotoxicity and comorbidities thus necessitating cure development. Despite extensive 

investigation, existing cure strategies, targeting HIV-1 latency such as the “shock and kill” approach, 

which uses latency-reversing agents (LRAs) to reactivate latent virus and expose infected cells to 

immune-mediated clearance, and the “block and lock” strategy, which employs latency-promoting 

agents (LPAs) to force the virus into deep latency, have shown limited long-term success. This 

underscores a need to continue the search for better and more effective agents for these HIV-1 cure 

strategies.  

 

Lysozyme and lactoferrin are cationic antimicrobial proteins that play an important role in innate 

defence and have both been shown to block HIV-1 replication, bind DNA and RNA, and modulate gene 

expression. However, the effect of these cationic proteins on HIV-1 latency potential remains to be 

determined. Therefore, the aim of this study is to determine the effect of cationic proteins of the innate 

immune system on the propensity of HIV-1 latency reversal or enhancement. 

 

The cytotoxicity of cationic proteins, chicken egg lysozyme (Lz), human lysozyme fragment (HL9), 

and/or lactoferrin (Lf), alone or in combination with established latency-reversing agents (LRAs; PMA 

and SAHA) and latency-promoting agents (LPAs; tanespimycin [Ts] and spironolactone [Sp]) was 

assessed in two HIV-1 latency cell lines, J-Lat A2 and J-Lat C, derived from a Jurkat E6 T-cell clone, 

using the Cell Counting Kit-8 assay. J-Lat A2 and J-Lat C cell lines harbour a latent minimal HIV-1-

based retroviral vector reporter genome expressing subtype B (J-Lat A2) or subtype C (J-Lat C) 

consensus transactivator of transcription protein (Tat) together with green fluorescent protein (GFP), 

under the control of the corresponding subtype B or C consensus long terminal repeat (LTR), 

respectively. J-Lat A2 and J-Lat C were treated with individual cationic proteins Lz, HL9, or Lf, or in 

combination with PMA or SAHA and Ts or Sp. HIV-1 latency reactivation or enhancement was 

assessed after 24-48 hours by measuring GFP expression using flow cytometry.  

 

Cytotoxicity assays revealed that all agents were non-toxic (≥85% viability) at tested concentrations 

and combinations. Our data from single-treatment latency-reversal experiments showed that only Lf 

significantly reactivated latent HIV-1 in J-Lat A2 (3.6 ± 1.4 % GFP, p < 0.0009) but not in J-Lat C (1.4 
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± 0.6 %, p = 0.997). Combinations Lz+Lf (4.9 ± 1.7 %, ≈25-fold, p < 0.0001) and Lz+HL9+Lf (6.6 ± 

2.9 %, ≈34-fold, p < 0.0001) synergised and enhanced reactivation in J-Lat A2. Lactoferrin also 

enhanced classical LRAs, PMA-induced reactivation rose 2.3 ± 0.1-fold and SAHA 18.9 ± 2.3-fold (p 

< 0.0001) in J-Lat A2. The Lf+Lz combination raised these to 2.6- and 24.5-fold, respectively, versus 

LRA-only controls (p < 0.0001). The same pairs raised PMA 1.24 ± 0.2-fold (p = 0.02) and SAHA 9.5 

± 2.6-fold (p < 0.0001) in the J-Lat C cell line. The LPA Ts suppressed PMA-induced reactivation 9.0 

± 1.4-fold (p < 0.0001) in J-Lat A2. The inclusion of Lf restored the potent levels of reactivation, with 

combinations PMA+Ts+Lf and PMA+Ts+Lf+Lz resulting in 6.6 ± 0.5- and 7.8 ± 0.5-fold increases in 

GFP expression, respectively, relative to the PMA+Ts baseline (p < 0.0001). Although Ts did not block 

SAHA-induced reactivation, SAHA+Ts+Lf and SAHA+Ts+Lz+Lf combinations markedly potentiated 

SAHA, yielding 12.5 ± 1.4-fold and 15.5 ± 1.5-fold increases in GFP-expression compared to 

SAHA+Ts baseline (p < 0.0001). Data generated from the J-Lat C cell line followed a similar but less 

pronounced pattern where the combinations PMA+Ts+Lf, PMA+Ts+Lf+Lz, SAHA+Ts+Lf and 

SAHA+Ts+Lz+Lf significantly potentiated LRA-induced reactivation to levels that surpassed the 

LRA+LPA-only baseline. Sp reduced PMA-driven GFP expression 1.0 ± 0.07-fold compared to PMA 

alone (p < 0.0001); SAHA+Sp showed only marginal suppression. The Lz+Lf pair completely reversed 

Sp-induced suppression, PMA+Sp+Lz+Lf yielded 2.7 ± 0.7-fold and SAHA+Sp+Lz+Lf 26.4 ± 8-fold 

reactivation (both p < 0.0001). In J-Lat C, PMA+Sp+Lz+Lf (3.6-fold, p < 0.0001) and 

SAHA+Sp+Lz+Lf (2.2-fold, p = 0.0029) again overcame Sp-mediated deep latency. These findings 

suggest Lf, alone or in combination with Lz, can enhance latency reversal in permissive contexts and 

potentially counteracts LPA’s blocking effects, which was more pronounced in J-Lat A2 compared to 

J-Lat C. This highlights Lf as a promising agent that can be further explored for utility in the “shock 

and kill” cure strategy, and underscores the importance of cellular and viral subtype context in 

therapeutic outcomes. 
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1. Introduction 

It has been over four decades since human immunodeficiency virus type-1 (HIV-1) was identified as 

the causative agent of acquired immunodeficiency syndrome (AIDS), and to date, it remains a 

significant global public health challenge (WHO, 2025). As of the end of 2024, approximately 40.8 

million people were living with HIV-1, 1.3 million people acquired HIV-1 infections, and HIV-related 

illnesses led to the death of about 630,000 individuals globally (WHO, 2025). Notably however, the 

630,000 HIV-1-related deaths in 2024 underscore the progress that has been made in the fight against 

HIV-1 as this represents an approximate 70% drop from about 2.1 million people who succumbed to 

HIV-1 in 2004 (WHO, 2025). This significant reduction in the frequency of HIV-1-related deaths is 

mainly attributed to the rapid scale-up of access to effective HIV-1 prevention, diagnosis, antiretroviral 

therapy (ART), and care, including addressing opportunistic infections (WHO, 2025). This has 

transformed HIV-1 infection into a manageable chronic condition (WHO, 2025).  

 

Although ART has been proven to be effective in ceasing HIV-1 replication and reducing HIV-related 

deaths, it is not curative due to the persistence of latent reservoirs that present a significant hurdle in 

achieving a cure for HIV-1 (Darcis et al., 2017). These reservoirs consist of cells harboring replication-

competent yet transcriptionally silent HIV-1 proviruses, which serve as the source of viral resurgence 

when ART is interrupted (Hermankova et al., 2003). Several strategies aimed at curing HIV-1 are under 

investigation, including the "shock and kill" and "block and lock" approaches (Darcis et al., 2017). 

“Shock and kill” utilizes latency-reversing agents (LRAs) with the aim to purge the latent reservoir by 

forcing silent proviruses to resume transcription, translate viral proteins, and release new virions 

(Deeks, 2012, Darcis et al., 2017). This reactivation seeks to facilitate the clearance of these infected 

cells either through cytolysis or immune-mediated clearance in individuals on ART, thereby preventing 

new rounds of infection (Deeks, 2012, Darcis et al., 2017).  

 

Despite remarkable efforts, expectations for the “shock and kill” strategy have not been met yet 

(reviewed in (Kim et al., 2018, Darcis et al., 2017)). The limitations of the “shock and kill” strategy are 

primarily attributed to the heterogeneity of the molecular mechanisms regulating HIV-1 latency, which 

contributes to inconsistent responses to LRAs and impedes the complete clearance of HIV-1 reservoirs 

(Darcis et al., 2017, Rodari et al., 2021). The limited success of the “shock and kill” strategy has led to 

a search for alternative approaches, such as a functional cure (Bailon et al., 2020). A functional cure 

aims to achieve long-term viral suppression or remission in the absence of ongoing ART (Bailon et al., 

2020). This goal is pursued through the "block and lock" strategy, which seeks to permanently silence 

the virus by halting proviral transcription and locking the reservoirs in a deeply latent state (Bailon et 
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al., 2020). Various small molecules that target HIV-1 proteins, epigenetic proteins, and cell signalling 

pathways have been proposed as latency-promoting agents (LPAs) that can be utilised in the silencing 

of HIV-1 transcription (reviewed in (Bailon et al., 2020, Vansant et al., 2020)). However, the “block 

and lock” strategy still requires more scrutiny as it has been shown to be limited by the potential of non-

specific off-target effects arising from the modulation of host cellular pathways, which may result in 

cytotoxicity (Vargas and Sluis-Cremer, 2022). Taken together, these reports suggest a need to continue 

to search for better and more effective agents for HIV-1 cure strategies. 

 

Lysozyme (Lz) and lactoferrin (Lf) are cationic antimicrobial proteins that play an important role in 

innate immune defence and have both been shown to block HIV-1 replication (Lee-Huang et al., 1999, 

Lee-Huang et al., 2005, Berlutti et al., 2011). Both proteins exhibit anti-HIV-1 activity by disrupting 

viral interactions with host cell receptors. Lz competitively binds to cluster of differentiation 4 (CD4), 

while Lf strongly binds to dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin 

(DC-SIGN), blocking the DC-SIGN–glycoprotein 120 (gp120) interaction and inhibiting viral 

adsorption (Lee-Huang et al., 1999, Lee-Huang et al., 2005, Berlutti et al., 2011). Moreover, 

experimental assays revealed that these proteins bind deoxyribonucleic acid (DNA) and ribonucleic 

acid (RNA) (Steinrauf et al., 1999, Lin et al., 2009, Fleet, 1995)  and modulate cellular gene expression 

(Lee-Huang et al., 2005, Bergamo et al., 2019, Mulligan et al., 2006). The gene expression pathways 

modulated by these proteins include nuclear factor kappa B (NF-κB) and protein kinase C pathways, 

both of which are implicated in HIV-1 transcription and latency reversal (Lee-Huang et al., 2005, Jiang 

and Dandekar, 2015). A previous study demonstrated that treatment of HIV-1-infected cells with HL9 

or HL18, fragments of human Lz, upregulated the expression of several cellular genes, including 

activating transcription factor 2 (ATF2), BCL2-associated X (Bax), cyclin-dependent kinase inhibitor 

1A (CDKN1A), baculoviral IAP repeat-containing 2 (BIRC2), and baculoviral IAP repeat-containing 3 

(BIRC3) (Lee-Huang et al., 2005). Notably, BIRC2 (IAP2) and BIRC3 (IAP1), both inhibitors of 

apoptosis proteins (IAPs), play crucial roles in cell survival pathways (Lee-Huang et al., 2005). Detailed 

information on Lz and Lf’s anti-HIV-1 traits, is provided in the literature review below.  

 

Although the anti-HIV properties of these cationic proteins have been well-detailed in multiple studies, 

their effects on HIV-1 latency potential remain to be determined. Therefore, this study aims to determine 

whether cationic proteins of the human innate immune system can modulate HIV-1 latency. In this 

study we hypothesise that Lz, HL9, and Lf may affect the propensity of latency reversal and/or 

enhancement alone and/or in combination with already-known LRAs and LPAs. The objectives 

formulated for this study are as follows: 
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1. Test the potential of cationic proteins (Lz, HL9 and Lf), alone or in combination, to reverse or 

enhance HIV-1 latency in J-Lat cell lines. 

2. Test the ability of these proteins to modulate (inhibit or enhance) latency reversal in the 

presence of known LRAs and LPAs using J-Lat cell lines. 

 

2. Literature review 

Although ART has had great success in reducing viral replication and plasma viremia to below 

detectable levels, it does not eliminate the HIV-1 latent reservoir, which very quickly reactivates 

systemic infection when treatment is stopped (Contreras et al., 2006, Blanco-Rodriguez et al., 2020). 

There is a general understanding in the field that resting memory CD4+ T-lymphocytes are the primary 

HIV-1 latent reservoir (Hakre et al., 2012, García et al., 2018). There are several reasons for this, 

including their long lifespan which allows HIV-1 persistence without activation over prolonged periods, 

while their resting state keeps very low and undetectable transcription levels of the integrated provirus 

(Hakre et al., 2012, García et al., 2018, Mbonye and Karn, 2024). Additionally, homeostatic 

proliferation of these resting memory CD4+ T-lymphocytes distributes latent virus among daughter 

cells during normal immune system maintenance (Hakre et al., 2012, García et al., 2018, Mbonye and 

Karn, 2024).  

 

Although the concept of a persistent HIV-1 latent reservoir has been studied in great detail for decades, 

it remains not fully understood. This is primarily due to the complex processes involving numerous 

viral, cellular, and immunological factors that allow the virus to persist in a transcriptionally silent but 

replication-competent state (Contreras et al., 2006, Blanco-Rodriguez et al., 2020). Some of the major 

characteristics of the reservoir that are yet to be fully understood include the molecular mechanisms 

responsible for the establishment and maintenance of the reservoir. There is, however, a consensus on 

the idea that the establishment and maintenance of the HIV-1 reservoir are primarily modulated by 

mechanisms operating at a transcriptional and epigenetic level (Ruelas and Greene, 2013, Archin et al., 

2014b).   

 

2.1. Molecular mechanisms of HIV-1 latency establishment and maintenance 

As aforementioned, an incomplete understanding of molecular mechanisms responsible for HIV-1 

latency establishment and maintenance presents a principal challenge in cure research. Although 

transcriptional and epigenetic processes are established as the primary regulators, their multifaceted 

dynamics remain insufficiently understood (Abbas and Herbein, 2012, Van Lint et al., 2013, Chou et 



 

4 
 

al., 2024). This chapter therefore discusses (a) integration site selection and chromatin environment, (b) 

transcriptional interference, (c) epigenetic regulation, (d) sequestered cellular transcription factors, and 

(e) post-transcriptional regulation, all of which critically enable transcriptional silencing that underpins 

both the establishment and persistence of the latent reservoir (Abbas and Herbein, 2012, Van Lint et 

al., 2013, Chou et al., 2024). 

