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ABSTRACT 

THE EFFECTS OF EXTRACELLULAR VESICLE-ASSOCIATED KINASES ON 

HIV-1 PATHOGENESIS 

Gifty A. Mensah, Ph.D. 

George Mason University, 2022 

DissertationDirector: Dr. Fatah Kashanchi 

 

As of 2020, there were 37.7 million people living with Human Immunodeficiency 

Virus type 1 (HIV-1). Although great strides have been made in treatment options for 

HIV-1 and our understanding of the HIV-1 life cycle has vastly improved since the start 

of this global health crisis, a functional cure remains elusive. One of the main barriers to 

a cure is latency, which allows the virus to persist despite combined antiretroviral therapy 

(cART). Recently, we have found that extracellular vesicles (EVs), membrane-bound 

particles released by virtually all cell types and known to mediate intercellular 

communication, as being responsible for the increased transcription observed in HIV-1-

latently-infected cells. This study elucidates the molecular mechanism by which EVs 

derived from uninfected T-cells activate latent HIV-1. Our results show that kinases 

present in EVs such as c-Src initiate signal cascades that culminates in increased viral 

transcription via the PI3K/AKT/mTOR pathway. In addition, kinome profiling of EVs 
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revealed that the kinases CDK10, GSK3β, and MAPK8 are differentially expressed in 

EVs from uninfected versus HIV-1 infected cells. These kinases were shown to be 

biologically active and capable of phosphorylating substrates, as well as modulate 

changes in the cell cycle dynamics of recipient cells. Overall, data from this study 

implicate EV-associated kinases as key contributors to HIV-1 pathogenesis - specifically 

at the transcriptional and cell cycle control levels. These findings are significant because 

they could serve as the basis for improving and supplementing the current antiretroviral 

treatment regimen. 
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CHAPTER ONE: INTRODUCTION 

Despite the great strides that have been made in the fight against HIV-1, it remains a 

global health crisis. As of 2020, the WHO reported that approximately 37.7 million 

people were living with HIV/AIDS worldwide (1). In the United States alone, an 

estimated 1.1 million people are infected with HIV, with over 36,000 cases diagnosed 

annually (2). Although a definitive cure for HIV does not exist, combination 

antiretroviral therapy (cART) has improved the quality of life of patients living with 

HIV-1 (3). cART blocks viral spread by targeting various stages of the HIV-1 replicative 

life cycle including entry/fusion, reverse transcription, integration and maturation, 

thereby forcing the infected cell into a state of latency where viral particles are below 

detection level (i.e., <50 copies/mL plasma) (4). However, HIV-associated 

neurocognitive disorders (HAND) occurs in over 47% of HIV patients despite cART (5). 

In addition, low level viral RNA have been found to be present in immune cells of 

patients under long-term cART who are considered latently infected (6, 7). This has been 

partially attributed to poor accessibility of antiretrovirals to sanctuary sites such as the 

brain and differences in cell turnover of infected cell types. In all, this calls for the need 

for a better understanding and improved approaches in the study of the molecular 

mechanisms behind latency, as well as the HIV-1 life cycle.  
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Latency is one of the major hurdles when it comes to completely eradicating HIV-

1 as cART is unable to target latent reservoirs within various parts of the body including 

CD4+ T-cells and macrophages, and sanctuary sites such as the testes and brain (8). 

Recently, the lack of transcriptional latency despite cART has been brought to the 

forefront. A study performed by Dornadula et al. revealed that viral RNA (average 17 

copies/mL) was present in the peripheral blood plasma and genital tract fluids of patients 

under cART (9). Similarly, another study found low-level viral replication in 4 different 

tissue reservoirs – cerebrospinal fluid (CSF), lymphoid tissues, genitourinary tract, and 

serum – of patients receiving cART for 2 years (10). Furthermore, Ishizaka et al. reported  

prematurely terminated short HIV-1 transcripts (STs), which are the initial product (60 to 

70 nucleotides) of viral transcription that are not affected by subsequent processes such 

as transcriptional elongation and alternative splicing steps, in the peripheral blood 

mononuclear cells (PBMCs) of both untreated and treated HIV-1 patients who have 

undetectable viremia in plasma (11). ST levels strongly correlated with immune 

activation, suggesting the possibility of using STs as biomarkers for tracking viral 

activation. Furthermore, another study found the presence of defective proviruses, which 

the authors dubbed “zombie” proviruses due to their inability to produce intact viruses 

but could still cause harm by generating viral nucleic acids and proteins, in patients at all 

stages of HIV-1 infection including before and after cART (12). The authors discovered 

that these defective proviruses were not silent and could potentially contribute to HIV-1 

pathogenesis by producing novel unspliced HIV-1 RNA transcripts that contained a part 

of the gag and nef genes, as well as elements of pol, env, and rev (12). Taken together, 



3 

 

these studies clearly point to a lack of transcriptional latency despite the presence of 

cART. This persistent low-level viral replication in patients under cART who have 

undetectable plasma viremia could contribute to the failure of complete HIV-1 

elimination in these individuals.  

