
Title Page  

The role and impact of Nef and Nef inhibitor in HIV-induced impairment of CD4 T-cells 
 
 
 
 
 
 
 

by 
 

Deepika Mahesh 
 

B. Tech Biotechnology, Sri Venkateswara College of Engineering, 2022 
 
 
 
 
 
 
 
 
 
 

Submitted to the Graduate Faculty of the 
 

School of Public Health in partial fulfillment 
  

of the requirements for the degree of 
 

Master of Science 
 
 
 
 
 
 
 
 
 

University of Pittsburgh 
 

2024  



 ii 

Committee Membership Page  

UNIVERSITY OF PITTSBURGH 
 

SCHOOL OF PUBLIC HEALTH 
 
 
 
 
 
 
 
 
 

This thesis was presented 
 

by 
 
 

Deepika Mahesh 
 
 

It was defended on 
 

April 19, 2024 
 

and approved by 
 

Dr. Priscila Mayrelle Da Silva Castanha, Assistant Professor, Dept. of Infectious Diseases and 
Microbiology 

 
Dr. Cynthia M McMillen, Assistant Professor, Dept. of Infectious Diseases and Microbiology 

 
Thesis Advisor: Dr. Robbie B. Mailliard, Associate Professor of Medicine,  Department of 

Medicine 
  



 iii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by Deepika Mahesh 
 

2024 
 

  



 iv 

Abstract 

The role and impact of Nef and Nef inhibitor in HIV-induced impairment of CD4 T-cells 
 

Deepika Mahesh, MS 
 

University of Pittsburgh, 2024 
 
 
 
 

This study, utilizing in vitro models, aims to examine the effects of Nef and its inhibitors 

on the impairment of CD4 T cells induced by HIV. The primary objectives are to uncover the 

mechanism by which Nef impacts CD4 T cells and to assess the therapeutic viability of Nef 

inhibitors. Using the CEM-T4 cell line, we investigated the impact of Nef on CD4 expressions. 

Our findings demonstrate that Nef causes a decrease in CD4 expression. However, using the Nef 

inhibitor B9 at different concentrations, we observed an improvement in CD4 expression. These 

results suggest that Nef inhibitors can potentially mitigate the harmful effects of Nef on CD4 T 

cells. Our study delved into the effects of Nef on HIV-infected human primary CD4 T cells isolated 

from peripheral blood mononuclear cells (PBMCs), exploring various strains of HIV and 

administering the Nef inhibitor B9. Our findings highlight the promising potential of Nef inhibitors 

as a therapeutic intervention. Treatment with the Nef inhibitor effectively reduced viral replication 

and Nef protein expression levels. Additionally, we assessed the cytokine responses induced by 

HIV infection and its modulation by Nef inhibitors. Treatment with the Nef inhibitor resulted in a 

cytokine response similar to that of uninfected cells, indicating its ability to mitigate the immune 

response triggered by HIV infection. This underscores the need for further investigation into the 

mechanisms underlying HIV-induced immune dysregulation. This research provides insights into 

the potential use of Nef inhibitors as therapeutic interventions, particularly in modulating immune 

responses within PBMCs. The knowledge gained from this may contribute to a deeper 
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understanding of HIV pathogenesis and develop novel strategies for combating this global health 

challenge.   
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1.0 Introduction 

The human immunodeficiency virus (HIV), discovered years ago, has had a profound 

impact on the world. It is the cause of acquired immunodeficiency syndrome (AIDS), a condition 

that severely weakens the immune system, making individuals susceptible to opportunistic 

infections and cancers. HIV-1 is the most common subtype and, in combination with its less 

frequent relative HIV-2, infects over 30 million people worldwide. As of 2020, according to the 

World Health Organization (WHO) (1), there are an estimated 37.7 million individuals worldwide 

living with HIV, indicating that the prevalence of HIV remains a significant public health concern. 

The virus belongs to the Retroviridae family, known for its ability to integrate into host genomes, 

leaving ancient viral sequences in mammalian DNA. HIV's ability to persistently infect humans is 

a significant concern as it can evade innate and adaptive immune responses (2-5).  

HIV primarily spreads through unprotected sexual contact, sharing contaminated needles, 

and from mother to child during childbirth or breastfeeding. Despite extensive efforts, there is no 

cure for HIV. However, active current antiretroviral therapy (ART) has revolutionized treatment 

by effectively suppressing viral replication, thereby preventing disease progression and 

transmission. These drug cocktails primarily target viral enzymes, including reverse transcriptase 

and protease, though issues such as drug toxicity and the emergence of drug-resistant strains 

persist. Moreover, while ART can suppress viral replication to undetectable levels in most 

individuals, it does not eliminate the virus. HIV persists in long-lived cells, posing a significant 

challenge to eradication efforts (6-9) . 
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1.1 HIV Biology 

1.1.1 Genome Structure 

The HIV genome structure is integral to understanding the virus's replication and 

pathogenesis. It comprises two identical single-stranded RNA molecules enclosed within the virus 

particle's core. Upon infection, the viral RNA undergoes reverse transcription, leading to the 

generation of proviral DNA. This process involves the degradation of the RNA and integration of 

the double-stranded HIV DNA into the human genome. The DNA genome is flanked at both ends 

by long terminal repeat (LTR) sequences (7, 10, 11). 

 

 

Figure 1: HIV Virion and Genome Structure ( Created with Biorender ) 
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The 5' LTR region serves as the promoter for the transcription of viral genes. Following 

this region is the gag gene reading frame, which encodes essential structural proteins (10, 12-16). 

These include the matrix protein (MA, p17), capsid protein (CA, p24), nucleocapsid (NC, p7), and 

a smaller nucleic acid-stabilizing protein. The pol reading frame follows, encoding viral enzymes 

crucial for replication, including protease (PR), reverse transcriptase (RT), RNase H, and integrase 

(IN). Adjacent to the pol gene is the env reading frame, from which two envelope glycoproteins, 

gp120 (surface protein, SU) and gp41 (transmembrane protein, TM), are derived. In addition to 

structural proteins, the HIV genome also codes for several regulatory proteins. These include Tat 

and Rev, necessary for initiating HIV replication, and regulatory proteins, including Nef, Vif, Vpr, 

and Vpu, which impact viral replication, budding, and pathogenesis. Notably, HIV-2 codes for 

Vpx instead of Vpu, contributing to its reduced pathogenicity (10, 12-15, 17, 18). This genome 

structure provides the blueprint for HIV's complex life cycle and its interactions with host cells, 

highlighting potential targets for therapeutic intervention. 

1.1.2 Replication Cycle 

The lifecycle of HIV-1 is intricate and can be segmented into two primary phases: early 

and late. The early stage commences with the virus adhering to the host cell and concludes with 

integrating its genetic material into the host's DNA. This phase encompasses crucial steps such as 

viral attachment, fusion, reverse transcription, nuclear import, integration, and transcription. Once 

inside the host cell, the viral RNA undergoes reverse transcription, yielding proviral DNA that 

integrates into the host genome. This integrated viral DNA, termed provirus, acts as a scaffold for 

viral gene expression (19-22) . 
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Figure 2: HIV Replication Cycle (Created with Biorender) 

 

The final phase of the HIV-1 life cycle is of utmost importance, as it involves the translation 

of viral polyproteins to produce crucial proteins like Gag, Gag-Pol, Tat, and Rev. These proteins 

play a vital role in the assembly and maturation of the virus, with viral proteins and RNA being 

brought together at the plasma membrane, forming immature virions. Through budding, fully 

infectious viral particles are released from the host cell by interacting with viral proteins and 

cellular factors (23-25). HIV-1 encounters several obstacles throughout its replication cycle, 

including the high mutation rate of its reverse transcriptase enzyme, the need for rapid adaptation 

to the host's conditions, and the potential for resistance to antiretroviral medications. Moreover, 
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HIV-1 can form latent reservoirs within enduring cells, evade the host's immune defenses, and 

infect diverse cell types beyond CD4 T cells, including macrophages and dendritic cells (6, 26-

28). 