  

2.1.1. Integration site selection and chromatin environment 

Establishing HIV-1 latency begins with the integration of viral DNA into the host genome, a process 

far more strategic than once imagined. The virus doesn't merely drift into the nucleus, it actively hijacks 

cellular importin/karyopherin pathways to shuttle its pre-integration complex inside non-dividing cells 

(Bukrinsky et al., 1992, Gallay et al., 1997). What matters for latency, however, is where the virus lands 

after entering the cell. A recent study demonstrated that HIV-1 specifically targets the outer nuclear 

shell near nuclear pores, homing in on transcriptionally active chromatin regions, a preference that 

seems paradoxical for a virus seeking long-term silence (Marini et al., 2015). The host protein 

LEDGF/p75 (lens epithelium-derived growth factor, 75 kDa variant) acts as the molecular zip code that 

actively tethers viral DNA into these regions (Silvers et al., 2010). Rather than random misfortune, 

latency establishment involves deliberate insertion into genomic locations where the virus can exploit 

host factors to maintain transcriptional silence while preserving reactivation potential (Han et al., 2004, 

Mitchell et al., 2004, Lewinski et al., 2005, Abbas and Herbein, 2012). 

 

Furthermore, chromatin accessibility sits at the heart of HIV-1's ability to integrate, persist, and remain 

latent for decades (Jones et al., 2025). Initial investigations into the chromatin landscape identified 

DNase I-hypersensitive sites at the LTR mark regions of active transcription, yet the virus strategically 

embeds itself in gene-dense chromatin where host machinery can repress it (Verdin, 1991). This 

repression is orchestrated through multiple mechanisms including a maintained state of hypoacetylation 

of nucleosomes by histone deacetylases (HDACs) (Van Lint et al., 1996), the occlusion of transcription 

factor binding by remodelling complexes like the Brahma-associated factor (BAF) and facilitates 

chromatin transcription (FACT) (Vanti et al., 2009, Rafati et al., 2011), and the inhibition of polymerase 

access to the provirus by local host promoters (Shan et al., 2011). Recent advances reveal that intact 

proviruses often integrate in non-genic regions or antisense orientations (Einkauf et al., 2019), while 

single-cell studies confirm that latency establishment, and by extension, latency-reversal, is dictated by 

integration site context and 3D nuclear architecture (Janssens et al., 2022, Jones et al., 2025). 

Understanding these mechanisms reveals that enhancing chromatin access and disrupting the virus's 

precise integration targeting could significantly modulate HIV-1 latency, underscoring the therapeutic 

potential of chromatin environment and viral integration in cure development. 
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2.1.2. Transcription interference 

HIV-1 transcription is the process by which the integrated HIV-1 provirus uses its 5′ LTR promoter and 

host RNA polymerase II (RNAPII) to synthesize viral RNAs from proviral DNA (Roebuck and 

Saifuddin, 1999, Karn, 2011, Schiralli Lester and Henderson, 2012). This reaction is initiated by the 

binding of the specificity protein 1 (Sp1) and other cellular transcription factors to LTR cis‑elements 

leading to basal transcription and the production of short, abortive viral mRNA transcripts (Sviderskaia 

and Meier-Stephenson, 2025).  

 

Only a limited number of viral transcripts are fully elongated, which makes Tat one of the HIV-1 

genes expressed early during infection (Easley et al., 2010). Tat first docks onto the TAR (trans-

activation response element) stem-loop (nucleotides +1 – +59) of the nascent viral transcript, 

recruits the positive transcription elongation factor b (P-TEFb) to that RNA platform, and then 

triggers CDK9-mediated phosphorylation of RNAPII’s C-terminal domain and the negative 

elongation factors DSIF/NELF, thereby releasing promoter-proximal pausing and committing 

the polymerase to processive elongation of full-length HIV-1 genomes. (Roebuck and Saifuddin, 

1999, Karn, 2011, Schiralli Lester and Henderson, 2012). Efficient completion of the viral life cycle 

requires a threshold burst of productive transcription from the 5′ LTR; when this is restricted, the 

provirus can enter a latent state characterised by little or no HIV-1 RNA production (Roebuck and 

Saifuddin, 1999, Karn, 2011, Schiralli Lester and Henderson, 2012). 

 

Transcriptional interference (TI) contributes to the establishment and maintenance of this latent state 

by suppressing LTR-driven transcription, even in the presence of Tat, when the provirus integrates 

within actively transcribed host genes (Greger et al., 1998, Lenasi et al., 2008, Ruelas and Greene, 

2013). This process is achieved through two major mechanisms, namely promoter occlusion and 

convergent transcription. Promoter occlusion occurs when the HIV-1 provirus integrates downstream 

of a host gene in the same transcriptional orientation (Siliciano and Greene, 2011, Abbas and Herbein, 

2012, Ruelas and Greene, 2013). In this configuration, transcription from the upstream host gene can 

elongate beyond its normal stop signal,  a process known as read-through transcription, due to 

RNAPII failing to properly terminate (Greger et al., 1998, Lenasi et al., 2008, Ruelas and Greene, 2013). 

This read-through transcription can displace Sp1 and other transcription factors from the HIV-1 LTR, 

further reinforcing viral latency (Greger et al., 1998, Lenasi et al., 2008, Ruelas and Greene, 2013).  
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In contrast, convergent transcription is characterised by the integration of the provirus in an opposite 

orientation to the host gene (Lewinski et al., 2005, Siliciano and Greene, 2011, Ruelas and Greene, 

2013). In this configuration, RNAPII complexes transcribing the host gene and the proviral DNA can 

collide during the elongation (Lewinski et al., 2005, Siliciano and Greene, 2011, Ruelas and Greene, 

2013). These collisions can lead to premature termination at one or both promoters (Lewinski et al., 

2005, Siliciano and Greene, 2011, Ruelas and Greene, 2013).  

 

Convergent transcription can also result in the formation of double-stranded viral RNAs, which can 

trigger RNA interference, RNA-mediated methylation, and biologically active antisense RNAs 

(Siliciano and Greene, 2011, Ruelas and Greene, 2013). Collectively, these TI mechanisms, both 

promoter occlusion and convergent transcription, highlight that the orientation-dependent regulation of 

viral transcription is highly variable, depending on factors such as 5' LTR occupancy and the host gene 

transcription rate (Lewinski et al., 2005, Siliciano and Greene, 2011, Ruelas and Greene, 2013). 

 

2.1.3. Epigenetic regulation 

A key mechanism for maintaining HIV-1 latency involves epigenetic changes in chromatin that suppress 

viral gene expression, as is the case with host genes (Siliciano and Greene, 2011, Ruelas and Greene, 

2013). Host gene expression is dynamically controlled through alterations in chromatin structure; 

condensed chromosomes during mitosis are highly compacted, whereas actively transcribed genes 

reside in "open" chromatin regions called euchromatin, and inactive genes are typically found in tightly 

packed heterochromatin (Siliciano and Greene, 2011, Ruelas and Greene, 2013, Mirabella et al., 2015). 

Heterochromatin formation inhibits gene expression by blocking transcription factors from accessing 

the DNA (Mirabella et al., 2015).  

 

Given the role of chromatin in regulating transcription, HIV-1 integration is influenced by these 

epigenetic landscapes. Large-scale mapping of HIV-1 integration sites revealed a strong preference for 

insertion into actively transcribed regions of the genome (Schröder et al., 2002, Mitchell et al., 2004, 

Hakre et al., 2012). In vitro studies using Jurkat T-cell lines further characterised integration patterns, 

including transcription units, gene deserts, and heterochromatic regions, and latent viral populations 

enriched near centromeric alphoid repeats (Han et al., 2004, Mitchell et al., 2004, Lewinski et al., 2005). 

In vivo studies of resting CD4+ T-cells from PLWH on ART also showed that most integrated HIV-1 

DNA resides within actively transcribed genes, challenging earlier assumptions about the mechanisms 

underlying HIV-1 latency (Han et al., 2004, Mitchell et al., 2004, Lewinski et al., 2005, Abbas and 

Herbein, 2012). 
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Integration into heterochromatin is not the primary mechanism of HIV-1 latency; rather, other features 

of chromatin biology play a more significant role (Siliciano and Greene, 2011, Ruelas and Greene, 

2013). This led to further investigation of the chromatin environment, which revealed that histone 

modifications are key regulators of HIV-1 gene expression during latency (Imai and Ochiai, 2011). 

Specific histone marks are associated with transcriptional activity or repression. For example, 

trimethylation of lysine 4 on the histone H3 protein (H3K4me3) and acetylation of histone H3 at residue 

K9 (H3K9ac) are linked to active transcription, whereas H3K9me3 is a repressive mark associated with 

latency (Kim et al., 2017). H3K9me3 establishes repressive heterochromatin at the HIV-1 5′ LTR, 

silencing proviral transcription by recruiting heterochromatin protein 1 (HP1) and promoting 

nucleosome compaction (Turner and Margolis, 2017). This mark is deposited by the suppressor of 

variegation 3-9 homolog 1 (Suv39h1) and euchromatic histone-lysine N-methyltransferase 2 (EHMT2), 

and its repressive effect is reinforced by host factors such as the origin recognition complex subunit 1 

(ORC1), creating a stable, heritable barrier to viral gene expression (Turner and Margolis, 2017). 

 

DNA methylation is another mechanism of epigenetic regulation, in which a methyl group (–CH₃) is 

added to the 5-carbon of cytosine (Moore et al., 2013). This modification occurs most commonly at 

CpG sites (dinucleotide sequence in which a cytosine is directly followed by a guanine on the same 

DNA strand, connected by a phosphate group [5′-C-p-G-3′]) (Moore et al., 2013). This heritable mark 

compacts chromatin, limiting transcription factor access and silencing gene expression (Moore et al., 

2013). 

 

Studies of the 5′ LTR from aviremic individuals on ART, whose proviruses resist reactivation, revealed 

hypermethylation of CpG islands (Blazkova et al., 2009). This feature distinguishes aviremic 

individuals from viremic individuals, whose promoters are hypomethylated, transcriptionally 

permissive (Blazkova et al., 2009). Further investigations showed that this epigenetic blockade is 

catalyzed specifically by DNA methyltransferase (DNMT) -1 and DNA methyltransferase 3 beta 

(DNMT3B), which maintain repressive methylation patterns across cellular divisions, effectively 

locking the provirus in a dormant state that withstands immune and therapeutic pressure (Blazkova et 

al., 2009). 

 

Notably, the role of DNA methylation extends beyond transcriptional silencing, it interacts with other 

epigenetic modifications to establish and maintain a repressive chromatin environment (Imai and 

Ochiai, 2011). DNA methylation often works jointly with histone methylation, particularly through the 
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recruitment of methyl-binding proteins and HDACs, thereby reinforcing transcriptional repression 

(Imai and Ochiai, 2011). This interplay between epigenetic mechanisms contributes to the stability of 

the latent state and serves as a barrier to spontaneous reactivation of viral transcription (Imai and Ochiai, 

2011). Consequently, understanding the precise mechanisms by which DNA methylation interacts with 

histone modifications remains a critical area of research, with important implications for developing 

strategies aimed at either clearing the persistent viral reservoir or locking it in a deep state of latency. 

 

2.1.4. Sequestered cellular transcription factors 

A crucial component of HIV-1 latency is the limited availability of essential host transcription and 

elongation factors necessary for productive HIV-1 transcription (Siliciano and Greene, 2011, Ruelas 

and Greene, 2013). In latently infected memory CD4+ T-cells, many of these transcriptional activators 

are sequestered in inactive states, while transcriptional repressors accumulate at the HIV-1 promoter, 

further suppressing viral gene expression (Pace et al., 2011, Siliciano and Greene, 2011, Ruelas and 

Greene, 2013).  

 

One prominent example is NF-κB, a key regulator of HIV transcription. Under resting conditions, NF-

κB remains sequestered in the cytoplasm, while NF-κB homodimers occupy the HIV-1 promoter, 5′ 

LTR and recruit HDACs, thereby establishing a transcriptionally repressed chromatin environment 

(Coiras et al., 2007, Colin and Van Lint, 2009, Abbas and Herbein, 2012, Dutilleul et al., 2020). 

 

As previously mentioned, P-TEFb is another cellular protein complex that plays a crucial role in host 

gene regulation and is hijacked by the HIV-1 to promote viral transcription (Quivy and Van Lint, 2004, 

Colin and Van Lint, 2009). When P-TEFb is bound to the inhibitory 7SK small nuclear 

RNA/hexamethylene bisacetamide-induced protein (7SK snRNA/HEXIM) complex, it is unable 

facilitate transcriptional elongation, thereby contributing to maintenance of HIV-1 transcriptional 

silence (Quivy and Van Lint, 2004, Colin and Van Lint, 2009). In addition to P-TEFb, other host factors, 

including activator protein-1 (AP-1), Sp1, cyclin-dependent kinase 2 (CDK2),  and various chromatin-

modifying enzymes, are also sequestered during latency, further contributing to transcriptional 

suppression (Coiras et al., 2007, Colin and Van Lint, 2009, Abbas and Herbein, 2012, Dutilleul et al., 

2020). Understanding the mechanisms governing the sequestration and release of these factors may 

inform strategies aimed at manipulating latent HIV-1 transcription (Coiras et al., 2007, Colin and Van 

Lint, 2009, Abbas and Herbein, 2012, Dutilleul et al., 2020).  
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Overall, HIV-1 latency emerges as a tightly coordinated and multifactorial state governed by the 

dynamic interplay between epigenetic modification, chromatin architecture, and restricted access to 

host transcriptional control machinery (Abbas and Herbein, 2012). This multilayered regulatory 

network ensures durable silencing of the provirus while preserving the potential for rapid reactivation, 

underscoring the complexity of HIV-1 persistence and the challenges associated with targeting the 

latent reservoir. 

 

2.2. Cure strategies: ‘shock and kill’ and ‘block and lock’ 

Currently, ART is proving to be inefficient when it comes to clearing stable HIV-1 reservoirs (Abbas 

and Herbein, 2012). This has spurred the search for new HIV-1 treatment and cure strategies aimed at 

either preventing the establishment of latency, reactivating viral reservoirs in chronically infected 

individuals to enable viral clearance, or a combination of both approaches (Abbas and Herbein, 2012). 