A potential mechanism contributing to the lack of transcriptional latency and 

residual viral replication may be the functions of extracellular vesicles (EVs), which are 

membrane-bound vesicles released from virtually all cell types of the body. They are 

present in numerous biological fluids including synovial fluid, breast milk, blood, urine, 

and saliva (13).  EVs were originally thought to be mere vesicles utilized by cells to 

dispose of unwanted waste. However, it has now been established that EVs are major 

players in numerous essential molecular processes including inflammation, intercellular 

communication, cell proliferation, neuronal function, and cell survival (14). EVs contain 

proteins, lipids, and RNA; which can be transferred to neighboring cells, eliciting 

functional changes in the recipient cell (14). EVs can be categorized based on their size 

ranging from 30 to 5000 nm in diameter  (15). For instance, exosomes typically range 

from  30 to 200 nm in diameter and originate from multivesicular bodies (MVBs) (15, 

16). Classical exosomal marker proteins include Alix, TSG101, HSC70, HSP90β, CD63, 

CD9, and CD81 (15). Microvesicles (MVs) measure between 100 nm to 1 μm in 

diameter. Microvesicles are secreted by budding or blebbing from lipid rafts or caveolar 

plasma membrane microdomains (17). MVs released by cancer cells are known as 

oncosomes sizing up to 10 μm in diameter (15, 18). Markers of MVs include ARF6, 

VAMP3, and Annexin A1 (18). Apoptotic bodies are about 50 to 5000 nm in diameter 
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and are released by cells undergoing apoptosis. As such, apoptotic bodies have been 

found to contain organelles, chromatin, and small amounts of glycosylated proteins, with 

histones, HSP60, and GRP78 serving as protein markers (15). Recently, 2 more EV 

subtypes known as exomeres and supermeres have been discovered. Both exomeres and 

supermeres are less than 50 nm in size; and have markers such as HSP90β and Ago1, 

respectively (15, 19). Common isolation techniques used to separate various EV types 

include differential ultracentrifugation (DUC), density gradient centrifugation, size 

exclusion chromatography, and polymer-based precipitation (20).  

EVs have been implicated in numerous pathological conditions such as cancer, 

cardiovascular diseases, neurological disorders, inflammatory diseases, and infectious 

diseases such as Ebola Virus, Rift Valley Fever, Zika Virus, and HIV-1 (21–26). It has 

been shown that the contents of EVs could reflect the physiological and pathological state 

of the parent cell (27).  In the case of HIV-1, viral products such as transactivation 

response (TAR) RNA, a short stem-bulge-loop structure present at the 5’ends of all HIV-

1 spliced and unspliced mRNAs that serves as the binding site for the viral protein Tat to 

enhance transcription, can be packaged into EVs and taken up by neighboring cells, 

resulting in the suppression of apoptosis as well as the release of pro-inflammatory 

cytokines (23, 28, 29). EVs have also been found to enhance HIV-1 infection by 

regulating the cellular transfer of co-receptors such as CCR5 and CXCR4 to receptor-

deficient cells (30, 31). Consequently, EVs have been dubbed the “Trojan horses” of viral 

infections where viruses use them to traffic various viral products into a susceptible host 

cell (32).  
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Recently, we discovered that exosomes from uninfected cells activate 

transcription of latent HIV-1 (33). Data showed that upon treatment of latent HIV-1-

infected cells with EVs from uninfected T-cells and monocytes, a significant increase in 

both TAR RNA and genomic RNA copies ensued (33). Similar results were observed in 

primary cells derived from 3 independent healthy donors treated with exosomes isolated 

prior to infection with HIV-1 dual-tropic strain 89.6. Results showed the addition of 

uninfected exosomes to HIV-1-infected peripheral blood mononuclear cells (PBMCs) 

under cART led to an increase of TAR RNA in all 3 donors while 2 out of the 3 donors 

saw an increase in genomic RNA levels upon exosome treatment (33). Taken together, 

these results suggest that exosomes from uninfected cells activate latent HIV-1. However, 

the mechanism of activation of latent HIV-1 was not clear.  The current study aims to: 1) 

define the molecular mechanism underlying the EV activation of latent HIV-1; and 2) 

work to overcome the inability of current cART treatment in preventing HIV-1 

transcription by examining the contents and effects of EVs released from HIV-1-infected 

cells on recipient cells (Fig. 1). We hypothesize that protein kinases present in EVs 

initiate a signal cascade that culminates in functional changes in the recipient cell 

including the phosphorylation of cellular substrates, alterations in cell cycle dynamics, 

and activation of latent HIV-1. 