1.1.3 Host-Cell Interactions 

The interactions between HIV and host cells are intricate and multifaceted, with significant 

implications for infection and disease progression. CD4 T cells, macrophages, and dendritic cells 

serve as primary targets for HIV due to their expression of receptors, including CD4, CCR5, or 

CXCR4, which facilitate viral entry. Once the virus enters host cells, it initiates replication, 

resulting in the depletion of CD4 T cells and gradually weakening the immune system. HIV targets 

activated and resting CD4 T cells, establishing reservoirs of infected cells distributed throughout 

the body (29, 30). Macrophages and dendritic cells play crucial roles in immune surveillance and 

antigen presentation. However, HIV can target these cells, with infected macrophages acting as 

viral reservoirs while contributing to chronic inflammation and tissue damage associated with HIV 

infection. Additionally, HIV can exploit dendritic cells to aid viral dissemination and evade 

immune detection. This compromises their ability to initiate effective antiviral responses by 

presenting viral antigens to CD4 T cells (31-36). 

In individuals with chronic HIV-1 infection, the B cell compartment is also significantly 

impacted. This includes non-specific polyclonal B cell activation, decreased B cell proliferative 

responses, loss of naïve and resting memory B cells, and higher percentages of atypical or 

exhausted B-cells (37). Even with effective ART, these effects are not fully reversible, especially 

if treatment is delayed. Although HIV does not typically replicate within B cells in vivo, it can 

bind to these cells through interactions involving the complement receptor CD21, leading to 
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immune complex formation and potentially facilitating virus cell-to-cell transmission. HIV virions 

or viral proteins can directly affect B cells by inducing inflammatory cytokine secretion, 

suppressing B-cell class switch recombination, and stimulating B cells via factors released by 

infected macrophages. Indirect effects of ongoing HIV replication include immune-cell activation, 

CD4 T-cell depletion, increased serum levels of IL-7, and the release of systemic mediators such 

as lipopolysaccharide (LPS), B-cell-activating factor (BAFF), TNF, interferon-α (IFNα), IL-6, and 

IL-10. These interactions contribute to the dysregulation of B cell function and homeostasis in 

HIV infection (35, 37-42). 

To maintain persistent infection, HIV employs various immune evasion tactics, including 

the downregulation of major histocompatibility complex (MHC) molecules. These molecules are 

essential for antigen presentation. However, viral proteins, including Nef and Vpu, facilitate the 

degradation and sequestration of MHC molecules within cells. This hinders the presentation of 

viral antigens to cytotoxic T-cells (32, 33, 43). Moreover, HIV evades neutralizing antibodies 

through mutations in its envelope glycoproteins. This reduces the efficacy of antibodies in 

blocking viral entry. The production of non-neutralizing antibodies further shields infected cells 

from immune clearance, promoting viral persistence. HIV-induced immune exhaustion in T cells, 

characterized by functional impairment and upregulation of inhibitory receptors, significantly 

hampers the immune system's ability to control viral replication. Chronic inflammation and 

persistent antigen stimulation contribute to T-cell exhaustion. Furthermore, HIV-induced 

apoptosis of infected and bystander cells, including CD4 T cells and macrophages, exacerbates 

immune dysfunction and disease progression (31, 32, 44-46). 
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1.2 CD4 T-Cells 

CD4 T cells, commonly known as T helper (Th) cells, are indispensable components of our 

adaptive immune system. These cells play a vital role in orchestrating immune responses against 

pathogens, thus contributing significantly to our body's ability to fend off infections. Emerging 

from common lymphoid progenitors in the bone marrow, they undergo maturation in the thymus 

before dispersing to various lymphoid organs and peripheral tissues. Upon encountering antigens 

presented by antigen-presenting cells (APCs) via their T cell receptors (TCRs) and major 

histocompatibility complex class II (MHC-II) molecules, CD4 T cells become activated and 

differentiate into diverse effector Th subsets (47-51). This differentiation process is influenced by 

the cytokine milieu and specific transcription factors present in their surroundings. Various subsets 

of Th cells have been identified, each characterized by distinct functions and cytokine profiles.  

 

 

Figure 3: CD4 T Cell Functions ( Created with Biorender ) 
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1.2.1 Types of CD4 

Th1 cells primarily produce interferon-gamma (IFN-γ) and mediate cellular immune 

responses against intracellular pathogens such as bacteria and viruses. They activate macrophages 

to enhance their microbicidal activity, promoting the clearance of intracellular pathogens. Th2 

cells produce cytokines such as interleukin-4 (IL-4), IL-5, and IL-13, vital for promoting humoral 

immune responses against extracellular parasites and allergens (52, 53). Th2 cells stimulate B cells 

to produce antibodies, facilitate eosinophil recruitment, and enhance mast cell activation. Th17 

cells secrete IL-17 and IL-22 and play a critical role in mediating immune responses against 

extracellular bacteria and fungi. They are involved in the recruitment of neutrophils and the 

induction of antimicrobial peptide production by epithelial cells, protecting barrier tissues such as 

the intestines, lungs, and skin (47-50, 54-56).  

T follicular helper (Tfh) cells help B cells within germinal centers of secondary lymphoid 

tissue organs, promoting the generation of high-affinity antibodies, affinity maturation, and class 

switch recombination (57, 58). They express the transcription factor Bcl6 and produce IL-21, 

essential for B cell differentiation and antibody production (50). Regulatory T Cells (Tregs) are 

crucial for maintaining immune tolerance and preventing autoimmunity (59, 60).They suppress 

immune responses by secreting anti-inflammatory cytokines such as IL-10 and transforming 

growth factor-beta (TGF-β) (61). Tregs express the transcription factor Foxp3, which is essential 

for their suppressive function. Additionally, other Th cell subsets have been identified, including 

Th9 cells (IL-9 producers), Th22 cells (IL-22 producers), and follicular regulatory T cells (Tfr), 

each with unique roles in immune regulation and host defense (47-50, 62).  
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1.2.2 HIV Impact on CD4 T Cells 

HIV primarily targets and destroys CD4 T cells by utilizing surface CD4 as the primary 

binding/entry receptor, leading to a gradual decline in their numbers as infection progresses. HIV 

infection not only selectively reduces the overall population of CD4 T cells, but it also impairs 

their ability to proliferate and mount effective immune responses, even in the early stages of 

infection. This impairment involves dysregulation of cell cycle progression and activation (63-65). 

Despite acquiring an activated phenotype, HIV-infected CD4 T cells often fail to progress through 

the cell cycle properly, resulting in a proliferation defect. Moreover, the HIV envelope protein can 

interact with CD4 and co-receptors on uninfected CD4 T cells, leading to their death and further 

depletion. This bystander cell-killing mechanism appears to contribute significantly to the overall 

loss of CD4 T cells during HIV infection. Additionally, co-receptors CCR5 and CXCR4 are 

crucial, as they facilitate HIV's ability to infect and deplete CD4 T cells, with different tropic 

strains targeting distinct subsets of CD4 T cells (32, 64, 66, 67). 

1.3 Nef Protein 

The Nef protein, a critical component encoded by primate lentiviruses such as HIV-1 and 

HIV-2, serves as a multifunctional adaptor protein pivotal in the pathogenesis of HIV infection 

(68). Structurally, Nef consists of a myristoylated core domain flanked by flexible N-terminal and 

C-terminal regions. This facilitates its association with cellular membranes, including the plasma 

and perinuclear membrane complexes (69, 70).  Moreover, Nef is detected within virion particles, 

indicating its presence in various cellular compartments and potential involvement in multiple 



10 

stages of the viral life cycle (70, 71). Functionally, Nef lacks enzymatic activity but exerts diverse 

cellular effects by interacting with numerous host factors. Four primary activities of HIV-1 Nef 

have been extensively characterized. Firstly, Nef downregulates cell surface levels of CD4, the 

primary receptor for HIV entry, by promoting its internalization and subsequent degradation via 

the endosomal/lysosomal pathway. This activity is crucial for overcoming the effects of high 

cellular CD4 expression. This expression of CD4 on the surface of HIV-infected cells is not only 

detrimental to the infectivity of the viral particles produced, but it may also serve to limit the 

number of viral infections that can occur within a single cell. Thus, it facilitates the production of 

infectious particles (68, 72-79). 

Nef downregulates cell surface levels of primary histocompatibility complex class I (MHC-

I) molecules, impairing antigen presentation to cytotoxic T lymphocytes (CTLs). By diverting 

MHC-I from the default pathway to lysosomal degradation, Nef enables infected cells to evade 

destruction by the immune system during active viral replication (16, 75, 80, 81). Despite this 

evasion mechanism, the immune response to HIV antigens remains active, suggesting a complex 

interplay between Nef-mediated immune evasion and host immune surveillance. Nef mediates 

cellular signaling and activation by interacting with kinases such as Pak2 and Hck. Nef's activation 

of Pak2 enhances viral replication by potentially regulating the actin cytoskeleton function, 

although the precise mechanisms remain controversial (82-85). Similarly, Nef activates Hck, a 

myeloid lineage-specific tyrosine kinase, which may contribute to cellular transformation and 

modulation of transcription factors like Stat3. Nef enhances the intrinsic infectivity of HIV-1 

virions by overcoming barriers to infection and promoting efficient viral entry and replication. 