There have been cases in the recent past that have fuelled hopes for an HIV-1 cure or durable control. 

First, it was the case of Timothy Brown who underwent stem cell transplantation using donor cells from 

a person with a rare genetic mutation (CCR5-Δ32) that provided resistance to HIV-1 (Hutter et al., 

2009). Next, there were Boston patients who maintained undetectable viral loads for some time post-

stem-cell transplant and cessation of ART (Henrich et al., 2014). This was followed by the case of the 

Mississippi child who was born with HIV-1 and maintained undetectable viral loads without ART for 

over two years after being put on therapy for eighteen months  (Luzuriaga et al., 2015). Furthermore, 

there was a report of a VISCONTI cohort who began ART very early after infection. This cohort, after 

eventually discontinuing ART, maintained long-term control over their viral load without the need for 

continued treatment (Sáez-Cirión et al., 2013). Most recently, a perinatally infected child achieved viral 

remission despite a prolonged treatment interruption (Frange et al., 2016). 

 

These findings have steered HIV-1 cure research towards more treatment interruption trials, which have 

yielded significant information regarding the nature of HIV-1 reservoirs. For example, Williams et al. 

(2014) revealed that the total HIV-1 DNA level is correlated with the timing of viral rebound after ART 

cessation. This finding established that the size of the HIV-1 reservoirs can predict the timing of viral 

rebound post-treatment interruption (Williams et al., 2014). These discoveries have further motivated 

strategies targeting the latent reservoirs in HIV-1-infected individuals, with the goal of inducing proviral 

expression to facilitate the elimination of the virus and infected cells (Deeks, 2012, Ruelas and Greene, 

2013). 
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Early attempts to reactivate viral production through global T-cell activation resulted in harmful 

immune activation, prompting a shift toward strategies that reactivate the virus without inducing T-cell 

activation  (Archin et al., 2009, Barton et al., 2013, Xing and Siliciano, 2013, Lewis et al., 2023). 

However, most of these approaches have primarily been tested in cell line models of HIV-1 latency, 

with limited validation in resting CD4+ T-cells from aviremic patients (Xing and Siliciano, 2013, Lewis 

et al., 2023). The development of primary cell models of latency has offered critical insights into the 

responses to various LRAs (Lewis et al., 2023). Nevertheless, translating these findings into clinical 

applications presents challenges (Archin et al., 2009, Barton et al., 2013, Xing and Siliciano, 2013, 

Lewis et al., 2023). Promising strategies include small-molecule inhibitors targeting HDACs to promote 

transcription at the HIV-1 LTR, with some HDAC inhibitors advancing to clinical trials (Archin et al., 

2009, Archin et al., 2014a). However, the intricate nature of biological systems and the necessity for a 

deeper comprehension of the impacts of these interventions on host genes are crucial for designing 

effective and enduring strategies to induce latent HIV-1 genome expression and potentially achieve 

viral clearance (Archin et al., 2014a, Lewis et al., 2023). 

 

2.3. Shock and kill 

Despite the global roll-out of ART and its effectiveness in suppressing viral replication to levels below 

the limit of detection, ART alone is insufficient to clear the stable HIV-1 reservoir, necessitating lifelong 

treatment (Arts and Hazuda, 2012). This limitation has driven the development of novel cure strategies 

aimed at reactivating latent viral reservoirs to enable immune-mediated clearance, or combining both 

approaches to achieve durable viral control or eradication (Deeks, 2012, Acchioni et al., 2021). One of 

the leading strategies in HIV-1 cure research is the "shock and kill" approach, which aims to clear latent 

viral reservoirs by reactivating latent proviruses using LRAs. This reactivation forces previously latent 

proviruses  to undergo viral gene transcription, proteins expression, and produce virions (Figure 1) 

(Deeks, 2012).  

 

Once reactivated, these previously latently infected cells become susceptible to immune-mediated 

clearance or cytolysis, while ART prevents new rounds of infection (Figure 1) (Deeks, 2012, Cohn et 

al., 2020). To date, over 300 compounds (including epigenetic modulators, chromatin remodelers, 

signaling agonists, and transcriptional activators) have been tested for their ability to reactivate latent 

HIV-1 in vitro (Hashemi and Sadowski, 2020, Maina et al., 2021). Among these, HDAC inhibitors 

represent the most extensively studied class of LRAs in pre-clinical and clinical cure trials (Hashemi 

and Sadowski, 2020, Maina et al., 2021). 
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i. Vorinostat/suberoylanilide hydroxamic acid, an HDAC-inhibitor 

Vorinostat (suberoylanilide hydroxamic acid, SAHA) is a hydroxamate-class HDAC inhibitor that 

broadly targets class I and II HDAC enzymes, exerting diverse cellular effects through both 

transcriptional and non-transcriptional mechanisms (Bubna, 2015). Its inhibitory action occurs via 

chelation of the catalytic zinc ion in HDACs, with structural studies revealing how its phenyl ring 

extends onto the enzyme surface to block substrate access (Finnin et al., 1999, Bubna, 2015). This 

inhibition leads to accumulation of acetylated proteins, including histones, resulting in altered gene 

expression through both direct HDAC inhibition and indirect modulation of transcription factors such 

as E2 promoter binding factor 1 (E2F-1), yin yang 1 (YY-1), mothers against decapentaplegic homolog 

7 (Smad7), tumor protein p53 (p53), B-cell lymphoma 6 (Bcl-6), and GATA-binding factor 1 (GATA-

1)  (Bereshchenko et al., 2002, Johnstone and Licht, 2003, Bubna, 2015).  

 

 

Figure 1: Conceptual overview of the “shock and kill” HIV-1 cure strategy. This figure shows that 

latency-reversing agents (LRAs) reactivate transcriptionally silent proviruses in resting CD4+ T-cells, 

inducing viral gene expression and exposing infected cells to immune-mediated clearance, viral 

cytopathic effects, and ART. The Figure was constructed using the online tool Biorender 

(https://app.biorender.com). 

 

In HIV-1 cure research, vorinostat has emerged as a promising LRA for the "shock and kill" strategy. 

Proof-of-concept studies demonstrated its ability to significantly increase HIV-1 RNA expression in 

resting CD4+ T-cells from ART-suppressed individuals (Archin et al., 2009), while in vivo studies 

revealed additional cytoplasmic effects that enhance post-entry viral processes including reverse 

transcription, nuclear import, and integration in a dose- and time-dependent manner  (Lucera et al., 

2014). These dual mechanisms, both reactivating latent virus through LTR-driven transcription and 
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promoting viral replication steps, position vorinostat as a multifaceted agent in HIV-1 clearance 

strategies, capable of rendering infected cells more susceptible to immune clearance while preventing 

new infections through ongoing ART (Archin et al., 2014a, Lucera et al., 2014). 

 

ii. Phorbol 12-Myristate 13-Acetate, a protein kinase C agonist 

T-cell activating agents that engage signal transduction pathways can effectively reverse HIV-1 latency 

in cell-based models (Ao et al., 2016). The protein kinase C (PKC) pathway plays a central role in this 

process by activating key transcription factors (NFAT, NF-κB, and AP-1) essential for T-cell activation 

and viral reactivation (Ao et al., 2016). PKC agonists, including phorbol esters (e.g., PMA), prostratin, 

bryostatin-1, and ingenol derivatives, have demonstrated potent latency-reversing activity in both cell 

lines and primary cells from PLWH (Ao et al., 2016). PMA (12-O-tetradecanoylphorbol-13-acetate), a 

diacylglycerol (DAG) mimetic, specifically activates PKC isoforms, triggering downstream 

phosphorylation events that regulate cellular activation and HIV-1 LTR-driven transcription (Brogdon 

et al., 2016, Rodari et al., 2021, Kazanietz and Cooke, 2024). Mechanistic studies reveal that PMA 

rapidly induces HIV-1 expression through PKC/NF-κB-dependent mechanisms, including enhanced 

formation of transcription factor complexes (Sp1-p53-c-Jun) at the viral promoter (Jabareen et al., 

2018). PKC agonist-mediated HIV-1 reactivation was also reported in lymphoid cells (Kalvatchev et 

al., 1997). More recent work has shown that the next-generation DAG-lactone derivative YSE028 acts 

as a potent LRA in models of HIV-1 latency (Matsuda et al., 2021). In vitro, YSE028 not only 

reactivated latent HIV-1 in ACH-2 and J-Lat cell lines and in primary CD4⁺ T-cells from PLWH on 

suppressive ART, but its latency reversal activity was synergistically enhanced when combined with 

the bromodomain and extra-terminal (BET) inhibitor JQ1 (Matsuda et al., 2021). Moreover, YSE028 

selectively induced caspase-mediated apoptosis in latently infected cells while showing minimal 

toxicity in vitro and in vivo, supporting their potential as components of combination strategies to reduce 

the HIV-1 reservoir (Matsuda et al., 2021).  

 

Despite remarkable efforts, expectations for this “shock and kill” strategy have not been met yet (Kim 

et al., 2018). Reasons behind the shortcomings of this strategy include transiency of the induced HIV-

1 expression (Archin et al., 2014a). Clinical studies revealed that LRA treatment results in temporal 

increases in HIV-1 RNA expression, with viral transcription returning to baseline levels within 7-14 

days following LRA cessation (Archin et al., 2014a). This makes achieving a sustained and robust 

reactivation of latent HIV-1 challenging and limits the efficacy of the subsequent "kill" phase (Archin 

et al., 2014a, Kim et al., 2018). These limitations have spurred interest in alternative approaches such 
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as the "block and lock" strategy, which aims for functional cure by permanently silencing residual 

proviruses rather than reactivating them (Maina et al., 2021).  

 

2.4. Block and lock 

The "block and lock" strategy represents a paradigm shift in HIV-1 cure research, aiming to establish 

permanently silenced viral reservoirs that are unable to initiate viral rebound after treatment interruption 

(Figure 2) (Vansant et al., 2020, Vargas and Sluis-Cremer, 2022). This approach utilizes LPAs to 

epigenetically suppress proviral transcription and enforce a deep latent state, effectively "locking" HIV-

1 in place (Vansant et al., 2020, Vargas and Sluis-Cremer, 2022).  

  

 

Figure 2: Conceptual overview of the "block and lock" HIV-1 cure strategy. Latency-promoting agents 

(LPAs) reinforce transcriptional silencing of integrated proviruses through epigenetic modifications, 

preventing reactivation and maintaining the virus in a deeply latent, non-inducible state; mechanistically 

opposing the "shock and kill" approach. The Figure was constructed using the online tool Biorender 

(https://app.biorender.com). 

 

While integrated proviral DNA persists, transcriptional silencing blocks viral gene expression, thus 

locking the reservoir in a deep latent state, eliminating the need for continuous ART (Moranguinho and 

Valente, 2020). This method targets a functional cure, wherein viral replication is managed without the 

necessity of ART (Moranguinho and Valente, 2020). Functional cure approaches are anticipated to be 

more cost-effective, provide enduring effects, and be feasible in resource-limited settings compared to 

standard ART regimens (Moranguinho and Valente, 2020). Due to the intricate nature of HIV-1 

transcription, which involves numerous factors, there are multiple compounds that target various steps 

in viral transcription that are being explored in the quest for a functional cure (Moranguinho and 

Valente, 2020). 
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i. Tanespimycin, a HSP90i 

Environmental temperature significantly influences HIV-1 replication dynamics, with clinical 

observations showing that fever episodes in PLWH can modulate viral activity (Modjarrad and 

Vermund, 2010). In vitro studies demonstrate that heat shock enhances HIV-1 production in both 

latently infected cell lines and peripheral blood mononuclear cells (PBMCs), revealing a temperature-

dependent aspect of viral reactivation (Roesch et al., 2012). Central to this phenomenon is heat shock 

protein 90 (HSP90), an adenosine triphosphate (ATP)-dependent molecular chaperone that constitutes 

1-2% of cellular proteins and plays a pivotal role in viral protein folding and stabilization (Csermely et 

al., 1998, Iyer et al., 2021). HSP90 ensures proper maturation of critical viral components, including 

polymerases and capsid proteins, thereby maintaining viral infectivity (Csermely et al., 1998, Iyer et 

al., 2021). The chaperone's involvement extends to HIV-1 transcriptional regulation, where it co-

localises with active proviruses and enhances LTR-driven expression, particularly under hyperthermic 

conditions (Roesch et al., 2012, Anderson et al., 2014). Mechanistically, HSP90 intersects with key 

pathways in HIV-1 biology, i.e. it facilitates NF-κB-mediated T-cell activation and maintains p-TEFb 

functionality for transcriptional elongation (Roesch et al., 2012, Anderson et al., 2014, Pan et al., 2016). 

These dual roles make HSP90 inhibition an attractive therapeutic strategy, as demonstrated by studies 

showing that HSP90 knockdown suppresses viral reactivation while its overexpression enhances it (Pan 

et al., 2016, Trivedi et al., 2019). 

 

The geldanamycin analog tanespimycin (17-AAG) exemplifies this therapeutic potential through its 

specific inhibition of HSP90's ATP-binding pocket (Prodromou et al., 1997, Banerji et al., 2005). In 

vitro studies reveal tanespimycin (Ts)’ dose-dependent suppression of HIV-1 reactivation across J-Lat 

cell line models, with enhanced efficacy under hyperthermic conditions (Roesch et al., 2012, Anderson 

et al., 2014). By disrupting HSP90's chaperone functions, Ts impairs the stability of HIV-1 replication 

machinery, effectively blocking both basal and heat-induced viral transcription  (Roesch et al., 2012). 

These findings position HSP90 inhibitors as promising candidates for therapeutic strategies targeting 

HIV-1 latency and replication, particularly in contexts of temperature-mediated viral activation. 