To elucidate the mechanism behind the EV-mediated activation of latent HIV-1, 

we first examined EV protein cargo. Kinases emerged as potential candidates driving the 

activation of latent HIV-1 due to their function as molecular switches with the ability to 

regulate a plethora of biological processes including cell cycle regulation, differentiation, 
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survival, proliferation, and immune responses. Kinases phosphorylate over 30% cellular 

proteins and are known for mediating signal transduction processes (34). Furthermore, 

kinase deregulation has been well established to play an important role in the 

development of numerous diseases such as cancer, cardiovascular, and infectious diseases 

(35, 36). Several kinases, along with their accompanying signaling pathways, have been 

implicated in HIV-1 pathogenesis. For instance, phosphatidylinositol 3-kinase (PI3K) 

plays a role in viral entry where the PI3/AKT signaling pathway is activated upon the 

interaction between HIV-1 envelope protein and the host CD4 receptor (37). A study 

done by Hamada et al. reported that the inhibition of the PI3K p110α by a small molecule 

inhibitor known as PIK-75 dampened HIV-1 entry in permissive cells and reduced the 

HIV-1-mediated phosphorylation of AKT (37). Similarly, the Hemopoietic Cell Kinase 

(Hck), expressed primarily in myeloid cells, has been shown to be activated by the viral 

protein Nef via the interaction of its proline-rich motif with the Hck SH3 domain (38). 

Interestingly, Hck was shown to be present in EVs isolated from the plasma of HIV-1 

patients (39). It was found that the Nef-mediated activation of Hck prompted the 

activation and packaging of ADAM17, the sheddase of TNF, into plasma EVs, 

potentially contributing to the progression of viral infection by altering immune 

responses stemming from the release of TNF (39). Lastly, kinases have been implicated 

in the regulation of HIV-1 latency. Wolschendorf et al. reported that inhibition of Jun N-

terminal protein kinase (JNK) using the kinase inhibitor AS601245 blocked the 

reactivation of HIV-1 in both cancer T-cell lines and primary T-cells despite high NF-κB 

activity achieved by phorbol esters or CD3/CD28 antibody costimulation (40). 
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Collectively, these studies demonstrate the undeniable role kinases play in HIV-1 

pathogenesis.  

Due to their role in a vast range of cellular processes, kinases have emerged as 

prime drug targets. Furthermore, the fact that the current cART regimen lacks an FDA-

approved transcription inhibitor led us to explore whether EV cargo include kinases that 

could change the fate of recipient cells. We discovered that EVs derived from uninfected 

T-cells contain kinases such as c-Src, a member of the Src family of kinases (SFKs), 

which is involved in several signal transduction pathways that regulate cell migration, 

differentiation, metabolism, cell growth, cell division, immune response, and apoptosis 

(41). We found that c-Src initiates a signal cascade that culminates in the activation of 

latent HIV-1 via the PI3K/AKT/mTOR pathway (42). In addition, our kinome profiling 

data of EVs derived from uninfected and HIV-1-infected monocytes and T-cells revealed 

the presence of over 180 kinases - several of which were found to be differentially 

expressed between EVs and their parental cells; as well as between EVs derived from 

uninfected cells versus those from HIV-1-infected cells.  

Moving forward, we prioritized 3 kinases based on their potential to influence 

HIV-1 pathogenesis. These kinases were: cyclin-dependent kinase 10 (CDK10), glycogen 

synthase kinase-3 beta (GSK3β), and mitogen-activated protein kinase 8 (MAPK8). 