Mechanisms underlying this enhancement include disruption of the actin cytoskeleton in target 
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cells, downregulation of unknown cellular proteins that inhibit viral infectivity, and protection of 

the viral core from post-fusion degradation (72-78, 86, 87). 

1.4 Nef Inhibitor B9 

The Nef inhibitor B9 represents a significant breakthrough in HIV/AIDS research, offering 

a promising avenue for antiretroviral therapy. B9 belongs to the diphenyl hydroxypyrazolodiazene 

class of compounds and binds directly to recombinant Nef protein. Functionally, B9 inhibits 

multiple crucial Nef activities, including enhancement of viral infectivity, replication, and 

downregulation of MHC-I molecules on the cell surface (88, 89). Its inhibitory effects extend to 

Nef-dependent activation of kinases like Itk and Hck, suggesting a broad spectrum of action 

against Nef-mediated pathogenic mechanisms (89-91).The synthesis and characterization of over 

200 analogs of B9 are reported to optimize its pharmacological properties and enhance its efficacy.  
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Figure 4: B9 Nef Inhibitor Structure (89) 

While structurally diverse, these analogs retain the core hydroxypyrazole scaffold essential 

for Nef interaction and antiretroviral activity (90, 92). Several analogs exhibit nanomolar to 

picomolar binding affinity to Nef and demonstrate potent inhibition of Nef-mediated activities, 

including HIV-1 replication enhancement and MHC-I downregulation (92-96). 

One of the key impacts of B9 and its analogs lies in their ability to restore MHC-I 

expression on the surface of HIV-infected CD4 T cells. By reversing Nef-induced MHC-I 

downregulation, these inhibitors enhance the immune recognition of infected cells by cytotoxic T 

lymphocytes (CTLs). This restoration of MHC-I expression facilitates the activation of autologous 

HIV-specific CD8 T cells, leading to the efficient clearance of latently infected CD4 T cell 

reservoirs in vitro (89-92).  
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Figure 5: Effect of B9 Nef Inhibitor on Nef (Created with Biorender) 

 

This finding suggests a potential strategy for targeting persistent viral reservoirs and 

enhancing immune-mediated control of HIV infection. B9 disrupts Nef homodimerization, a 

crucial step for Nef-mediated pathogenicity. By preventing Nef homodimer formation, these 

inhibitors may interfere with downstream signaling pathways involved in viral replication and 

immune evasion. Moreover, computational docking studies indicate a common binding site for 

Nef inhibitors, supporting their efficacy against a broad range of HIV-1 subtypes (91-96). 
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2.0 Specific Aims 

Antiretroviral therapy (ART) has been effective in managing HIV and improving the 

quality of life for those living with the virus. However, multidrug-resistant strains of HIV pose a 

persistent challenge. Previous experiments using a BLTS-humanized mouse model demonstrated 

that Nef homodimers play a crucial role in HIV viremia and immune dysregulation. More 

specifically, Nef enhances HIV replication and associated immune dysregulation. Disrupting Nef 

dimerization activity correlated with reduced viremia outcomes and less severe impacts on T cell 

subsets. I hypothesize that the Nef inhibitors can reduce Nef mediated immune dysfunction in HIV 

infected CD4 T cells. A deeper understanding of the mechanisms underlying Nef-mediated 

immune dysregulation and exploring the potential of Nef inhibitors could contribute to developing 

novel strategies to combat multidrug-resistant HIV strains and enhance the effectiveness of current 

HIV therapies.  

To test and validate my hypothesis, I propose the following aims: 

AIM 1: Determine the effect of Nef and Nef inhibitors in CEM T-4 cell lines independent of HIV 

infection: 

A. Induce Nef expression on CEM T4 cell line to examine its impact on CD4 T cells. 

B. Perform transcriptional analysis on cells to understand the cellular impacts of Nef 

C. Treat Nef-expressing cells with B9 Nef inhibitor to determine the impact on CD4 

expression.  
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AIM 2: Assess the effect of Nef dimerization mutants and Nef inhibitor on viral replication and 

cell death in HIV-infected human primary CD4 T cells. 

A. Treat HIV-infected CD4 T cells with B9 Nef inhibitor to investigate and compare 

virus replication and cell viability to HIV WT infection. 

B. Treat HIV-infected CD4 T cells with Nef dimerization mutants to compare and 

investigate cell viability and virus replication. 

C. Treat HIV-infected CD4 T cells with Nef dimerization mutants and B9 Nef 

inhibitor to compare and investigate immune modulation. 
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3.0 Materials and Methods 

3.1 CD4 T Cell Isolation and Activation 

The study utilized human peripheral blood cell samples from two healthy adult donors. To 

isolate CD4 T cells, magnetic anti-CD4 Micro Beads (Miltenyi Biotec # 130-096-533) were used 

following the product's instructions. PBMCs were re-suspended, washed with PBS buffer, and 

cultured with Micro Beads. The cell suspension was loaded onto a MACS Column in the magnetic 

field of a MACS Separator, where the magnetic bead labeled CD4 T cells were retained. After 

removing the column from the magnetic field, the bead-labeled CD4 cells were collected. 

Following the manufacturer's instructions, the T cells were stimulated with anti-CD3/CD28 

activating Dynabeads (Human T-Activator Beads; Thermofisher, Cat# 11131D, USA). The CD4 

T cells were suspended in 5mL Complete T cell Growth Medium (RPMI-1640 containing 20% 

heat-inactivated FBS, 50 IU/ml IL-2, and 50 µg/ml gentamicin) in a T75 Flask. Pre-washed 

Dynabeads were added at the bead-to-cell ratio 1:1 and incubated in a humidified CO2 incubator 

at 37℃ for 72 hours. 

3.2 Infection of Activated CD4 T-Cells 

The isolated and activated CD4 T-Cells were then infected with various strains of high titer 

MT2 (25,500 IU) HIV in equal titers (wild-type HIV (WT), a Nef-deleted mutant (ΔNef), or a Nef-

dimerized mutant (Y115D). Infected cells were incubated in complete T cell Growth Medium  
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(RPMI-1640 containing 20% heat-inactivated FBS, 50 IU/ml IL-2, and gentamicin (50 µg/ml) in 

a 12-well plate and maintained in a humidified CO2 incubator at 37℃ for 24 hours. Mock cells 

were uninfected cells maintained under similar conditions. 

3.3 Inhibitor Study 

The effect of B9 (Cat# 5006530001, Sigma Aldrich) was evaluated in CEM-T4 cells and 

CD4 T cells isolated from PBMCs. CEM-T4 cells with a Tet-induced expression of GFP and Nef 

GFP were induced using doxycycline and cultured in CEM Growth Medi. 1 x 106 cells were plated 

in a 12-well culture plate in a final culture volume of 1.5 ml in the presence of 6 µM, 1 µM, 0.3 

µM, 0.1 µM or the DMSO carrier solvent alone as a control. The cells were then incubated in a 

humidified CO2 incubator at a temperature of 37°C in a CEM growth medium for 8 days; the cells 

were monitored, and activity was assessed every 24 hours using flow cytometry. CD4 T cells were 

infected with 25500lU of high titer MT2 HIV (wild-type HIV, a Nef-deleted mutant (ΔNef), or a 

Nef-dimerized mutant (Y115D)). 1 x 106 cells were plated in a 12-well culture plate in a final 

culture volume of 1.5 ml in the presence of 1 µM, 0.3 µM, or the DMSO carrier solvent alone as 

a control. The cells were then incubated in a humidified CO2 incubator at a temperature of 37℃ 

in a T cell Growth Medium for a period of 7 days. The cells were monitored, and activity was 

assessed on day 3 and day 7 using flow cytometry and MTT Assay. The supernatant was collected, 

viral replication was assessed using p24 ELISA, and cytokine content was measured by the 

Cytokine Bead Array Flow Cytometry Assay. 
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3.4  MTT Assay 

To assess the cytotoxic effect of HIV infection on CD4 T cells, we utilized a colorimetric 

assay. CD4 T cells, which were infected with HIV and treated with B9, were monitored for 7 days. 