 

ii. Spironolactone, a degrader of the XPB subunit 

Transcription factor II H (TFIIH) is a large multiprotein complex (⁓460 kDa) that forms part of the six 

transcriptional factors (TFII-A, -B, -D, -E, -F, and -H) required for basal transcription initiation 

(Orphanides et al., 1996, Schultz et al., 2000, Greber et al., 2019). These factors, in combination with 

RNAPII, interact with the integrated provirus LTR to form the transcription initiation complex (TIC) 
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(Orphanides et al., 1996, Schultz et al., 2000, Greber et al., 2019). The formation of the TIC is the first 

step in transcription initiation and is critical for promoter opening, synthesis of the initial phosphodiester 

bond, and promoter clearance (Orphanides et al., 1996, Schultz et al., 2000, Greber et al., 2019). TFIIH 

is unique among the aforementioned transcription factors due to its enzymatic activities and plays a role 

in both transcription and DNA repair (Compe and Egly, 2016, Rimel and Taatjes, 2018). TFIIH is 

composed of nine polypeptides and can be divided into two structural and functional complexes (Compe 

and Egly, 2016, Rimel and Taatjes, 2018). The CDK activating kinase (CAK) complex (comprising 

CDK7, cyclin H, and ménage à trois 1 [MAT1]) phosphorylates RNAPII's C-terminal domain (CTD) 

to facilitate transcription elongation  (Schultz et al., 2000, Compe and Egly, 2016, Rimel and Taatjes, 

2018). The core TFIIH complex contains the helicases xeroderma pigmentosum group b protein (XPB) 

and xeroderma pigmentosum group D (XPD) (with opposing polarities) and structural subunits (p62, 

p52, p44, p34), which collectively regulate transcription initiation (Greber et al., 2019).  

 

XPB, an adenosine triphosphate (ATP)-dependent helicase, is essential for promoter melting; mutations 

disrupting its ATP-binding site impair promoter opening and transcription (Compe and Egly, 2016, 

Rimel and Taatjes, 2018). Spironolactone (Sp) induces the XPB subunit in the TFIIH complex in a 

dose-dependent manner (Lacombe et al., 2016, Mori et al., 2021b). Cells treated with Sp exhibited a 

reduction in viral production, as evidenced by decreased levels of the HIV-1 capsid protein p24 and 

viral mRNA, without obvious cytotoxic effects (Lacombe et al., 2016, Mori et al., 2021b).  While XPB 

is critical for transcription initiation, its degradation by Sp does not significantly affect global 

transcription but specifically inhibits genes that are highly dependent on NF-κB, including HIV-1 

(Lacombe et al., 2016, Mori et al., 2021b). Furthermore, Sp inhibits HIV-1 replication beyond 

transcription initiation as it suppresses Tat-dependent HIV-1 transactivation, effectively blocking HIV-

1 infections in permissive T-cells (Lacombe et al., 2016, Mori et al., 2021b). This positions Sp as a 

promising "block and lock” therapeutic agent that targets a host cellular protein rather than the virus 

itself. 

 

2.5. Limitations of existing LRAs and LPAs 

LRAs are being intensively investigated as a critical component of "shock and kill" HIV-1 cure 

regimens to activate the latent reservoirs of HIV-1 so that they can be eliminated. Although very potent 

in inducing viral transcription in the majority of in vitro and ex vivo models, their potential in depleting 

the reservoir in patients is restricted (Darcis et al., 2017, Rodari et al., 2021). Clinical studies of LRAs 

like HDAC inhibitors romidepsin and vorinostat have exhibited enhanced viral RNA expression without 

inducing significant depletion of latently infected cells or interrupting viral rebound after halting ART 
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(Kroon et al., 2020, McMahon et al., 2021). This muted clinical activity is a result of heterogeneity of 

HIV-1 latency reversal as well as complex silencing mechanisms utilised, rendering latent reservoirs 

refractory to homogeneous reactivation (Darcis et al., 2017, Rodari et al., 2021). Also, all but a few 

LRAs cause generalised T-cell activation or off-targeting, which again is not desirable from the safety 

aspect and limits their use in vivo (Darcis et al., 2017, Rodari et al., 2021). For instance, extremely 

potent LRAs that activate NF-κB or protein kinase C agonists cause generalised activation of the 

immune system and thus toxicity and inflammation (Darcis et al., 2017, Rodari et al., 2021). 

Furthermore, the abrogated cytotoxic T lymphocyte function in the chronic patient undermines their 

ability to kill reactivating cells, undermining the "kill" component of the strategy (Darcis et al., 2017, 

Rodari et al., 2021). 

 

LPAs that augment the "block and lock" function by inducing long-term and stable viral latency are 

similarly severely handicapped by severe constraints largely because of the problem of specificity 

(Vansant et al., 2020, Vargas and Sluis-Cremer, 2022). Most LPAs function on host transcriptional 

machinery to knock down HIV-1 proviral expression at the risk of off-target activity against host gene 

expression (Vansant et al., 2020, Vargas and Sluis-Cremer, 2022). For example, certain CDK inhibitors 

and epigenetic modifiers suppress global transcriptional programs other than HIV-1, resulting in 

unwanted host cytotoxicity and interference with host gene expression (Janssens et al., 2024, Horvath 

et al., 2024) . Although drugs like didehydro-cortistatin A (dCA), a Tat inhibitor, have high specificity 

to suppress HIV-1 transcription with minimal host effect, most LPAs lack this to a great extent 

(Mediouni et al., 2019, Vansant et al., 2020, Vargas and Sluis-Cremer, 2022). Low specificity of such 

a nature limits their therapeutic applications because long-term delivery will create undesirable effects 

on cellular function in non-pathological cells (Mediouni et al., 2019, Vansant et al., 2020, Vargas and 

Sluis-Cremer, 2022). Therefore, LPAs and LRAs both presently encounter problems of potency, 

specificity, safety, and immune interaction, which need continued investigation for the construction of 

highly specific, potent agents for HIV-1 reservoir modulation safely in a cure (Mediouni et al., 2019, 

Vansant et al., 2020, Vargas and Sluis-Cremer, 2022). 

 

2.6. Cationic proteins 

The cationic proteins Lz and Lf are  found in high concentrations in human mucosal secretions, such as 

those of the eye, respiratory tract, and reproductive system, as well as in the specific granules of 

polymorphonuclear leukocytes (Ellison and Giehl, 1991, Hanstock et al., 2019). Their presence at these 

sites suggests a role in host defense, and this is supported by their active secretion from the 

polymorphonuclear leukocyte into the external environment during inflammation (Wright and Gallin, 
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1979, Ellison and Giehl, 1991).  Lactoferrin is an iron-binding glycoprotein that inhibits bacterial 

growth by sequestering iron and also has antiviral properties against pathogens like respiratory syncytial 

virus and influenza (Hong et al., 2024). Lysozyme is a bacteriolytic enzyme that is commonly known 

for fundamentally targeting bacterial cell walls (Ellison and Giehl, 1991). While Lz primarily targets 

bacteria, its role in immune regulation extends its protective function to a broader range of pathogens, 

including viruses that are responsible for upper respiratory tract infections (URTIs), and sexually 

transmitted infections (STIs) (Hanstock et al., 2019, Ferraboschi et al., 2021). These two proteins can 

work together to enhance their antimicrobial effects (Ellison and Giehl, 1991). In addition to directly 

combating pathogens, Lf and Lz are involved in modulating immune responses, including anti-

inflammatory actions at mucosal surfaces (Ellison and Giehl, 1991, Ragland and Criss, 2017, Hong et 

al., 2024).  

 

2.6.1. Lysozyme (Lz) 

Lysozyme (muramidase, E.C. 3.2.1.17) is a highly conserved antimicrobial enzyme first discovered by 

Alexander Fleming through its bacteriolytic activity in nasal mucus (Ferraboschi et al., 2021). This 

remarkable enzyme specifically hydrolyzes β-1,4-glycosidic bonds between N-acetylmuramic acid 

(NAM) and N-acetylglucosamine (NAG) in the peptidoglycan layer of Gram-positive bacterial cell 

walls  (Ferraboschi et al., 2021). Notably, Lz holds the distinction of being the first enzyme to have its 

complete amino acid sequence and three-dimensional structure determined by X-ray crystallography 

(Blake et al., 1965, Phillips, 1966). Beyond its natural antimicrobial function (Bergamo and Sava, 

2024), Lz has found widespread applications as a natural preservative in both the food and 

pharmaceutical industries due to its effective inhibition of bacterial growth (Khorshidian et al., 2022).  

 

Lysozyme is classified into three major types, i.e. c-type (chicken), g-type (goose), and i-type 

(invertebrate),  which maintain conserved structural characteristics despite its evolutionary diversity  

(Ferraboschi et al., 2021, Jiang et al., 2021, Bergamo and Sava, 2024). In mammalian systems, Lz 

demonstrates broad tissue distribution, occurring abundantly in hepatic tissue, circulatory systems, and 

various secretory fluids including tears, saliva, and breast milk (Bergamo and Sava, 2024). Notably, this 

enzyme is concentrated at mucosal interfaces and within professional phagocytic cells (macrophages, 

neutrophils, and dendritic cells), where it contributes to innate immune defense mechanisms 

(Ferraboschi et al., 2021, Jiang et al., 2021). Its presence in similar immune cells across non-mammalian 

species highlights its conserved role in defense mechanisms (Ferraboschi et al., 2021, Jiang et al., 2021, 

Bergamo and Sava, 2024). Chicken Lz (cLz) and human Lz (hLz) are both classified as c-type 

lysozymes (Ferraboschi et al., 2021, Jiang et al., 2021, Bergamo and Sava, 2024). Notably however, 

cLz consists of 129 amino acids with a molecular weight of 14.3 kDa, while hLz has 130 amino acids 
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and weighs 14.7 kDa (Ferraboschi et al., 2021, Khorshidian et al., 2022). Despite sharing 59% sequence 

identity, human Lz exhibits three times more antibacterial activity than its chicken counterpart 

(Ferraboschi et al., 2021, Khorshidian et al., 2022).  

 

Originally valued for its antibacterial properties, Lz has gained recognition as a multifunctional 

therapeutic agent with diverse biological activities (Bergamo and Sava, 2024). The discovery of a 14.4 

kDa plant Lz from mung beans demonstrated expanded antifungal and antibacterial capabilities (Wang 

et al., 2005). Recent research highlights Lz's antiviral potential, with both hen egg white (HEWL) and 

human forms showing charge-mediated inhibition of viral entry, independent of their muramidase 

activity (Cisani et al., 1984, Lee-Huang et al., 2005, Bergamo and Sava, 2024).  Evidence supporting 

Lz's antiviral activity comes from studies showing its presence in human chorionic gonadotropin 

preparations (Lee-Huang et al., 2005). A human Lz nonapeptide, HL9, isolated from Lz shared sequence 

homology and muramidase activity with both human Lz and HEWL, exhibiting specific anti-HIV-1 

effects while maintaining a non-cytotoxic profile in eukaryotic cells, though its precise antiviral 

mechanism was not fully elucidated (Lee-Huang et al., 2005). 

 

2.6.2. Lactoferrin (Lf) 

Lactoferrin was first identified in bovine milk in 1939 and was initially described as an iron-containing 

protein (Sorensen and Sorensen, 1939). However, its detailed structure and chemical properties were 

only described in 1960 and since then, it has become a focus of research due to its various functions 

(Groves, 1960, Hong et al., 2024). Lactoferrin is a highly cationic glycoprotein, with an isoelectric point 

(pI) between 8.4 and 9.0, and a molecular weight ranging from 76 to 80 kDa (Baker and Lindley, 1992, 

Britigan et al., 2001, Hong et al., 2024). It occurs in significant amounts [1–10 milligram per millilitre 

(mg/mL)] at mucosal surfaces and in milk, and it is a key component of neutrophil secondary granules 

(Baggiolini et al., 1970, Spitznagel et al., 1974, Britigan et al., 2001). Neutrophils secrete Lf in large 

quantities at sites of bacterial infection (Britigan et al., 2001, Baggiolini et al., 1970, Spitznagel et al., 

1974). Additionally, Lf acts as an antioxidant by preventing iron from catalyzing the formation of 

harmful hydroxyl radicals (Britigan et al., 1986, Britigan et al., 2001).  

 

Lactoferrin has two high-affinity binding sites for ferric iron (Fe) and is crucial for iron binding in milk, 

saliva, tears, and other exocrine secretions (Finkelstein et al., 1983, Weinberg, 1993, García-Montoya 

et al., 2012). This property of Lf contributes to host defense as sequestering iron from pathogens inhibits 

their growth (Finkelstein et al., 1983, Weinberg, 1993, García-Montoya et al., 2012). Initially, the unique 

ability to bind and retain Fe across a broad spectrum of pH values was regarded as the primary source 
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of Lf’s antimicrobial properties (Bellamy et al., 1992, Bellamy et al., 1993, Kanyshkova et al., 1999). 

However, Lf interacts with the outer membrane of Gram-negative bacteria, altering their permeability 

and leading to cell damage and death (Bellamy et al., 1992, Bellamy et al., 1993). This activity is 

attributed to its N-terminal region, called lactoferricin, which contains many arginine residues 

responsible for its positive charge (Bellamy et al., 1992, Bellamy et al., 1993). Additionally, Lf interacts 

with cell surfaces through sulfated proteoglycans and specific membrane receptors, activating the 

extracellular signal-regulated kinases 1 and 2 (ERK1/2) and phosphoinositide 3-kinase / protein kinase 

B (PI3K/Akt) pathways (Gupta et al., 2015, Kanwar et al., 2015). 

 

Three Lf isoforms have been identified i.e., Lf-α, Lf-β, and Lf-γ, each with varying abilities to bind iron 

and ribonuclease activity (Anderson et al., 1989, Lönnerdal and Iyer, 1995, Elzoghby et al., 2020). The 

protein can adopt different conformations depending on its iron saturation i.e., apo-Lf (iron-free), 

monoferric Lf, and holo-Lf (iron-saturated) (Anderson et al., 1989, Lönnerdal and Iyer, 1995, Elzoghby 

et al., 2020). These conformational changes affect its resistance to proteolysis (Anderson et al., 1989, 

Lönnerdal and Iyer, 1995, Elzoghby et al., 2020). Additionally, glycans attached to Lf enhance its 

stability against proteases and acidic environments (Anderson et al., 1989, Lönnerdal and Iyer, 1995, 

Elzoghby et al., 2020). Beyond its antibacterial activity, Lf also has bioactive effects against viruses 

such as HIV-1, hepatitis C virus (HCV), hepatitis B virus (HBV), and severe acute respiratory syndrome 

coronavirus (SARS-CoV) (Elzoghby et al., 2020, Hong et al., 2024).  For example, Lf blocks the 

binding of SARS-CoV to host cells by interfering with viral attachment to heparan sulfate proteoglycans 

on the cell surface (Lang et al., 2011, Mann and Ndung’u, 2020). Moreover, Lf has been shown to 

prevent influenza virus-induced apoptosis and neutralise adenovirus infections, among other antiviral 

actions (Pietrantoni et al., 2010). Its potential as an anti-HIV agent has also been highlighted (Berkhout 

et al., 2002, Groot et al., 2005). 