On days 3 and 7 of incubation, cell activity was assessed using the MTT Assay.  CD4 T Cells 

(1x105) were plated in a 96-well plate.10 µL of a 12-mM MTT stock solution was added to each 

well, including a negative control with MTT stock solution added to the medium alone. The plate 

was incubated for 2–5 hours at 37°C, after which 50 µL of DMSO was added to each well. The 

plate was incubated for 10 minutes at 37°C, and the absorbance was read at 540 nm using an 

ELISA microplate reader. The data obtained was analyzed using GraphPad Prism (GraphPad 

Software). 

3.5  p24 ELISA 

To quantify viral replication during HIV infection and the impact of the B9 Nef inhibitor, 

supernatant collected from infected cells on day 3 and day 7 was analyzed using the HIV-1 Gag 

p24 Quantikine ELISA Kit (CAT# DHP240B). The supernatants were tested following the assay 

protocol described in the kit. 

The Standard was reconstituted, resulting in the production of a stock solution containing 

5000 pg/mL of the standard protein. The standard solution was mixed thoroughly to maintain 

homogeneity. 900 μl of Calibrator Diluent RD5-26 (diluted 1:4) was pipetted into the designated 

tube labeled 500 pg/mL. Subsequently, 500 μl of the same diluent was pipetted into each of the 
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remaining tubes. The tube containing the 500 pg/mL standard served as the high standard, while 

the Calibrator Diluent RD5-26 (diluted 1:4) acted as the zero standard (0 pg/mL). 

The plate was prepared by adding 100 μl of Assay Diluent RD1-124 to each well. Then, 

100 μl of the standard, control, or sample was added to each respective well, and the plate was 

securely covered with the adhesive strip provided. It was incubated at 37°C for 2 hours. Following 

the incubation period, the plate was washed using an ELISA plate washer. After washing, 200 μl 

of the HIV-1 Gag p24 Conjugate was added to each well, followed by covering the plate with a 

fresh adhesive strip. Incubation was conducted for a duration of 2 hours at 37°C. The aspiration 

and washing process was repeated. 

A volume of 200 μl of Substrate Solution was added to each well, which was incubated in 

the dark for 30 minutes at 37°C. 50 μl of Stop Solution was added to each well, prompting a color 

change from blue to yellow. Optical density determination of each well was promptly conducted 

within 30 minutes using a microplate reader set to 450 nm. The resulting data was analyzed using 

GraphPad Prism (GraphPad Software). 

3.6 Flow Cytometry 

To assess Nef expression in CEM T4 cells, infected cells, and cells treated with B9 

inhibitor, 1 × 106 cells were seeded into a 12-well culture plate. The CEM T4 cells were analyzed 

every 24 hours for a period of 8 days, and the CD4 cells infected were analyzed on day 7 post-

infection. The cells were then collected by centrifugation and washed with 1 mL of 1% FBS in 

PBS (FACS buffer). Subsequently, single-cell suspensions were stained with 2 μl of a 

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (ThermoFisher Scientific CAT# L34957) and 



20 

incubated for 20 minutes. Then, the cells are washed using 150 μl of wash buffer. Then 2 μl 

fluorochrome-conjugated antibodies targeting specific cell markers (anti-human CD3-BioLegend 

Cat. No. 300312, anti-human CD3-BioLegend Cat. No.  563852, anti-human CD4-BioLegend Cat. 

No. 317410, anti-human CD8-BioLegend Cat. No. 300906, mouse anti-human CD4- BD 

Pharmingen™ Cat. No. 561030 ) and 48 μl of FACS wash buffer is added to the cells and incubated 

for 20 minutes. Then, the cells are washed 2 times with 150 μl of FACS wash buffer. The stained 

cells were transferred to round-bottom tubes using 2% PFA and analyzed using flow cytometry. 

A flow cytometer BD LSR Fortessa™ cell analyzer - flow cytometer (BD Biosciences) was used 

for data acquisition.  The acquired data were then analyzed using FlowJo software. Initially, 

leukocytes were selected based on forward and side scatter characteristics. Subsequent analysis of 

various human lymphocyte populations and subsets was gated on human leukocytes. 

3.7 Cytokine Bead Array Assay 

The isolated and activated CD4 T-Cells were infected with various strains of high titer 

MT2 (25500 IU) HIV in equal titers and subjected to inhibitor B9. The culture supernatants were 

quantified for soluble immune checkpoint molecules using the LEGENDplex™ HU Essential 

Immune Response Panel (13-plex) w/VbP (BioLegend, catalog # 740930). The supernatants were 

tested following the assay protocol described in this manuscript. Data were analyzed using the 

LEGENDplex™ Data Analysis Software (BioLegend, PC version 8) and GraphPad Prism 

(GraphPad Software).    

The standard was prepared by reconstitution of the lyophilized Human Essential Immune 

Response Panel Standard Cocktail with 250 µL of assay buffer. Following a resting period of 10 
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minutes at room temperature, the standard was transferred to appropriately labeled polypropylene 

microfuge tubes. Serial 1:4 dilutions were performed to obtain standard concentrations ranging 

from the top standard (C7) to the lowest standard (C0), utilizing assay buffer as the 0 pg/mL 

standard (C0). 

50 μl of the sample was diluted with an equal volume (50 μl) of Assay Buffer in a V bottom 

96 well plate. Mixed beads were vortexed for 30 seconds before adding 25 μl to each well, ensuring 

a total volume of 75 μl per well. The plate was sealed with a plate sealer, covered with aluminum 

foil, and incubated for 2 hours at 37°C. The supernatant was swiftly discarded by inversion and 

flicking of the plate. Plate washing was performed by dispensing 200 μl of 1X Wash Buffer into 

each well, followed by incubation for one minute. Detection Antibodies (25 µL) were added to 

each well, and the plate was sealed, covered with aluminum foil, and incubated for 1 hour at 37°C. 

Without washing the plate, SA-PE (25 µL) was added directly to each well, followed by sealing, 

foil covering, and shaking for 30 minutes at 37°C. Plate washing and bead resuspension steps were 

repeated to reduce background noise further and ensure optimal assay performance. 1X Wash 

Buffer (150 µL) was added to each well, and beads were resuspended by pipetting. Samples were 

read on a flow cytometer for subsequent data analysis. 



22 

3.8 Single-Cell Sequencing Analysis 

 

Figure 6: Single-Cell Sequencing Methodology (Created with Biorender) 

 

CEM-T4 cell lines expressing either GFP or Nef-GFP under control of a tetracycline-

responsive promoter were obtained from Dr. Thomas Smithgall. The cells were then treated with 

25 ng/mL doxycycline for 24 hours to induce transgene expression as described previously (97). 

After confirmation of eGFP expression by flow cytometry, the cells were stained with condition-

specific oligomer-conjugated multiplexing antibodies. The cells were then loaded onto a BD 

Rhapsody cartridge with capture beads, lysed, and mRNA was captured according to manufacturer 

protocols. The captured mRNA was then reverse-transcribed into cDNA, and Illumina-compatible 

libraries were constructed from the cDNA. These libraries were sent to Emory for paired-end 

sequencing on an Illumina NovaSeq 6000 to obtain high-throughput transcriptomic data. Emory 

gave the data in the form of FastQ R1 and R2 files. The R1 files contained the identifications of 



23 

the tags, and R2 contained the details of the bioproducts. Upon receiving the sequencing data, it 

was run through the BD Whole Transcriptome Analysis Pipeline on the Seven Bridges Genomics 

platform that performed QC filtering cell calling. The resulting data were analyzed using the Seurat 

package version 5.0.3 in R Studio version 4.3.2 (98). Differential expression gene (DEG) analysis 

and functional enrichment analysis were conducted using the Seurat package in R. Principal 

component analysis (PCA) was performed to reduce the dimensionality of the data and identify 

major sources of variation between samples. Uniform Manifold Approximation and Projection 

(UMAP) was used to visualize high-dimensional transcriptomic data in two dimensions with the 

scPubr package, allowing for the identification of distinct cell clusters (99). Volcano plots were 

generated using the Enhanced Volcano package to visualize the relationship between gene 

expression fold change and statistical significance, highlighting genes that were significantly 

differentially expressed between experimental conditions (100). The pathfindR package version 

was used to perform pathway analysis (101). Additionally, dot plots were created to visualize the 

expression levels of specific pathways or gene sets, enabling the assessment of pathway activity 

across different experimental conditions. 
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4.0 Results 

4.1 AIM 1: Effect of Nef and Nef Inhibitors in CEM T-4 Cell Lines Independent of HIV 

Infection 

4.1.1 Downregulation of CD4 in Nef GFP Upon Induction with DOX 

A CEM-T4 cell line with Tet-induced expression of GFP and Nef GFP was used to look at 

the effect Nef has on CD4 surface protein expression. The cells were cultured in CEM growth 

media and activated with 25 ng/ml DOX for stimulation. The cultures were then maintained for 48 

hours, with data collected at various time points (1, 2, 4, 8, 24, and 48 hours). 
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Figure 7: Downregulation of CD4 Expression by Nef Upon Induction of Nef GFP with DOX 
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Figure 8: Relative MFI of CD4 Expression Downregulation by Nef Induced by Dox in Nef GFP  

 

The flow cytometric dot plots in Figure 7 depict the downregulation of CD4 surface protein 

expression in CEM-T4 cells in the DOX-induced Nef GFP-expressing cells. The CD4-positive 

cells induced to express GFP were gated on, and the relative expression and downregulation of 

CD4 were determined. Figure 8 shows the summarization of the downregulation of CD4 

expression over 48 hours recorded as mean fluorescence intensity (MFI). Our findings indicate 

that upon induction with DOX, Nef expression led to a notable downregulation of CD4 starting 

within hours post-induction. 

4.1.2 CD4 Expression in Nef GFP Improves in the Presence of Nef Inhibitor 

Flow cytometric analysis was performed to look at the effects of the Nef inhibitor B9 on 

CD4 expression levels and Nef downregulation in CEM T4 cell lines expressing both GFP and 

Nef GFP. The CEM T4 cells were cultured in CEM growth media and stimulated with 25ng/ml 

DOX for 24 hours to induce Nef expression. Subsequently, different concentrations of the Nef 
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inhibitor B9 (6 µM, 1 µM,0.3 µM, and 0.1 µM) were added to the cells, and the cultures were 

maintained for 8 days. Cell samples were collected at various time points (0, 24, 48, 72, 96, 120, 

144, 168, and 192 hours) to investigate the effects of B9 on the cell lines and the potential 

restoration of CD4 expression. 
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Figure 9: CD4 Expression in Dox-Induced Nef GFP Increases with B9 Treatment   



29 

 

Figure 10: Relative MFI of CD4 Expression in HIV-Infected T Cells Increases with B9 Treatment 

 

Flow cytometric analysis was performed to examine CD4 downregulation in Nef GFP-

expressing cells following induction. The flow cytometric dot plots depicted the relationship 

between CD4 T cells and GFP expression. A gate was applied around the CD4-positive cells, and 

the percentages of Nef downregulation were determined by assessing GFP fluorescence against 

Nef expression. Figure 9 shows the analysis of the experiment presented in the form of a flow 

cytometric dot plot, which demonstrates the reverse downregulation of CD4 T cells in response to 

Nef GFP expression upon induction in the presence of the Nef Inhibitor at 6 μM. The highest 

concentration had shown the highest correction of CD4 compared to the other concentrations. 

Figure 10 shows a summarization of the effects on the CD4 expression in the presence of a B9 Nef 

inhibitor as MFI for 192 hours. The results of the analysis indicate that B9 can restore the 

expression of CD4, which was brought down by Nef at high concentrations. 
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4.1.3 Multiomic Analysis of Nef GFP and GFP Induced by Doxycycline 

 

Figure 11: Uniform Manifold Approximation and Projection (UMAP) of Nef GFP and GFP Shows No 

Distinct Clusters 
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Figure 12: Uniform Manifold Approximation and Projection (UMAP) of Nef GFP and GFP Upon Induction 

Shows Similar Yet Distinct Expressions of Genes 

 

The CEM T4 cell lines were induced to express GFP and Nef GFP with exposure to 25 

ng/ml doxycycline, and subsequent single-cell RNA-seq analysis was conducted to examine their 

transcriptional landscapes. The analysis, depicted in Figure 11 using UMAP, did not reveal notable 

differences among the clusters, suggesting limited heterogeneity across the samples. Overall, this 

suggests that the major cellular impact of Nef may not be due to its influence on transcriptional 

activity. However, upon closer examination, it was observed that induced cells exhibited distinct 

gene expression patterns from each other (Figure 12), suggesting that Nef expression may, in part, 

be influencing certain genes. 
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Figure 13: Volcano Plot Depicting Differential Expression of Genes in CEM T4 Cells Induced to Express Nef 

GFP vs GFP-Induced  

 

To further explore the effects of Nef expression, Figure 13 illustrates a volcano plot, with 

red dots on the right representing genes with higher expression levels in Nef GFP-expressing cells, 

while red dots on the left represent genes with higher expression levels in GFP-expressing control 

cells. The Y-axis represents − log10 P values, indicating statistical significance, and the X-axis 

shows log2 fold change values, indicating the magnitude of change in gene expression. The 

analysis showed that the Nef GFP cells, induced by doxycycline-activated Nef expression, showed 

significant expression of the Nef GFP gene. The volcano plot shows certain changes in genes in 

the Nef GFP-induced cells. This suggests that while the overall transcriptional landscape may not 

show distinct differences, there are specific genes whose expression is significantly altered in 
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response to Nef expression. Additionally, genes that exhibited statistically significant changes in 

expression levels in response to Nef expression were identified and analyzed using a DOT plot. 

 

 

Figure 14: Gene Expression Pathways Most Affected by Nef Upon Induction Determined by scRNA-Seq 

Analysis 

 

The dot plot analysis in Figure 14 of Nef-GFP expression in the CEM T4 cell lines induced 

with doxycycline revealed significant alterations in key cellular pathways.  The size of expression 

shows the number of cells expressing the genes, and the increasing intensity of the color shows 

the significance of the genes expressed. This analysis indicated a large and bright red 

representation of the Upregulation of Proteasome Pathway and Ubiquitin-Mediated Proteolysis 

pathways, suggesting their heightened activity in cells expressing Nef-GFP. The dot plot also 

showed that Nef causes changes to the IL-17, TNF-alpha, and T-cell signaling Pathways 

expression levels. These pathways are crucial for maintaining cellular homeostasis and antigen 
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presentation and may be augmented to accommodate the high metabolic demands of expressing  

Nef-GFP proteins. Overall, these findings suggest that the expression of Nef-GFP in CEM T4 cells 

induces substantial changes in their transcriptional landscape, favoring pathways involved in 

protein degradation while suppressing other immune functions. 

4.2 AIM 2: Effect of Nef Dimerization Mutants and Nef Inhibitors in Viral Replication and 

Cell Death in Human Primary CD4 T Cells 

4.2.1 Nef Inhibitor B9 Reduces Viral Replication in Primary CD4 Cells 

In this experiment, CD4 T cells were isolated from peripheral blood mononuclear cells 

(PBMCs) using CD4 capture beads and activated using anti-CD3/CD28 activation beads. After 

activation, the primary cells were infected with the HIV-WT strain 3 days after stimulation. They 

were then treated with a Nef inhibitor, specifically the Nef dimerization inhibitor B9, to observe 

its impact on viral infectivity and replication in primary T cells.  

The levels of infectivity and replication were measured using an enzyme-linked 

immunosorbent assay (ELISA) that quantified p24 content. A mock-uninfected control group was 

also included for comparative analysis. The cells were treated with varying concentrations of the 

Nef inhibitor B9 (1 µM and 0.3 µM), and all experiments were conducted in quadruplicate to 

ensure statistical robustness. Figure 15 shows the results obtained from the p24 ELISA on Day 7. 

The analysis shows a gradual decrease in viral replication in the infected cells as the concentration 

of the Nef inhibitor B9 increased. 
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Figure 15: Nef Inhibitor B9 Decreases Viral Replication in HIV-Infected Primary CD4 T-Cell Day 7 Post-

Infection (N=4) [ * = P≤ 0.05, **** = P≤ 0.0001] 
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4.2.2  Nef Inhibitor B9 Shows Reduced Cytotoxic Effects in Primary Cells 

 

Figure 16: Nef inhibitor B9 Shows Improved Cell Viability in HIV-Infected Primary Cells and Cells Treated 

with B9 Day 3 Post-Infection (N=4) [Not Significant (ns) = P>0.05, * = P≤ 0.05, *** = P≤ 0.001] 

 

Here, we examined the effects of Nef dimerization inhibitor B9 on cytotoxicity and cell 

viability in interaction with primary CD4 T cells infected with the HIV-WT strain. We used an 

MTT assay focused on CD4 T cells isolated and activated from PBMCs and infected with HIV-

WT three days post-stimulation to determine cell viability. 