 

2.6.3. Antiviral Activity of lysozyme and lactoferrin, and their effect against HIV-1 

As aforementioned, both Lz and Lf inhibit viral replication through various mechanisms (Fleet, 1995, 

Lee-Huang et al., 1999, Steinrauf et al., 1999, Groot et al., 2005). Specifically, Lf inhibits viral infection 

by binding directly to viruses, scavenging iron, or competing for host cell receptors (Elzoghby et al., 

2020, Hong et al., 2024). The high pI and arginine-rich N-terminus enables Lf to bind various negatively 

charged molecules, such as lipopolysaccharides (LPS), heparin, heparan sulfates, and DNA (Elzoghby 

et al., 2020, Hong et al., 2024). The ability of Lf to bind DNA has sparked interest in its potential role 

in transcriptional regulation, with some evidence suggesting a sequence-specific interaction with 

eukaryotic DNA (He and Furmanski, 1995).  
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Bovine lactoferrin (bLf) has been proven to be a potent inhibitor of HIV-1, with biological activity 

against different HIV-1 strains that use C-X-C chemokine receptor type 4 (CXCR4) and C-C chemokine 

receptor type 5 (CCR5) coreceptors (Berkhout et al., 2002). Even though bLf is 69% identical to human 

lactoferrin (hLf) and 64% to murine lactoferrin (mLf), its superior anti-HIV properties have prompted 

studies to identify the precise amino acid sequences or structural domains responsible for this inhibitory 

effect on HIV-1 replication (Berkhout et al., 2002). Notably, lactoferricin, a basic N-terminal domain 

crucial for antibacterial activity in bLf, did not display strong anti-HIV-1 activity, suggesting that other 

regions of bLf may mediate its antiviral effects (Berkhout et al., 2002). The broad antiviral activity of 

bLf appears to result from its ability to interfere with viral entry into host cells, making it a relatively 

nonspecific inhibitor of a wide range of enveloped viruses (Berkhout et al., 2002). 

 

Experimental bioassays provided supporting evidence to this hypothesis and illustrated that Lf’s 

antiviral activity is exerted by disrupting the interaction between the virus and its cellular target 

(Harmsen et al., 1995, Puddu et al., 1998, Groot et al., 2005). Upon sexual transmission, intraepithelial 

and submucosal dendritic cells (DCs) are among the first cells to encounter HIV-1 (Sallusto et al., 1998). 

These DCs capture HIV-1 using C-type lectin receptors, particularly DC-SIGN, which facilitates the 

internalization of the virus (Sallusto et al., 1998, Manches et al., 2014). Notably, DCs can retain HIV-1 

in an infectious state for several days and are capable of transmitting the it to CD4+ T-cells (Sallusto et 

al., 1998, Manches et al., 2014). Researchers investigated various proteins from milk and serum for 

their potential to inhibit DC-mediated HIV-1 transmission, identifying bLf as the most effective (Groot 

et al., 2005). Outperforming hLf, bLf expressed a high affinity for binding to DC-SIGN, thereby 

blocking the virus' capture and subsequent transmission (Groot et al., 2005). In another study, p24 

release was completely halted in HIV-1-infected cells that were pre-incubated with iron-saturated 

bovine lactoferrin (Fe3+bLf). This further supported that bLf prevents HIV-1 infection during the virus 

adsorption stage  (Puddu et al., 1998). 

 

Research indicates that Lz inhibits HIV-1 infection by interfering with viral attachment to host cells 

through CD4 receptor interactions (Lee-Huang et al., 1999, Behbahani et al., 2018). A different study 

reported that avian Lz from quail, turkey, and hen egg white demonstrated significant anti-HIV-1 

activity [EC50 values of 7.5 nanomolar (nM), 55 nM, and 10 nM, respectively], with time-of-addition 

experiments confirming inhibition occurs at the viral entry stage (Behbahani et al., 2018). Flow 

cytometry analyses  revealed these avian Lzs reduce the frequency and mean fluorescent intensity (MFI) 

values of CD4+ T-cells in PBMCs without affecting CCR5/CXCR4 coreceptor levels, while molecular 

docking studies showed quail Lz specifically exhibits a stronger binding affinity for the CD4 receptor 
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compared to the rest of avian Lzs (Behbahani et al., 2018). These findings collectively suggest that 

avian Lz likely block HIV-1 infection by competitively binding to CD4 and modulating its cell surface 

availability, with potency variations reflecting species-specific structural differences in the enzymes 

(Behbahani et al., 2018). 

 

2.6.4. Nucleic acid binding and the modulation of gene expression 

In addition to restricting virus-target host cell interactions, both Lz and Lf have been reported to bind 

DNA/RNA (Fleet, 1995, Steinrauf et al., 1999, Lin et al., 2009). The N-terminal region of Lf is well-

known for modulating interactions with cell protein receptors and iron-independent antibacterial 

activities (Mann et al., 1994, He and Furmanski, 1995). However, N-terminal amino acid residues, 

particularly clusters like GRRRRS and RKVR were discovered to exhibit a fundamental property of 

binding with polyanions such as DNA and RNA (Mann et al., 1994, He and Furmanski, 1995). 

Lactoferrin is understood to have the highest affinity to three specific DNA sequences: 

GGCACTT(G/A)C (ON1), TAGA(A/G)GATCAAA (ON2), and ACTACAGTCTACA (ON3) (He and 

Furmanski, 1995). Although Lf's ability to bind nucleic acids has been known for decades, there is still 

a gap in knowledge regarding the biological significance of this property (Kanyshkova et al., 1999, 

Kowalczyk et al., 2022). Kim et al. (2012) demonstrated that in endothelial cells, Lf translocates to the 

nucleus and competes with NF-κB for binding to the intercellular adhesion molecule (ICAM)-1 

promoter at a specific sequence (GGAAATTCC) that resembles the canonical lactoferrin binding site 

(LBS). By physically occupying this proximal NF-κB site, Lf blocks recruitment of p65/p50 

heterodimers to the promoter, thereby repressing tumour necrosis factor alpha (TNF-α)-induced 

transcription without affecting NF-κB nuclear translocation or mRNA stability (Kim et al., 2012). This 

finding aligns with earlier reports of Lf's nuclear localization and sequence-specific DNA binding, 

revealing a mechanistic basis for how this iron-binding glycoprotein can act as a transcriptional 

repressor at inflammatory gene loci (Kanyshkova et al., 1999, Kim et al., 2012, Kowalczyk et al., 2022).  

 

There is evidence that suggests Lf binds DNA with varying stoichiometry depending on its 

concentration, indicating the presence of two nucleic acid-binding centers in the N-terminal region with 

distinct affinities (Kanyshkova et al., 1999). Notably, the two binding sites are hypothesised to overlap 

with the polyanion and antimicrobial domains of the protein that give rise to its innate defense 

characteristics (Kanyshkova et al., 1999). A study by Mulligan et al. provided affirmation to this 

hypothesis when they illustrated that Lf bound to bacterial DNA CpG motifs in extracellular 

compartments (Mulligan et al., 2006). The observed interaction significantly suppressed CpG motif-

induced NF-κB activation and reduced transcriptional activity of interleukin (IL)-8 and IL-12 cytokine 
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genes, demonstrating potent immunomodulatory effects (Mulligan et al., 2006). Additionally, Lf has 

been shown to hydrolyze RNA, with ribonuclease activity targeting pyrimidine chains of specific 

substrates like poly(rA):poly(rU) (Furmanski et al., 1989). This activity is attributed to motifs in Lf that 

resemble those in RNase A proteins, although it has been suggested that these active sites may coincide 

with the N-terminal polyanion-binding region rather than forming a distinct RNase center (Furmanski 

et al., 1989, Sharada Devi et al., 1994).  

 

Lysozyme contains multiple nucleic acid-binding sites, including one high-affinity site and several non-

specific sites, suggesting potential roles in modulating DNA/RNA structure and function (Steinrauf et 

al., 1999, Zalar et al., 2023, Bergamo and Sava, 2024). While its ability to induce nucleic acid curvature 

remains unclear, its strong positive charge (+8e) and compact structure enable it to alter DNA 

electrophoretic mobility, potentially influencing transcription, translation, and viral replication 

(Steinrauf et al., 1999, Zalar et al., 2023, Bergamo and Sava, 2024). This is supported by its protective 

effects against HIV-1, where it may disrupt viral processes by interfering with nucleic acid dynamics 

(Lee-Huang et al., 2005).  

 

A functionally critical nonapeptide (RAWVAWRNR, residues 107–115 of human Lz) was identified 

and reported to retain potent anti-HIV activity comparable to full-length Lz (Lee-Huang et al., 2005). 

Located in a non-catalytic α-helix, this fragment binds HIV glycoprotein 41 (gp41), inhibiting 

membrane fusion and modulating host gene expression in infected cells. Specifically, it reverses HIV-

induced upregulation of stress/survival genes (e.g., HSP27/90, growth arrest and DNA damage-

inducible 45 [GADD45], murine double minute 2 [MDM2]) while restoring anti-apoptotic proteins 

(baculoviral inhibitor of apoptosis repeat-containing [BIRC]2/BIRC3) (Lee-Huang et al., 2005).  These 

effects implicate key pathways including NF-κB, p53, transforming growth factor-beta (TGF-β), and 

hedgehog signaling, highlighting Lz’s broader role in regulating nucleic acid-driven processes during 

viral infection (Fleet, 1995, Lin et al., 2009).  

 

3. Rationale of the study 

The persistence of latent HIV-1 reservoirs represents the foremost challenge in developing a cure for 

HIV-1. In their transcriptionally silent state, integrated proviruses evade both antiretroviral therapy 

(ART) and immune surveillance, creating a critical barrier to HIV-1 cure. One fundamental hindrance 

to the search for an HIV-1 cure is the challenge that has faced both of the front-running therapeutic 

strategies. The "shock and kill" strategy, employing LRAs to induce the virus out of its latent state, has 
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shown significant disparity in clinical trials. For examples, drugs such as vorinostat/SAHA are capable 

of reactivating the virus, but to date, they have not yet shown a sustained reduction in the latent reservoir 

size or prevention of viral rebound upon treatment interruption. As discussed above, this stems from the 

sheer heterogeneity and complexity of the reservoir itself, insufficient specific immune targeting by 

most LRAs resulting in adverse systemic inflammation, and frequently-exhausted cytotoxic T-cells that 

cannot kill the reactivated cells.  

 

Conversely, the "block and lock" strategy, seeking to silence the virus permanently with LPAs, is 

beleaguered by an inherent deficit of specificity. Most LPAs act by generally blocking host cell 

transcription, and this carries with it a concerning potential of off-target toxicity and disruption of 

fundamental cellular processes if used over long periods. Effectively, both avenues are now constrained 

by the same issues of accuracy, safety, and strength, underscoring the need for sophisticated, HIV-

focused instruments to eventually achieve a cure. Current cure strategies necessitate deeper insights into 

the molecular regulation of viral latency and the development of innovative approaches to either (i) 

selectively reactivate latent proviruses for subsequent immune-mediated clearance or (ii) induce a state 

of deep latency in the reservoirs that will render them unsusceptible to reactivation and viral rebound 

even in the case of ART cessation.  

 

Emerging evidence highlights the potential role of cationic DNA-binding proteins, including Lz and Lf, 

as modulators of gene expression. These multifunctional proteins (a) engage with cellular nucleic acids 

through electrostatic interactions, (b) influence critical signaling pathways (NF-κB, PKC) involved in 

HIV-1 transcription, and (c) demonstrate established immunomodulatory and antiviral properties. 

 

Despite their known involvement in fundamental cellular processes, the specific impact of these cationic 

proteins on HIV-1 latency maintenance and reversal remains uncharacterised. This study systematically 

investigated their potential to modulate HIV-1 latency, by assessing their effect on viral reactivation 

alone or in combination with established latency-reversing agents and latency-promoting agents. The 

implications of elucidating these interactions, is that this study, may identify novel biological pathways 

governing viral persistence and reveal new therapeutic opportunities for targeted reservoir reduction. 

The impact of this study is that the unique properties of cationic proteins, particularly their nucleic acid-

binding capacity and ability to modulate key cellular pathways, may make them promising candidates 

for developing affordable and broadly applicable LRAs or LPAs. 
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4. Materials and methods 

4.1. Ethical considerations 

Ethical approval was obtained from the Biomedical Research Ethics Committee (BREC) of the 

University of KwaZulu-Natal Nelson R Mandela School of Medicine (Ref: BREC/00006587/2024).  

 

4.2. Culture of cell lines 

J-Lat A2 (LTR-Tat-IRES-GFP) and J-Lat C (LTR C-Tat C-IRES-GFP), collectively referred to as J-Lat 

cells, were used in this study. Both cell lines have been derived from a clone of Jurkat T-cells that has 

been transduced with an HIV-1 clone. J-Lat A2 (Jordan et al., 2001) and J-Lat C (Maikoo et al, 

unpublished) carry the LTR-Tat region from HIV-1 subtype B  and HIV-1 subtype C respectively. 