After infecting the cells with the HIV-WT strain, we treated them with different 

concentrations of the Nef inhibitor B9 (1 µM and 0.3 µM). The cells were treated with MTT assay, 

and data was collected at OD 540 nm. We observed discernible trends in cell viability over time. 

Specifically, we evaluated the cell viability on days 3 and 7 post-infection. Figure 16 shows the 
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MTT analysis of the cells on Day 7 and found that the uninfected cells treated and untreated with 

B9 had much higher cell viability than the infected cells. The infected cells treated with B9 showed 

significantly better viability than the untreated cells when compared to uninfected cells. This 

showed that the B9 did not show much cytotoxic effects in primary cells. 

4.2.3 Reduced Expression of Nef in HIV-WT Infected PBMCs with Increasing 

Concentration of Nef Inhibitor 

 

Figure 17:  B9 Nef Inhibitor Reduced Nef Expression in CD4 T Cells in Primary Cells 

 

To investigate the efficacy of the B9 Nef inhibitor in decreasing Nef expression at the 

cellular level, we utilized flow cytometry to analyze Nef protein expression in primary cells treated 

with varying concentrations of B9. Our experiment involved culturing CD4 T cells isolated from 



38 

peripheral blood mononuclear cells (PBMCs) in IL2 growth media, followed by activation with 

CD3/CD28 beads for stimulation. The cells were infected 3 days post-stimulation with the HIV-

WT strain and treated with different concentrations of the Nef inhibitor B9 (1 µM and 0.3 µM). 

The culture was maintained for 7 days. Flow cytometry was performed to look at protein 

expression and asses if the inhibitor was able to reduce the Nef expression on day 7. Uninfected 

cells were used as a control to examine the inhibitor's effects on CD4 T-cells.  

A gate was delineated around the CD4 cells to analyze the inhibitor's impact on viral 

replication. Figure 17 shows the contour plot showing that Nef expression is reduced in infected 

cells with increasing concentrations of Nef inhibitor treatment. To ensure statistical reliability, all 

experiments were conducted in quadruplicate. 

4.2.4 Decreased Viral Infectivity and Replication in CD4 T Cells in the Presence of Nef 

Inhibitor and Nef Dimerization Mutants 

We conducted a study comparing Nef dimerization mutants' impact with Nef inhibitor B9 

on viral infectivity and replication in CD4 T cells derived from peripheral blood mononuclear cells 

(PBMCs). The quantification of viral infectivity and replication was based on p24 levels, using an 

enzyme-linked immunosorbent assay (ELISA). A mock-infected control group was included in 

the study to establish a baseline. 
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Figure 18: Nef Dimerization Mutants Show Increased Viral Replication Compared to Nef Inhibitor B9 in 

CD4 T Cells on Day 7 Post-Infection (N=4) [* = P≤ 0.05, ** = P≤ 0.01, *** = P≤ 0.001, **** = P≤ 0.0001] 

 

First, CD4 T cells were isolated from PBMCs and then activated through stimulation. 

Afterward, we infected these cells with various strains of HIV, including HIV, HIV-ΔNef, and 

HIV-Y115D, all with equal virus titers. 24 hours after infection, we introduced 1pg/ml, the 

optimized concentration from the inhibitor study, of the Nef dimerization inhibitor B9 to the HIV-

WT-infected cells. The data analyzed on day 7 post-infection is shown in Figure 18. We observed 

that HIV-WT had the highest viral replication, followed by the Nef dimerization strain Y115D and 

the Nef-deleted strain. Additionally, the cells treated with the inhibitor showed reduced viral 

replication. To ensure statistical reliability, all experiments were conducted in quadruplicate. 

Compared to the Nef dimerization strains, the B9 Nef inhibitor showed significantly reduced 

replication. 
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4.2.5 Nef Dimerization Mutants Have Decreased Cell Viability in CD4 T Cells Compared to 

Nef Inhibitor 

 

Figure 19: Nef Dimerization Mutants Show Decreased Cell Viability Compared to B9 Nef Inhibitor in CD4 T 

Cells 7 Days Post-Infection (N=4) [Not Significant (ns) = P>0.05, * = P≤ 0.05, ** = P≤ 0.01] 

 

We conducted a study to determine how Nef dimerization mutants affect cell viability in 

CD4 T cells isolated from peripheral blood mononuclear cells (PBMCs) compared to Nef inhibitor 

B9. To assess cell viability, we used a colorimetric method known as the MTT assay. Additionally, 

we included a mock-infected control group to establish a baseline for comparison.  First, we 

isolated CD4 T cells from PBMCs and stimulated them for activation. Next, we infected these 3 

days' post-stimulation cells with various strains of HIV, including HIV, HIV-ΔNef, and HIV-

Y115D, all with equal virus titers. 24 hours after infection, we introduced the Nef dimerization 

inhibitor B9 at a concentration of 1pg/ml to the HIV-WT-infected cells.  
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Figure 19 displays the data we analyzed 7 days after infection. We observed that HIV-WT 

had the lowest cell viability, followed by the new dimerization strains. However, the cells treated 

with inhibition showed better viability compared to infected cells. To ensure statistical reliability, 

we conducted all experiments in quadruplicates. 
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4.2.6 Cytokine Responses of B9 Inhibitor Similar to Uninfected Cells 

 

Figure 20: Cytokine Profiling of Nef Dimerization Mutants and Nef Inhibitor B9 in CD4 T-Cells Day 3 and 7 

Post-Infection (A) IL-4 (B) IL-6 (C) IL-10 (D) IL-17 A (E) TNF-α (F) IFN-γ (N=4) Infected Cells Show Higher 
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Cytokine Expression [Not significant (ns) = P>0.05, * = P≤ 0.05, ** = P≤ 0.01, *** = P≤ 0.001, **** = P≤ 

0.0001] 
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Figure 20: Cytokine Profiling of Nef Dimerization Mutants and Nef Inhibitor B9 in CD4 T-Cells Day 3 and 7 

Post-Infection (A) IL-4 (B) IL-6 (C) IL-10 (D) IL-17 A (E) TNF-α (F) IFN-γ (N=4). Infected Cells Show 
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Higher Cytokine Expression [Not significant (ns) = P>0.05, * = P≤ 0.05, ** = P≤ 0.01, *** = P≤ 0.001, **** = 

P≤ 0.0001] (cont.) 

 

To evaluate the cytokine profiles of CD4 T cells in response to Nef dimerization mutants 

and the B9 inhibitor, CD4 T cells were isolated from PBMCs, cultured in IL-2 growth media, and 

activated with CD3/CD28 beads for stimulation. Subsequently, CD4 T cells were infected 3 days 

post-stimulation with various strains of HIV, including HIV-WT, HIV-ΔNef, and HIV-Y115D, all 

at equal virus titers. 

Upon infection, 1µM of the Nef dimerization inhibitor B9 was added specifically to the 

HIV-WT infected cells. The cultures were then maintained for a duration of 7 days. To assess the 

immune response, culture supernatants were collected on both day 3 and day 7 and analyzed using 

the LEGENDplex™ Human Immune Checkpoint assay. The results obtained showed in Figure 20 

that in the presence of the B9 inhibitor, the cells exhibited a response similar to those of uninfected 

cells. Il-4, IL-6, and IFN-γ levels are shown to be expressed slightly higher in infected strains when 

compared to uninfected or cells treated with B9. The higher cytokine levels in the infected strains 

compared to the B9-treated and uninfected cells likely indicate an active immune response to the 

HIV infection. The elevated levels of cytokines in HIV-Y115D and HIV-WT indicated that Nef 

expression might be necessary for such a response to occur. 
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5.0 Conclusions and Discussion 

Antiretroviral therapy (ART) is a critical component in the fight against HIV-1, 

significantly reducing the negative impact of the virus. However, despite its effectiveness, the 

development of multidrug resistance poses a significant challenge to HIV management. Multidrug 

resistance in HIV-1 can occur through various mechanisms, including genetic mutations that 

reduce the efficacy of antiretroviral drugs. This resistance can stem from two sources: transmitted 

drug resistance, where drug-resistant strains are passed between individuals, and acquired drug 

resistance, which occurs due to suboptimal adherence to ART. There has been an increase in 

transmitted drug resistance, surpassing the threshold of concern outlined by the World Health 

Organization. This undermines the efficacy of first-line ART regimens and limits treatment options 

for those newly diagnosed. Moreover, challenges like poor adherence to ART and continued viral 

replication in the presence of drugs contribute to the accumulation of resistance mutations, leading 

to the emergence of multidrug-resistant HIV-1 strains. This issue is particularly pressing in settings 

with limited access to newer antiretroviral agents and resistance testing, exacerbating the urgency 

to find a viable alternative (102-104). 