Activation of the LTR transcription activity by LRAs results in the expression viral proteins and green 

fluorescent protein (GFP) – thus GFP is a reporter of HIV-1 transcriptional activation. J-Lat A2 and J-

Lat C cells were maintained in complete growth medium (R10), which was prepared by adding 10% 

foetal bovine serum (FBS) (Capricorn, Ebsdorfergrund, Germany), 1% L-glutamine, and 1% 

penicillin/streptomycin solution (Gibco, Grand Island, NY, USA) to Roswell Park Memorial Institute 

(RPMI)1640 medium (Gibco, Grand Island, NY, USA).  J-Lat cells were retrieved from liquid nitrogen 

storage and quickly thawed in a 37°C water bath. Briefly, about 5x106 thawed cells were transferred 

into a 15 mL conical tube containing 9 mL pre-warmed R10 medium to prevent cell damage. The cells 

were immediately centrifuged in a Heraeus Multifuge 35R+ centrifuge (Thermo Scientific, Waltham, 

Massachusetts, USA) at 508 times gravitational force (xg) for 10 minutes to pellet the cells, and the 

supernatant containing dimethyl sulfoxide (DMSO) was aspirated off. The cell pellet was resuspended 

in 10 mL of R10 medium. A TC 20 automated Cell Counter (Bio-Rad, Hercules, California, USA) was 

used to determine cell concentration and cell viability was calculated by trypan blue exclusion. J-Lat 

cells were seeded separately into tissue culture flasks at a density 2 x 105-1.5 x 106 cells/mL of R10 

medium. Cells were split every 2-3 days and incubated in CellXpert C170i cell culture incubator 

(Eppendorf, Hamburg, Germany), at 37°C and 5% CO2. 

 

4.3. Cytotoxicity assays 

To confirm that the concentrations of cationic proteins, LRAs and LPAs do not harm cell viability, J-

Lats (J-Lat A2 and J-Lat C) cells were cultured in the presence of dilutions or absence of these 

compounds. After the 24-hour treatment period, cell viability was assessed using the Cell Counting Kit-

8 assay (CCK-8) (Dojindo, Kumamoto, Japan) (Figure 3).  
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Figure 3: Assessing the cytotoxicity of cationic proteins, LRAs, and LPAs using a cell counting kit-8. 

Cell viability of J-Lat cells following exposure to cationic proteins, LRAs, and LPAs, alone or in 

combination, was quantified by CCK-8 assay and expressed as a percentage of the untreated control. 

We measured cell viability following treatment with combinations of cationic proteins, LRAs, and LPAs 

and expressed the results as a percentage relative to untreated controls (Matsuda et al., 2021). 

 

4.4. Latency reversal experiments: LRAs, LPAs, and cationic proteins assays 

Latency reversal experiments were performed using J-Lat cells, seeded at a density of 2 x 105/well in 

96-well tissue culture plates. Cells were exposed to 24-hour treatments of Lz [10 micromolar (µM), 

HL9 (10 µM), Lf (10 µM)], or various combinations of the cationic proteins, respectively, to assess the 

effect of these proteins on HIV-1 latency potential. Additionally, these cationic proteins were co-

administered with LRAs (PMA [16 nM] or SAHA [900 nM]), where all compounds were added 

simultaneously to the cells to investigate the modulatory effects of cationic proteins on LRA potency. 

Determining whether cationic proteins potentiated LPA activity required cells to be co-cultured with 

LPAs (Ts [2 µM] or Sp [2 µM]) and cationic proteins (Lz, HL9, and Lf; 10 µM) for 24 hours before 

being stimulated with PMA or SAHA (Mori et al., 2021b).  It was established in the course of these 

experiments that the blocking effects of Ts and Sp were more pronounced when cells are pre-exposed 

to these LPAs for at least 24 hours before being stimulated with PMA or SAHA. The various 

combinations tested are illustrated in Table 1. Untreated cells served as negative controls, while cells 

treated with PMA (16 nM) or SAHA (900 nM) alone served as LRA positive controls. Furthermore, 

LRA+Ts (2 µM) and LRA+Sp (15 µM) combinations were utilised as LPA positive controls. 
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Figure 4: Reversal of HIV-1 latency with cationic proteins alone, and in combination with latency-

reversing agents and/or latency-promoting agents. J-Lats cells were exposed to single or combinatory 

treatments of cationic proteins (Lz, HL9, and Lf; 10 µM) alone, or in combination with LRAs (PMA, 

SAHA) or LPAs (Ts and Sp). Appropriate fixing with 2% PFA was done post 24-hour incubation, and 

the latency reversal potential of the compounds was analysed using flow cytometry. 

 

4.6. Statistical analyses 

Data was statistically analysed using GraphPad Prism (v10.6.1). One-way analyses of variance 

(ANOVA) was used to determine if there were significant differences across the groups. In cases where 

the ANOVA p value was significant (p<0.05), Tukey’s test (post-hoc tests [2-way comparisons]) were 

performed to identify the groups that differed significantly.  Specifically, post-hoc tests were used to 

determine if there is a difference between (a) cells treated with cationic proteins and the negative 

controls (untreated cells), (b) cells treated with cationic proteins and the positive controls (LRAs only), 

(c) cells treated with cationic proteins and LRAs in combination and cells treated with LRAs only, (d) 

cells treated with cationic proteins and LRAs in combination and cells treated with LRAs and LPAs in 

combination, and (e) cells treated with cationic proteins, LRAs and LPAs in combination versus cells 

treated with just LRAs and LPAs in combination (see Table 1).  
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a reduction in viability below 80% of control levels. These results support their suitability for further 

use in latency-reversal assays. 

 

5.2. Lactoferrin exhibits latency-reversal potential 

Results in the J-Lat A2 model indicated no HIV-1 reactivation with the individual use of Lz and HL9 

(both ≤0.2%) (Figure 6A). However, Lf alone showed a modest viral reactivation effect (3.6% ± 1.4%). 

Notably, combination treatments, particularly the co-treatments- Lz+Lf (4.9% ± 1.7%), Lf+HL9 (5.2% 

± 2.1%), and triple combination of Lz+HL9+Lf (6.6% ± 2.9%), modestly enhanced latency reversal, 

mediated by Lf, achieving 25-34-fold induction of GFP expression compared to the untreated control 

(0.2% ± 0.1). SAHA and PMA, as established LRAs, activated HIV-1 transcription and yielded 1.7% 

± 0.5% and 26.8% ± 2.7% GFP-positive cells, respectively (Figure 6A). A one-way ANOVA revealed 

a significant difference among treatment groups (p < 0.0001). Lf induced a significantly higher GFP 

expression compared to untreated cells (p < 0.0009), Lz (p < 0.0001), and HL9 (p < 0.0001). Lysozyme- 

and HL9-mediated GFP expression did not differ significantly from untreated cells (p > 0.9999), with 

their combination (Lz+HL9) also exhibiting similar GFP expression levels to untreated cells (p > 

0.9999) (Figure 6A).  

 

The J-Lat C model also showed a significant difference in GFP expression among treatment groups (p 

< 0.0001) (Figure 6B). However, the overall levels of latency reversal were consistently lower across 

the cationic protein treatments compared to J-Lat A2 cells. Lactoferrin showed no difference in 

reactivation of latent virus compared to the untreated control (1.4% ± 0.6; p = 0.9423) compared with 

the untreated control. Consistent with the findings from J-Lat A2 cells, both SAHA and PMA induced 

significant viral reactivation compared to untreated cells in J-Lat C, with SAHA (1% ± 0.12%; p = 

0.0482) exhibiting low potency compared to PMA (70.9 ± 8.6%; p < 0.0001) (Figure 6B).  

 

Taken together, these findings suggest that Lf, either alone or in combination with other cationic 

proteins, can reactivate latent viruses, although at lower levels than PMA and with effects dependent 

on the cell line. 
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Figure 6: Reversal of HIV-1 with lysozyme, HL9, and lactoferrin in vitro. Latency reversal in (A) J-

Lat A2 and (B) J-Lat C cells following 24-hour exposure to single, or combinatory treatments of cationic 

proteins (lysozyme [Lz], HL9, lactoferrin [Lf]; 10 µM), or LRA positive controls (PMA, 16 nM; SAHA, 

900 nM). Data represent mean ± SD percentage of GFP-positive cells from three independent 

experiments. Untreated cells served as negative control.  GFP, green fluorescent protein; p, overall 

ANOVA p-value. *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001 versus negative control. 

 

p < 0.0001 

p < 0.0001 
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5.3. Cationic proteins enhance LRA (PMA- and SAHA)-mediated HIV-1 reactivation in 

J-Lat models  

The effect of cationic proteins Lz, HL9, and Lf on the ability of well-established LRAs to reactivate 

latent proviruses from in J-Lat A2 and J-Lat C cell models remained to be determined. Therefore, we 

next assessed the potential of these cationic proteins to enhance or reduce the latency-reversal activity 

of PMA and SAHA, and analysed fold changes in GFP expression relative to PMA or SAHA alone 

(Figure 7).  Raw GFP percentages are shown in appendix 1.  

 

In the J-lat A2 cell model, there was an overall significant difference in GFP fold change relative to 

PMA when comparing different treatment groups (one-way ANOVA, p < 0.0001) (Figure 7A).  

Specifically, co-treatment with PMA and each cationic protein (Lz, HL9, Lf) resulted in a consistent 

and statistically significant enhancement of provirus reactivation compared to PMA alone (p<0.0001). 

Among the combinations tested, PMA+Lz+Lf produced the greatest effect, inducing a 2.6 ± 0.2-fold 

increase in reactivation relative to PMA treatment only. Consistently, co-treatment with PMA and two 

cationic proteins, Lz and Lf, produced the highest level of reactivation in the J-Lat C cell model as well 

(1.2 ± 0.2-fold compared to PMA alone, p < 0.0099) (Figure 7B). Notably however, it was the only 

combination that significantly potentiated the reactivation potential of PMA in this model, significantly 

exceeding PMA+Lf (p = 0.0003) and PMA+Lz (p = <0.0001) (Figure 7B). These results suggest a 

synergistic relationship between Lz and Lf as the GFP expression produced by PMA alone did not differ 

significantly from that of PMA+Lf and PMA+Lz combinations (p >0.9999 for both) (Figure 7B). 

Additionally, the J-Lat C model also did not exhibit any significant response in the context of PMA 

enhancement via cotreatment with HL9, with both conditions (PMA-only and PMA+HL9) yielding 

non-statistically different GFP expression (p = 0.9146) (Figure 7B). 

 

To validate that cationic protein-mediated modulation was consistent across LRA classes, SAHA was 

evaluated as a second, structurally distinct LRA. Contrary to PMA, the combination of SAHA with Lz 

or HL9 did not increase GFP expression compared with SAHA alone (p > 0.9999), making the 

SAHA+Lf the only double combination that significantly enhanced SAHA-mediated reactivation in the 

J-Lat A2 cell model (one-way ANOVA, p < 0.0001) (Figure 7C). SAHA in combination with Lf 

induced an 18.9 ± 2.3-fold increase relative to SAHA alone, while a triple combination of SAHA 

together with Lz and Lf further increased reactivation to 24.5 ± 5.0-fold, consistent with a pronounced 

synergistic effect (Figure 7C). A similar, though less pronounced, synergistic effect was observed in 

the J-Lat C cell model (Figure 7D). Specifically, co-treatment of SAHA with Lf (7.5 ± 1.1-fold 

compared to SAHA alone) and SAHA with both Lz and Lf (9.5 ± 2.6-fold compared to SAHA alone) 

significantly enhanced reactivation (p < 0.0001), while SAHA+Lz and SAHA+HL9 were unsuccessful 
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in enhancing SAHA’s reactivation potential (Figure 7D). These results confirm that the potentiation of 

HDACi-induced reactivation by cationic proteins is a reproducible across models of different subtypes, 

although the magnitude of the effect varies with cellular context.   

 

  

Figure 7: The modulatory effects of lysozyme, HL9, and lactoferrin on the potency of well-established 

latency-reversing agents in vitro. HIV-1 reactivation in J-Lats following 24-hour exposure to LRAs 

(PMA, 16 nM; SAHA, 900 nM), or LRA+cationic protein co-treatment (lysozyme [Lz], HL9, 

lactoferrin [Lf]; 10 µM). In J-Lat A2s (A, B), PMA and SAHA induced 26.8% ± 2.7% and 1.7% ± 0.5% 

GFP expression (appendix 1, Figure A1), respectively, whereas in J-Lat C (C, D), they induced 70.9 ± 

p < 0.0001 

p < 0.0001 

p < 0.0099 

p < 0.0001 
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8.6% and 1% ± 0.12% (appendix 1, Figure A1). Data was normalized and presented as fold-change in 

the frequency of GFP-positive cells over the LRA control (PMA/SAHA).  GFP, green fluorescent 

protein; p, overall ANOVA p-value. *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001 

versus negative control. 

 

5.4. Cationic proteins modulate latency promoting agents 

Co-treatment of both J-Lat A2 and J-Lat C cell models with combinations of PMA and Ts or Sp, as 

well as SAHA and Ts, or Sp served as the baseline conditions. In the J-Lat A2 model, a combination of 

PMA with Ts resulted in markedly lower GFP-expression (5.8 % ± 4.5%) compared to PMA alone 

treatment (52.5 % ± 8.3%, appendix 1, Figure A2), corresponding to a 9 ± 1.4-fold reduction in GFP-

positive cells (Figure 8A). This illustrates a potent Ts-induced blockade of HIV-1 reactivation (p < 

0.0001). The addition of Lz or HL9 to the PMA+Ts combination (PMA+Ts+Lz or PMA+Ts+HL9) did 

not significantly affect viral reactivation (p > 0.9999). However, the inclusion of Lf in combination with 

PMA+ Ts (PMA+Ts+Lf), and particularly the simultaneous addition of Lz and Lf (PMA+Ts+Lz+Lf), 

resulted in a substantial enhancement of latency reversal (Figure 8A). These conditions produced 6.6 ± 

0.5-fold and 7.8 ± 0.5-fold increases in GFP expression, respectively, relative to the PMA+Ts baseline 

(p < 0.0001) (Figure 8A). A similar trend was observed in the J-Lat C model, where PMA+Ts+Lf and 

PMA+Ts+Lz+Lf were the only combinations to induced a statistically significant (1.2 - 1.3fold) 

increase in the frequency of GFP-positive cells compared to the PMA+Ts alone (p < 0.0001) (Figure 

8B).  