The HIV-1 Nef protein plays a diverse role in enhancing viral infectivity, replication, and 

immune evasion while also contributing to broader immune dysregulation, leading to 

immunodeficiency and AIDS progression. Overall, Nef's complex effects on ART efficacy and the 

development of drug resistance underscore its significance. Its ability to sustain viral replication, 

evade immune surveillance, and interact with ART to disrupt cellular processes may all contribute 

to the challenges of achieving sustained viral suppression and preventing the emergence of drug-

resistant HIV strains (74, 105, 106). Targeting Nef functions represents a potential strategy to 
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improve the effectiveness of ART or explore alternative treatment approaches. My thesis aims to 

establish the efficacy of Nef inhibitors on CD4 T-cells and to understand the effects of Nef on 

these cells. To achieve this, I proposed the following aims: 1) Investigating the effect of Nef and 

Nef inhibitors on CEM T-4 cell lines independent of HIV infection, and 2) Examining the effect 

of Nef dimerization mutants and Nef inhibitors on viral replication and cell death in CD4 T-cells 

in human primary cells. 

Prior research shows that Nef is crucial for the establishment and maintenance of latent 

HIV-1, which can lead to co-morbidities. We have discovered Nef inhibitors that could promote 

HIV latency reversal, restoration of adaptive immunity, and reservoir reduction. Inhibitors have 

the potential to restore cell-surface MHC-I expression in latently HIV-infected CD4 T cells, 

allowing for recognition by CD8 T cells and enhancing HIV-infected CD4 T cell killing. Given 

that no FDA-approved drugs currently exist for this purpose, it is crucial to develop antiretrovirals 

that target Nef. In order to better understand the effects of Nef inhibitors, experiments were 

conducted using a CEM T4 cell line (107-111). To gain insight into Nef's ability to downregulate 

CD4 T-cells, I utilized a CEM T4 cell line with TET-induced expression of Nef GFP and GFP. 

This not only allowed me to focus on the effects of Nef expression but also the induction to express 

Nef, which mimics the expression of Nef during infection. Subsequently, I treated the cells with 

an inhibitor to evaluate if the B9 Nef inhibitor restored the CD4 expression. Doxycycline was used 

to induce expression on the cell line at a concentration of 25ng/ml. Over 48 hours (0, 2, 4, 8, 24, 

and 48h), it was observed that CD4 expression was downregulated by Nef starting at 8 hours post-

induction. Then, I treated the cells with different concentrations of B9 post-induction (0.1,  0.3, 1, 

and 6μM) and observed the inhibitor's effects for 8 days. The data was analyzed by flow cytometry 

to see the expression of Nef and CD4 T cells. It was observed that Nef could mostly restore the 
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CD4 expression in the CEM T4 cell line at the highest concentrations and maintained till day 5, 

after which there is presumed cell death, consistent with previous studies performed at a lower 

concentration (112). 

Single-cell RNA sequencing analysis was used to compare the transcriptomes of CEM T4 

cells with Tet-induced expression of GFP and Nef GFP 24 hours post-induction. This analysis was 

selected based on the downregulation of CD4 observed through flow cytometry results. The first 

step was to perform principal component analysis (PCA), a form of dimensionality reduction. PCA 

groups similar data points together without explicitly indicating the differences, providing 

researchers with an overview of the similarities within the dataset. After PCA, uniform manifold 

approximation and projection (UMAP) was employed to condense the data into a more 

interpretable form. UMAP provides a bird's-eye view of the dataset, illustrating the heterogeneity 

within the clusters. However, the different conditions did not cluster separately, suggesting that 

the observed patterns were not solely attributable to the effects of Nef. Subsequently, differential 

gene expression analysis was conducted between cells expressing Nef GFP with and without 

doxycycline induction. Despite some cells not expressing Nef GFP in the presence of doxycycline, 

several significant genes were identified, with Nef GFP being one of them. The analysis revealed 

differences in gene expression levels, with red indicating higher expression and blue indicating 

lower expression.  

Moreover, dot plots were employed to visualize gene expression levels, with darker dots 

indicating higher expression levels and larger dots signifying more cells expressing that gene. The 

dot plot analysis revealed an increase in the Proteasome Pathway and Ubiquitin-Mediated 

Proteolysis, indicating heightened protein degradation and turnover within the cells. These 

pathways are vital for maintaining cellular equilibrium and antigen presentation and may be 
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boosted to accommodate the metabolic demands associated with GFP and Nef-GFP protein 

expression. On the other hand, the dot plot for IL-17, TNF-alpha, and T Cell Signaling Pathways 

showed decreased expression levels. These pathways are crucial for immune responses, 

inflammation, and T-cell activation. The observed decrease suggests Nef expression may hinder 

normal T-cell signaling and mitigate inflammatory responses within these cells, inducing 

substantial changes in their transcriptional landscape, favoring pathways involved in protein 

degradation while suppressing normal immune functions. including cell signaling, apoptosis, 

protein processing, immune response, and DNA repair (113-115). 

The statistical significance of these expression patterns underscores their biological 

relevance, indicating that the observed changes in pathway activity are not random fluctuations 

but meaningful alterations induced by Nef expression. This provides insight into how the HIV Nef 

protein manipulates cellular processes to support viral replication and evade immune surveillance. 

However, it is important to note that single-cell RNA sequencing analysis provides insights 

primarily at the mRNA level and may not fully capture post-transcriptional regulatory 

mechanisms. Nef performs its functions post-transcriptionally, and since we are looking at a cancer 

cell line, the expression observed in terms of RNA may not all be caused by Nef. Therefore, it is 

likely that PBMCs would have less background activity and reveal greater transcriptional 

differences caused by Nef. Nonetheless, these analyses offer valuable insights into the 

transcriptional changes associated with Nef expression in CEM T4 cells (116, 117). 

Previous studies utilized the bone marrow-liver-thymus-spleen (BLTS) humanized mouse 

model to explore the interactions between HIV Nef and the human immune system. These studies 

showed that Nef deletion hindered HIV replication in BLTS-humanized mice. Additionally, the 

use of dimerization-defective Nef mutants, based on previous X-ray crystal structures, 
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demonstrated that Nef dimerization promotes robust HIV replication in vivo. The research also 

indicated that Nef dimers enhance T cell-mediated immune activation, checkpoint inhibitor 

expression, and dysregulation of various immune signaling pathways in vivo. However, despite 

the valuable insights gained from the BLTS humanized mouse model, certain limitations existed.  

While this model incorporates human innate and adaptive immune cells, as well as primary 

and secondary lymphoid tissues, it may not fully replicate the complexities of the human immune 

system (93, 118) . In order to comprehensively understand Nef's impact on CD4 T-cells, I proposed 

utilizing a peripheral blood mononuclear cell (PBMC) model for Aim 2 of the study. This model 

offers a more physiologically relevant human cell model than the previously utilized BLTS mouse 

model. Additionally, it allows for a more controlled and detailed examination of Nef's impact on 

CD4 T-cells, providing an opportunity to dissect the specific mechanisms underlying Nef-

mediated immune dysregulation at the cellular level (119, 120) (116, 117) . 

The B9 Nef inhibitor is shown to rescue cell-surface MHC-I expression in latently HIV-

infected, donor-derived CD4 T cells, enabling recognition by autologous CD8 cytotoxic T 

lymphocytes (CTLs) and enhancing HIV-infected CD4 T cell killing in cell lines (74, 121). To 

evaluate the effects of B9 Nef inhibitor on PBMCs, I experimented to assess cell viability and viral 

replication. I infected PBMCs with HIV-WT and treated them with varying concentrations of the 

inhibitor (1 µM and 0.3 µM) for 7 days. On day 7, I utilized p24 ELISA to measure viral replication 

and MTT assay to analyze cell viability. As the concentration of the inhibitor increased, viral 

replication was notably reduced compared to infected cells, indicating its effectiveness in 

hindering HIV replication. Additionally, the inhibitor did not compromise PBMC viability, 

affirming its potential safety for host cells. This observation was in stark contrast to the lower 

viability observed in infected PBMCs, highlighting the negative impact of HIV infection on 
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cellular health. Flow cytometric analysis also showed a decrease in Nef expressions with 

increasing concentrations of Nef inhibitor. 

Earlier research indicates that homodimerization is crucial for Nef-mediated amplification 

of HIV infectivity, replication, and immune dysregulation in tissue culture models (74, 121). In 

this study, we present proof that proposes that Nef homodimers play a part in intensifying HIV 

viremia and associated T cell activation. To examine the effects of various strains of HIV (HIV-

WT, HIV-ΔNef, HIV-Y115D) on CD4 T-cells, I isolated CD4 cells from PBMCs and stimulated 

them using the anti-CD3/CD28 beads in an IL-2 rich growth media to activate T-cell proliferation. 

Following this, the cells were infected with a high titer virus of equal MOI, and virus replication 

was measured on day 7 using p24 ELISA. The results showed that the wild-type HIV strain had 

the highest virus replication, followed by Nef deleted and dimerized strains. The various strains 

exhibited different levels of viral replication, with the wild-type strain exhibiting the highest 

replication, followed by Nef deleted and Nef dimerized strains. The level of disruption in Nef 

dimerization activity was consistent with the viremia outcomes. High concentrations of an 

inhibitor significantly reduced viral replication across all strains, highlighting the critical role of 

Nef in viral replication. CD4 T-cells treated with the inhibitor showed enhanced viability 

compared to those infected with different HIV strains, indicating a protective effect of the inhibitor 

on cell viability. 

Infection with HIV can significantly impact cytokine responses, leading to an imbalance 

in cytokine production that contributes to the disease's pathogenesis by weakening cell-mediated 

immunity. A cytokine assay was conducted to assess the cytokine responses during treatment with 

an inhibitor. The assay involved infecting CD4 T cells with different strains and treating them with 

the B9 inhibitor. On days 3 and 7, the supernatants were collected and analyzed. The results also 
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indicated elevated levels of inflammatory and immunosuppressive cytokines with respect to HIV-

Y115D and HIV-WT in the infected strains compared to those treated with the B9 inhibitor and 

uninfected cells. Notably, these strains express Nef, while the other strain under observation does 

not, and the inhibitor successfully blocks Nef's effects. These findings suggest that the presence of 

Nef in HIV infection triggers a robust immune response, resulting in increased cytokine 

production. The heightened levels of these cytokines in the infected strains indicate that the virus 

actively engages the immune system, leading to an inflammatory response. This aligns with 

existing research indicating that HIV infection can modulate cytokine profiles, with cytokines like 

IFN-γ, IL-4, and IL-6 often remaining elevated in HIV-infected individuals (122-124). The results 

showed that B9-treated infected cells exhibited cytokine responses similar to uninfected cells. This 

could suggest that B9 helps normalize immune function despite the presence of HIV by inhibiting 

Nef's effects on T cell activation and immune checkpoint expression. Targeting Nef dimerization 

with inhibitors like B9 could be a viable strategy for reducing the pathogenic effects of HIV on 

the immune system. Such inhibitors could potentially improve immune system function in HIV-

infected individuals, leading to better treatment outcomes and a higher quality of life. 

Although we are able to get a better understanding of the potential of Nef inhibitor as a 

possible alternative treatment to ART or the impact Nef has on the immune response, there are 

certain limitations to this study that need to be addressed. Using a cancer cell line like CEM T4 

cells for single-cell RNA sequencing analysis may not fully represent the physiological context of 

Nef-mediated effects on immune cells. To ensure the translational significance of our results, 

future investigations should consider employing primary cells or alternative models that better 

mimic the in vivo immune microenvironment. Furthermore, broadening our exploration beyond a 

singular Nef inhibitor, such as B9, is imperative. While B9 has shown promise, investigating a 
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diverse array of Nef inhibitors could furnish a more holistic understanding of Nef-targeted therapy. 

This approach might unveil novel inhibitors with heightened efficacy or alternative mechanisms 

of action, thereby enriching our therapeutic arsenal against HIV. Lastly, it's pertinent to recognize 

the limitations inherent in solely relying on supernatant analysis to assess cytokine responses. This 

methodology may overlook nuanced cellular-level changes in cytokine production and signaling 

cascades. By incorporating advanced techniques like intracellular cytokine staining or single-cell 

cytokine profiling, researchers can glean deeper insights into the intricate interplay between Nef, 

immune responses, and cytokine dynamics within diverse cell subsets.  

In essence, by addressing these considerations, we not only fortify the robustness and 

clinical relevance of our findings but also lay the groundwork for future investigations aiming to 

unravel the complexities of Nef-mediated immune modulation and devise more effective 

therapeutic strategies against HIV. 
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6.0 Future Directions 

Future research initiatives could implement several crucial and innovative strategies to 

overcome the limitations that our study has highlighted.  

One step would be incorporating intracellular cytokine staining assays to directly assess 

cytokine expression profiles within infected cells treated with Nef inhibitors. By examining 

cytokine production at the cellular level, rather than relying solely on supernatant analysis, we can 

better understand how Nef modulates immune responses and cytokine signaling pathways. 

Another would be to explore a broader range of Nef inhibitors, including more potent or 

innovative compounds such as PROTACS (proteolytic-targeting chimeras). The efficacy and 

mode of action of these inhibitors should be evaluated, and primary cells like PBMCs should be 

used to determine their impact on Nef-mediated immune dysregulation and HIV replication 

dynamics, opening up new avenues of exploration in our field. 

Next, I would perform single-cell RNA sequencing analysis on primary immune cells, such 

as CD4 T cells from PBMCs, to delineate the transcriptional landscape associated with Nef 

expression and inhibitor treatment. This approach would offer a more physiologically relevant 

perspective on Nef-mediated effects and provide deeper insights into gene expression patterns and 

regulatory networks. 

By integrating these methodologies into future investigations, we cannot only overcome 

the limitations of our current study but also pave the way for significant advancements in our 

understanding of Nef-mediated immune dysregulation in HIV infection. This comprehensive 

approach holds the potential to deepen our insights into HIV pathogenesis and significantly inform 
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the development of more effective therapeutic strategies against the virus, inspiring a new wave 

of research in the field. 
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7.0 Public Health Significance 

The investigation of B9, a Nef inhibitor, and its impact on the impairment of CD4 T cells 

has significant public health implications in various areas. The comprehension of Nef's role in HIV 

pathogenesis is crucial for devising practical treatment approaches. Nef is known to enhance viral 

replication and foster immune evasion, making it indispensable in the progression of HIV/AIDS.  

By scrutinizing how B9 affects Nef-mediated immune dysregulation, researchers can 

acquire insights into the mechanisms of HIV pathogenesis and open doors for innovative 

therapeutic interventions. Combining Nef inhibitors with existing antiretroviral therapies could be 

a new approach to HIV/AIDS management. By reducing Nef-mediated immune dysregulation, 

these inhibitors may facilitate immune restoration and clearance of latent viral reservoirs, bringing 

us closer to a functional HIV cure.  

Furthermore, examining B9's effects on CD4 T cells provides insights into enhancing 

immune function in HIV-infected individuals. B9's ability to restore MHC-I expression on HIV-

infected CD4 T cells suggests that Nef inhibitors have the potential to improve immune 

surveillance and clearance of infected cells. This could lead to better treatment outcomes and a 

higher quality of life for those living with HIV.  

Additionally, as Nef inhibitors are not yet FDA-approved, understanding their mechanisms 

and effects on immune regulation is pertinent for exploring them as an alternative to ART. This 

avenue holds promise for individuals facing challenges with traditional ART regimens, offering 

new hope for effective HIV treatment strategies. Understanding Nef's role in immune evasion is 

essential for creating targeted therapeutic interventions.  

 



57 

By unraveling the complexities of Nef-mediated immune modulation, researchers can 

identify potential intervention targets and develop innovative strategies to combat HIV/AIDS, one 

of the significant public health challenges that continue to prevail. 
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