 

SAHA showed a trend mirroring that seen with PMA. In J-Lat A2 cells, the SAHA+Ts+Lf and 

SAHA+Ts+Lz+Lf combinations markedly overcame the blocking effect of Ts and increased 

reactivation (p < 0.0001), respectively yielding a 12.5 ± 1.4-fold and 15.5 ± 1.5-fold higher frequency 

of GFP-positive cells in comparison to the SAHA+Ts control (Figure 8C). Again, the presence of Lz 

and HL9 in LRA+LPA+protein triple combinations yielded non-significant results (Figure 8C). As the 

J-Lat C cell data corroborates the trend observed in J-Lat A2 cells, the significantly different groups 

were the same for both J-Lat cell lines as SAHA+Ts+Lz+Lf and SAHA+Ts+Lf remained the only 

combinations to significantly enhance reactivation relative to the SAHA+Ts alone baseline (Figure 8D). 
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Figure 8: Investigating the modulatory effects of cationic proteins on the latency-promoting potential 

of tanespimycin in HIV-1 latently infected J-Lats. HIV-1 reactivation in J-Lats that were exposed to 

tanespimycin (Ts)+cationic protein co-treatments (lysozyme [Lz], HL9, lactoferrin [Lf]; 10 µM) for 24 

hours, before being stimulated with LRAs (PMA, 16 nM; SAHA, 900 nM), and incubated for a further 

24 hours. Ts exhibited strong latency-promoting activity by reducing PMA-induced reactivation in (A) 

J-Lat A2 (from 52.5 % ± 8.3%, PMA only; to 5.8 % ± 4.5%, PMA+Ts) and (C) J-Lat C (from 81.4 % 

± 3.6% PMA only; to 46.9 % ± 6.3%; PMA+Ts) (raw GFP expression data shown in appendix 1, Figure 

A2). Conversely, Ts did not show any inhibitory effects on SAHA-induced HIV-1 reactivation, and was 

not potent enough to block the synergistic enhancement of GFP expression resulting from SAHA+Lf, 

and SAHA+Lf+Lz combinatory treatments in both J-Lat A2 (B) and J-Lat C (D). Actual GFP-

expression data was normalized and presented as fold-change in the frequency of GFP-positive cells 

over the Ts+LRA control (PMA/SAHA).  GFP, green fluorescent protein; p, overall ANOVA p-value. 

*, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001 versus Ts+LRA (PMA/SAHA) control. 

 

p < 0.0001 
p < 0.0001 

p < 0.0001 p < 0.0001 
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Sp was subsequently analyzed as a second, structurally distinct LPA positive control to confirm that the 

modulatory effects observed with cationic proteins were consistent across different LPA classes. In J-

Lat A2 cells (Figure 9A), the combination of Sp with PMA (PMA+Sp, 1.0 ± 0.1-fold) resulted in 

markedly lower GFP expression compared to PMA alone (p = 0.0001), confirming the inhibitory role 

of Sp. The addition of Lz or HL9 to the PMA+Sp regimen (PMA+Sp+Lz, p = 0.6735; PMA+Sp+HL9, 

p = 0.8638) did not modulate the blocking effect of Sp on HIV-1 reactivation (Figure 9A). Notably, the 

inclusion of Lf completely reversed the Sp-mediated suppression. Specifically, the PMA+Sp+Lf 

combination significantly induced reactivation levels above the PMA+Sp control (2.3 ± 0.3- fold, p < 

0.0001) (Figure 9A). The most potent effect was observed with the dual cationic protein combination, 

PMA+Sp+Lz+Lf, which yielded the highest frequency of GFP-positive cells across all PMA-based 

treatments in this experimental setup (2.7 ± 0.7- fold compared to the PMA+Sp control, p < 0.0001) 

(Figure 9A). 

 

The modulatory effect of cationic proteins on Sp inhibition was also tested in the J-Lat C cell model. In 

the context of PMA-induced reactivation, the PMA+Sp baseline was again strongly suppressed (Figure 

9B). The addition of Lz or HL9 or Lf individually to the PMA+Sp combination did not enhance PMA-

driven reaction relative to the PMA+Sp baseline (p > 0.9999) (Figure 9B). However, the combined 

addition of the cationic proteins Lz and Lf to PMA+Sp resulted in a significant increase in reactivation 

compared with the PMA+Sp baseline (3.6 ± 1.2-fold p < 0.0001) (Figure 9B).  

 

An even more profound effect was observed when Sp was combined with the HDACi SAHA. The 

SAHA+Sp baseline showed only modest, non-significant suppression of SAHA-driven reactivation, 

consistent with the weak intrinsic potency of SAHA in these models (Figure 9C-D). In the J-Lat A2 

model specifically, the addition of Lf alone (SAHA+Sp+Lf, 22.7 ± 9-fold) or together with Lz 

(SAHA+Sp+Lz+Lf, 26.4 ± 8-fold) completely reversed Sp’s block, boosting GFP frequencies an order 

of magnitude above the SAHA+Sp baseline and well beyond SAHA alone (p < 0.0001) (Figure 9C). 

Notably, this trend was conserved, but in a less pronounced manner in the J-Lat C model (Figure 9D). 

None of the individual cationic proteins Lz, HL9 or Lf, significantly enhanced SAHA-mediated 

reactivation relative to SAHA+Sp baseline (SAHA+Sp+Lz 1.1 ± 0.6-fold, p < 0.9999; SAHA+Sp+HL9 

0.65 ± 0.25-fold, p = 0.8309; and SAHA+Sp+Lf 1.6 ± 0.8-fold, p = 0.3218) (Figure 9D).This suggests 

that cationic proteins can not only counter the inhibitory effect of Sp but also unlock a latent virus 

reactivation pathway. 
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Figure 9: Investigating the modulatory effects of cationic proteins on the latency-promoting potential 

of spironolactone in HIV-1 latently infected J-Lats. HIV-1 reactivation in J-Lats that were exposed to 

spironolactone (Sp)+cationic protein co-treatments (lysozyme [Lz], HL9, lactoferrin [Lf]; 10 µM) for 

24 hours, before being stimulated with LRAs (PMA, 16 nM; SAHA, 900 nM), and incubated for a 

further 24 hours. Sp exhibited strong latency-promoting activity by reducing PMA-induced reactivation 

in (A) J-Lat A2 (from 53.3 % ± 9.2%, PMA only; to 24.9 % ± 23%, PMA+Sp) and (B) J-Lat C (from 

59.7 % ± 5.4% PMA only; to 4.7 % ± 2.5%; PMA+Ts) (raw GFP expression data not shown in appendix 

1, Figure A3). Conversely, Ts did not show any inhibitory effects on SAHA-induced HIV-1 

reactivation, and was not potent enough to block the synergistic enhancement of GFP expression 

resulting from SAHA+Lf, and SAHA+Lf+Lz combinatory treatments in both J-Lat A2 (C) and J-Lat C 

(D). Actual GFP-expression data was normalized and presented as fold-change in the frequency of GFP-

positive cells over the Ts+LRA control (PMA/SAHA).  GFP, green fluorescent protein; p, overall 

ANOVA p-value. *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001 versus Ts+LRA 

(PMA/SAHA) control. 

p < 0.0001 p < 0.0001 

p < 0.0001 P < 0.0001 
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6. Discussion   

6.1. Introduction  

The main aim of the present study was to investigate the potential of cationic proteins, specifically hen 

egg white lysozyme (Lz), a fractionated human lysozyme nonapeptide (HL9), and bovine lactoferrin 

(Lf), to modulate HIV-1 latency potential. Furthermore, the study determined whether these proteins 

had modulatory effects on the potency of well-established LRAs and LPAs, to explore their potential 

as combinatory modulators alongside established compounds under the “shock and kill”, or “block and 

lock” cure strategies. We initially hypothesise that Lz, HL9, and Lf may affect the propensity of latency 

reversal and/or enhancement alone and/or in combination with already-known LRAs and LPAs. The 

generated data partially support this hypothesis. None of the tested conditions reduced cell viability 

below 85 % of untreated controls, confirming that all LRA, LPA and cationic-protein combinations 

used were essentially non-cytotoxic. Lactoferrin is the only cationic protein to induce detectable 

reactivation of latent HIV-1 in vitro, although, this was only observed in the J-Lat A2 model.  The same 

model saw all three cationic proteins enhanced PMA-induced reactivation, with the Lz+Lf combination 

exhibiting the most potent effect. Contrary, Lz+Lf was the only condition that enhanced PMA-induced 

reactivation in the J-Lat C model. Lz and HL9 were mostly ineffective when added individually to 

SAHA, while Lf showed a robust boosting effect on the potency of the HDAC inhibitor. Moreover, 

Lz+Lf maintained their synergistic effects and so markedly potentiated PMA and SAHA that their 

combinations counteracted the latency-blocking effects of the Ts and Sp across both J-Lat models. 

Taken together, findings of the current study show that cationic proteins may enhance the propensity of 

well-established LRAs to reactivate HIV-1 transcription at non-cytotoxic concentrations. Our findings 

suggest that the modulatory characteristics these cationic proteins have been previously found to exhibit 

on multiple cellular processes (e.g., cell-signalling, chromatin remodelling, and gene expression) also 

extend to modulating HIV-1 latency, and positions them as promising agents that can be further 

explored for their utility in the “shock and kill” and “block and lock” cure strategies. 

  

6.2. The role of lactoferrin in modulating HIV-1 latency: nuclear factor kappa-B 

signalling and epigenetic regulation 

In the present study, we found that Lf was the only cationic protein that exhibited latency reversal 

activity when used alone. This activity was modest with low levels of GFP expression in the J-Lat A2 

cell line only. Although this is the first study to investigate the effect of these cationic proteins on HIV-

1 latency, previous studies have reported on their modulatory effects on epigenetic characteristics 

(Sharrouf and Suchkova, 2021), gene expression pathways (Bergamo et al., 2019, Yami et al., 2023), 

nucleic acid replication and transcription (Liu et al., 2023), all of which are implicated in HIV-1 latency. 

The latency reversal effect of Lf is perhaps not unexpected considering that Lf possesses the ability to 
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interact with two critical characteristics of HIV-1 latency establishment and maintenance, i.e., the NF-

κB signalling pathway (Arain et al., 2024) and the epigenetic landscape, particularly DNA methylation 

(Sharrouf and Suchkova, 2021, Postnikova and Patkin, 2022). The interaction of Lf with these two 

mechanisms positions it as a unique immunomodulatory agent capable of influencing the state of HIV-

1 proviral latency. 

 

The first proposed possible mechanism underlying the modest reactivation effect of Lf in the current 

study is its interaction with the NF-κB pathway.  In the presence of specific immunological cues, Lf 

can promote NF-κB activation (Kruzel et al., 2017). Bovine Lf has been shown to trigger 

phosphorylation and degradation of IκBα, the primary inhibitor of NF-κB, leading to the nuclear 

translocation of the p50/p65 heterodimer (Kruzel et al., 2017). This pro-inflammatory activity is linked 

to Lf's ability to bind to various cell surface receptors, including Toll-like receptor 4 (TLR4), low-

density lipoprotein receptor-related protein-1 (LRP1), and intracellular nucleic acids (Grey et al., 2004, 

Ando et al., 2010). This interaction initiates downstream signalling cascades that converge on NF-κB 

(Actor et al., 2009, Kruzel et al., 2017, Arain et al., 2024). Notably however, in LPS‑stimulated 

monocytes and other inflammatory models, Lf may also dampen NF‑κB activation and reduce TNF‑α 

and other cytokines, acting as an anti‑inflammatory modulator (Håversen et al., 2002, Kruzel et al., 

2017). In the context of HIV-1, Lf’s NF-κB activation property suggests a potential "shock" function, 

where Lf could contribute to the reactivation of latent proviruses by providing a pro-transcriptional 

signal through the NF-κB-binding sites in the LTR.  

 

An additional mechanism potentially underlying Lf-mediated HIV-1 reactivation in our experiments is 

related to histone modification.  In addition to promoting NF-κB activation, Lf may indirectly influence 

histone modifications associated with transcriptional regulation (Guo et al., 2025). More specifically, 

Lf exposure was linked to modulation of histone marks like H3K9 acetylation and H3K4 methylation, 

both related to active transcription, in mouse models and cell lines (Guo et al., 2025). Moreover, Lf 

impacts gene expression via epigenetic changes involving hypoxia-inducible factor 1α (HIF-1α) 

signalling, which can recruit histone demethylases (Sharrouf and Suchkova, 2021, Postnikova and 

Patkin, 2022). Histone demethylases sit in large chromatin complexes, often with HDACs or the 

corepressor of RE1 silencing transcription factor (CoREST), and are targeted to specific loci by 

DNA‑binding factors and histone‑mark “reader” domains (Lan et al., 2008, Dimitrova et al., 2015). By 

erasing activating marks (for example H3K4me2/3) they help establish less accessible, repressive 

chromatin (Lan et al., 2008, Dimitrova et al., 2015). Structural and biophysical studies show that human 

Lf can reversibly bind not only Fe³⁺ but also Zn²⁺ (Rogowska et al., 2023), and zinc levels can modulate 

DNMT1 expression and activity (Zhang et al., 2012). Taking this into consideration, we speculate that 
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by sequestering zinc, Lf could potentially inhibit DNA methyltransferase (DNMT) activity. DNMT 

inhibition is understood to result in global or gene-specific hypomethylation (Besselink et al., 2023). A 

hypomethylated LTR would be more accessible to transcription factors and RNAPII, thereby lowering 

the threshold for reactivation. This hypothesised mechanism provides a plausible explanation for how 

Lf, as a single agent, could induce latency reversal, as observed in our J-Lat A2 data, by erasing a key 

epigenetic silencing mark.   

 

6.3. The role of lysozyme in cell signalling, epigenetics, and HIV-1 latency 

In the current study, both the full-length Lz and the fragmented HL9 showed minimal to no HIV-1 

reactivation potential when applied alone and in combination with one another. This finding is not 

inconsistent with previous reports showing that Lz is a potent, dose-dependent inhibitor of nucleic acid 

replication and transcription, with a proposed mechanism being targeting of the polymerase enzyme 

(Liu et al., 2023). The authors of that study speculate that the cationic nature of Lz facilitates 

electrostatic interactions with the negatively charged active sites of polymerases such as the catalytic 

center of DNA Pol I/V or the α factor of RNA polymerase, thereby obstructing their enzymatic function 

(Liu et al., 2023). Based on that study, it is theoretically possible that Lz may inhibit the host RNAP II, 

which the integrated HIV-1 provirus relies on for transcription, and this could result in suppression of 

the production of new viral mRNAs and genomic RNA, thereby maintaining or even reinforcing a state 

of latency.  

 

Previous studies indicate that Lz’s modulatory capabilities extend beyond direct inhibition of viruses. 

Transcriptomic and proteomic profiling in the monocyte lineage demonstrated that Lz modulates the 

expression of genes within the TNF-α and IL-1 pathways, with prominent anti-inflammatory effects 

(Bergamo et al., 2019). Cells exposed to Lz exhibited rapid downregulation of proinflammatory 

cytokines (TNF-α, IL-1β) and chemokines (C-C motif chemokine ligands [CCL]1, CCL3, CCL7), 

inhibited NF-κB-driven genes, and suppressed pathways involved in cell adhesion, extracellular matrix 

regulation, and immune cell migration (Bergamo et al., 2019). In the context of HIV-1 latency, these 

properties suggest that Lz could potentially help maintain viral latency by reducing the inflammatory 

milieu necessary for robust HIV-1 transcriptional reactivation. However, it is important to note that the 

current study data do not provide evidence that Lz actively reinforces or maintains latency, only that it 

does not reactivate latent HIV-1 on its own. 
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6.4. Synergistic interactions between cationic proteins and latency-reversing agents 

The synergistic interactions between Lz, HL9, Lf, and classical LRAs (PMA and SAHA) represent one 

of the most significant findings of this study. In J-Lat A2s, Lz/HL9 alone did not reactivate latent HIV, 

but both Lz and HL9 modestly enhanced latency reactivation by PMA.  This appears contradictory to 

the reports showing that Lz potentially inhibits transcription via the suppression of NF-κB, TNF-α, and 

IL-1β (Bergamo et al., 2019). However, this discrepancy could reflect cell-type-specific and 

concentration-dependent bimodal activity of the cationic protein. The robust anti-inflammatory effects 

of Lz were reported to occur at a 1 μM concentration on monocytes (Bergamo et al., 2019), whereas 

this study employed a 10-fold higher concentration on T-lymphocytic cell lines. At this higher 

concentration, it is plausible that Lz may saturate inhibitory pathways, unmasking alternative effector 

functions in ways that sensitise cells to LRA stimulation, though the precise mechanisms remain to be 

determined. The biphasic dose-dependent effect of Lz has been described before, but in the context of 

Candida albicans biofilms (Sebaa et al., 2017). The study showed that at physiological concentrations 

[<30 microgram per millilitre (µg/mL)], Lz inhibits biofilm formation and reduces attached biomass, 

whereas at higher, non‑physiological concentrations (≥300–1,000 µg/mL) it instead enhances biofilm 

growth and acts as a biofilm promoter in many strains (Sebaa et al., 2017). 

 

The significant enhancement of the potency of PMA as a result of being combined with Lf in J-lat A2 

cells is consistent with Lf’s latency reversal effect when used alone (Figure 5A-B), and could be 

mediated by Lf’s effect on NF-κB signalling and epigenetic modification as previously discussed. PMA, 

a phorbol ester, activates PKC signalling, leading to NF-κB nuclear translocation and RelA (RELA 

proto-oncogene, an NF-κB subunit) binding to HIV-1 LTR κB sites (Sánchez-Duffhues et al., 2011, 

Jiang and Dandekar, 2015). This phenomenon induces viral transcription in HIV-1 latently infected 

cells (Sánchez-Duffhues et al., 2011, Jiang and Dandekar, 2015). Taken together, the observed synergy 

between PMA and Lf may be mediated through complementary signalling pathways, including the 

overlapping modulation of the NF-κB/IκBα regulatory complex (Brogdon et al., 2016, Yami et al., 

2023, Arain et al., 2024), although further experiments would be required to confirm this.  

 

In addition to modulating the NF-κB signalling pathway, we propose that epigenetic targeting explains 

the synergistic effect observed between Lf and the HDACi, SAHA in reactivating latent HIV-1. SAHA 

is one of the best-characterised pharmacological inhibitors, directly blocking the enzymatic activities 

of HDACs by binding to their active sites (Lucera et al., 2014, Bubna, 2015). The result of this action 

is increased acetylation of histones, chromatin relaxation, and transcriptional activation of latent 

proviruses (Lucera et al., 2014, Bubna, 2015). Presumably, Lf may have an indirect epigenetic effect, 

through mechanisms previously discussed in section 6.2.   Moreover, Lf is able to bind zinc (Actor et 



 

41 
 

al., 2009, Kruzel et al., 2017), and zinc is an essential cofactor that is required for the catalytic function 

of Class I and IIb HDACs (Yusuf et al., 2021). Sequestration of zinc ions disrupts the structural integrity 

and enzymatic activity of HDACs, thereby functionally inhibiting these key chromatin-modifying 

enzymes (Yusuf et al., 2021, Thompson, 2022). It is conceivable that the synergy between SAHA and 

Lf is a two-pronged mechanism: SAHA competitively inhibits HDAC active sites, while Lf depletes 

the essential zinc cofactor required to maintain HDAC functional conformation. Together, these 

complementary mechanisms could result in enhanced histone hyperacetylation at the integrated HIV-1 

promoter, relaxed chromatin and a lowered energy barrier for transcriptional initiation, rendering the 

latent HIV-1 provirus more sensitive to endogenous transcription signals. Importantly, the current study 

findings highlight the potential of Lf as an enhancer of HDACis in latency-reversing strategies; 

however, validation in primary CD4⁺ T-cells from PLWH will be essential. Such studies will determine 

whether Lf could be considered for inclusion in HIV-1 cure approaches targeting epigenetic regulation, 

bridging these in vitro observations to potential translational applications. 

 

6.5. Counteraction of latency-promoting agents by lactoferrin 

The combination of Lf with classical LRAs counteracted the blocking effects of LPAs. The addition of 

Ts and Sp in J-Lat A2s reduced the PMA-mediated GFP expression. However, the introduction of Lf 

significantly weakened the inhibitory effect of Ts and Sp on PMA. The SAHA+LPA+cationic protein 

experiments yielded results that followed a similar pattern, where Lf completely overcame the 

inhibitory effect of the LPAs on SAHA, and enhanced reactivation of latency.  

 

HSP90 inhibitors such as Ts destabilize the Inhibitor of kappa B kinase (IKK) complex, leading to its 

degradation and blocking phosphorylation and subsequent degradation of IκBα (Lee et al., 2010). This 

confines NF-κB in the cytoplasm and inhibits it from initiating transcription (Lee et al., 2010).  Sp, 

however, inhibits HIV-1 latency reversal by inducing degradation of XPB, a crucial subunit of the 

TFIIH transcription factor complex, thereby blocking RNAPII recruitment and the subsequent 

recruitment of other transcriptional factors to the HIV-1 LTR (Doggrell and Brown, 2001, Lacombe et 

al., 2016, Mori et al., 2021a). Both mechanisms could result in the suppression of transcription that 

prevents reactivation of the HIV-1 latent virus even after stimulation with latency-reversing agents (Lee 

et al., 2010, Lacombe et al., 2016, Mori et al., 2021a). Our findings may suggest that Lf activates 

alternate NF-κB signalling pathways to counteract this, by for example inducing IκBα degradation or 

NF-κB nuclear translocation, thus maintaining or restoring NF-κB activity even in the presence of 

HSP90 inhibition and impaired XPB function.  However, further experiments would be required to test 

this hypothesis.  
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6.6. Subtype-specific divergence: implications for global cure strategies 

Although the subtype B and C J-Lat models yielded similar patterns, modulatory effects of the cationic 

proteins on latency-reversal were more pronounced in the subtype B model. This finding appears 

counterintuitive, given that subtype C LTRs contain 1-2 more NF-κB binding sites (De Baar et al., 2000, 

Hunt and Tiemessen, 2000), which would be expected to enhance transcriptional responsiveness (Bachu 

et al., 2012, Verma et al., 2013). However, differences in integration sites, local chromatin 

environments, and promoter context may outweigh LTR sequence effects in these clonal models. 

Furthermore, a recent study showed that a subtype B J-Lat model exhibited higher sensitivity to LRA-

induced HIV-1 reactivation than a -C, and highlighted how the presence of an extra NF-κB motif does 

not automatically translate to better “shock” response to LRAs in a subtype C J-Lat model (Maikoo et 

al., 2024). Given that NF-κB p50 homodimers recruit HDAC1 to the LTR, de-acetylating local histones 

and blocking RNAPII recruitment (Williams et al., 2006); the presence of only two κB motifs in subtype 

B while subtype C possesses three (and often four) could mean that the C promoter offers more docking 

sites for these repressor complexes. Our finding that subtype C responded weakly to stimulation with 

cationic proteins alone, and in combination with NF-κB- and HDAC-centred LRAs, therefore aligns 

with reports that additional κB sites stabilise the latent state by increasing p50–HDAC1 occupancy and 

reduces transcriptional noise (Pal et al., 2023). This suggests that further studies in primary cells and 

additional clones will be required to clarify the subtype-dependent effects observed in the current study.  

 

6.7. Implications for HIV-1 cure strategies and therapeutic development 

Our findings suggest that a combination of Lf and Lz with LRAs has therapeutic potential under this 

strategy and offers several advantages. Under the “shock and kill” strategy, current LRAs suffer from 

limited potency and systemic toxicity (Deeks, 2012, Darcis et al., 2017, Hashemi and Sadowski, 2020, 

Acchioni et al., 2021). Both Lz and Lf are natural dietary components with established safety profiles 

(Lönnerdal, 2003, Małaczewska et al., 2019). Our findings suggest a complementary role where Lf 

alone or in combination with Lz enhances reactivation by LRAs, hinting towards the potential to reduce 

required doses of cytotoxic LRAs in combinatory treatments. Notably, Lf also possesses the ability to 

cross the blood-brain barrier and may enable targeting of CNS reservoirs, a major sanctuary site 

(Fillebeen et al., 1999, Ash et al., 2021).  

 

Lysozyme alone may have utility in latency maintenance strategies, although, our data did not directly 

show that Lz reinforces latency but rather that Lz alone did not reactivate latency. Further tests would 

be required to discriminate between these possibilities. However, assuming that Lz could maintain 
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latency, we hypothesise that by suppressing NF-κB and inducing metabolic quiescence, Lz, when used 

alone, could stabilise latent reservoirs during antiretroviral therapy, reducing the "leaky" transcription 

that contributes to chronic inflammation and reservoir replenishment (Kilroy et al., 2024).   

 

6.8. Limitations and future directions 

Several caveats must be acknowledged when interpreting these results. Firstly, the J-Lat model, while 

invaluable for high-throughput screening, represents a clonal cell line with an integrated Nef-defective 

provirus that lacks the heterogeneity of primary reservoirs and does not recapitulate the complex 

interplay between cell types in vivo (Planelles et al., 2011). Therefore, confirming the subtype-B-biased 

cationic protein boost in polyclonal, primary-cell and ex-vivo resting CD4⁺ T-cell models from aviremic 

individuals is imperative to verify that our clonal J-Lat observations hold across the genetically and 

epigenetically diverse proviral landscape of the in-vivo reservoir. 

 

While our work identifies Lf as a latency-reversing and LRA-boosting agent, the actual molecular 

mechanisms by which Lf reactivates latent HIV, and by which Lf and Lz can enhance LRAs, are not 

shown in the current study. Therefore, it is still not known whether these cationic proteins modulate 

latency and the effect of LRAs on HIV-1 reactivation through NF-κB mobilisation, HDAC zinc-

chelation, chromatin remodelling, or a combination of these mechanisms. Possible mechanistic 

experiments that can be utilised to shed light on this include the clustered regularly interspaced short 

palindromic repeats interference (CRISPRi) knock-down of RELA, zinc-depletion/rescue assays, 

chromatin immunoprecipitation-quantitative polymerase chain reaction (ChIP-qPCR) for H3K9ac at 

the LTR, or phospho-proteomic mapping. 

 

6.9. Conclusion 

This study shows that when cationic proteins were tested individually, only Lf induced detectable 

latency reversal, and this effect was modest compared with established LRAs. However, combining 

these proteins, particularly Lz+Lf and Lz+HL9+Lf, produced a synergistic enhancement of latency 

reversal, which was more pronounced in the J-Lat A2 model. Classical LRAs such (SAHA and PMA) 

triggered expected levels of reactivation, and Lf consistently boosted their activity, especially the 

Lf+Lz+LRA combinations. In the LPA interaction experiments, Ts and Sp robustly suppressed PMA-

induced reactivation, but this suppression was significantly reversed by Lf, the Lz+Lf combination, or 

both. Although the suppressive effects of LPAs were not observed in SAHA+LPA treatments, likely 

due to the weak intrinsic latency reversal activity of SAHA, the addition of Lf or Lf+Lz combination 
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significantly enhanced SAHA-induced reactivation and overrode the blocking effects these LPAs might 

have presented. Collectively, these findings demonstrate that although cationic proteins alone – in 

particular Lf - have limited capacity to reactivate latent HIV-1, they significantly enhance the activity 

of classical LRAs, suggesting a modulatory role in latency regulation that is strongly context- and cell-

model dependent. This work supports further exploration into the potential for cationic proteins to 

contribute to combination strategies for latency reversal. Further studies are needed to clarify the 

underlying mechanisms and to evaluate translational relevance. 
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8. Appendix 1 

 

Figure A 4: The frequency of GFP-positive cells after a 24-hour co-treatment with cationic proteins 

(Lz, HL9, Lf [10 µM]) and LRAs (PMA [16 nM], SAHA [900 nM]). 
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Figure A 5: The frequency of GFP-expression from J-Lat cells that were preincubated with Ts (2 µM) 

prior to being stimulated with a co-treatment of cationic proteins (Lz, HL9, Lf [10 µM]) and LRAs 

(PMA [16 nM], SAHA [900 nM]) for a further 24 hours. 
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Figure A 6: The frequency of GFP-expression from J-Lat cells that were preincubated with Sp (15 

µM) prior to being stimulated with a co-treatment of cationic proteins (Lz, HL9, Lf [10 µM]) and 

LRAs (PMA [16 nM], SAHA [900 nM]) for a further 24 hours. 

 

 

 

 