CDK10 has been shown to control the function of the transcription factor, ETS2, which 

has in turn been found to control lymphotropic factors essential to HIV-1 transcription 

such as NFAT, NF-κΒ/p65, c-Jun, and c-Fos (43). GSK3β has been implicated in 

regulating Tat-mediated transcription where knockdown of GSK3β using an inhibitor 
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resulted in the blockage of viral replication by more than 50% after 7 and 14 days in 

primary cells (44). MAPK8 is part of the MAP kinase pathway which is known for 

transcriptional regulation of activator protein 1 (AP-1), a transcription factor integral to 

HIV-1 gene expression (45). Liu et al. reported that the viral accessory protein, viral 

protein R (Vpr), activates NF-κB and AP-1, leading to stimulation of the HIV-1 LTR 

promoter (45). Our results from this study revealed that CDK10, GSK3β, and MAPK8 

present in EVs are biologically active and able to phosphorylate substrates. Lastly, these 

EV-associated kinases were found to change the cell cycle dynamics of recipient cells. 

This is important because HIV-1 replication is tied to cell cycle control. For instance, Vpr 

has been shown to block infected cells from proliferating by hindering the normal cell 

cycle control – specifically preventing cells from passing into mitosis (46). 

Mechanistically, Vpr was reported to cause a halt in the cell cycle at the G2 phase by 

interacting with the Cul4 E3 ubiquitin ligase complex, which is responsible for 

ubiquitinating a variety of substrates involved in cell cycle regulation (47). This further 

proves the intricate link between the cell cycle and HIV-1 pathogenesis. Overall, data 

from this current study implicate EV-associated kinases as key contributors to HIV-1 

pathogenesis, specifically at the transcriptional and cell cycle control levels. These 

findings are significant because they could serve as the basis for improving and 

supplementing the current antiretroviral treatment regimen. 
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Figure 1: Summary of the specific aims for this study. This current study aims to: 1) define the molecular 

mechanism underlying the EV activation of latent HIV-1; and 2) examine the contents and effects of EVs 

released from HIV-1-infected cells on recipient cells. 
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CHAPTER TWO: MATERIALS AND METHODS 

Cell culture and reagents 

CEM (uninfected T-cell), THP-1 (uninfected monocyte), U937 (uninfected promonocytic 

cell), ACH2 (chronically HIV-1-infected T-cell), THP89GFP (latently HIV-1-infected 

monocyte), U1 (HIV-1-infected promonocytic cell), and HUT102 (HTLV-1-infected T-

cell) were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated 

exosome-depleted fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 

and 100 µg/mL streptomycin. Exosome-depleted FBS was obtained through 

ultracentrifugation at 100,000 × g for 90 minutes to remove bovine exosomes. Dasatinib 

(Sellekchem, S1021), Gefitinib (Sellekchem, S1025), LY294002 (Sellekchem, S1105), 

MK2206 2HCl (Sellekchem, S1078), Rapamycin (Sellekchem, S1039), WP1066 

(Sellekchem, S2796), Bufalin (Cayman Chemicals, 465-21-4), AZD2858 (Cayman 

Chemicals, 16728), NVP-2 (Cayman Chemicals, 34725), and DB07268 (Cayman 

Chemicals, 22257) were used to treat cells in various experiments. α-c-Src (Santa Cruz 

Biotechnology, sc-19), α-CD63 (Systems Bioscience, EXOAB-CD63A-1), α-Hck (Santa 

Cruz Biotechnology, sc-374100), α-Lck (Santa Cruz Biotechnology, sc-433), α-Fyn 

(Santa Cruz Biotechnology, sc-434), α-p24 (NIH AIDS Reagent Program, 4121), and α-

Actin (Abcam, ab49700) were used in Western blots. α-CDK10 (Cell Signaling, 36106), 

α-GSK3β (Cell Signaling, 12456), α-JNK (Santa Cruz Biotechnology, sc-7345), and α-

IgG (Santa Cruz Biotechnology, sc-66931) were used in Western blot, 

immunoprecipitation, and kinase assays. 
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EV isolation using Differential Ultracentrifugation (DUC) 

CEM, THP-1, U937, ACH2, THP89GFP, U1, and HUT102 cells were grown in complete 

RPMI media with exosome-depleted FBS for 5 days. EVs were isolated from 100 mL of 

cell culture supernatant (106 cells per mL). Cell culture was spun at 500g for 10 minutes 

to get rid of cell debris. The supernatant was collected and spun at 2000g for 45 minutes 

to obtain 2K EV pellet followed by another spin at 10,000g for 45 minutes to yield 10K 

EV pellet. The resulting supernatant was then spun at 100,000g for 90 minutes for 100K 

EV pellet. Lastly, the subsequent supernatants were spun at 167,000g for 4hrs and 16hrs 

to acquire the 167K(4hr) and 167K(16hr) EV populations, respectively. Each spin was 

followed by a wash with PBS. All spins were performed at 4oC. 

 

EV isolation using size exclusion chromatography: IZON qEV Columns 

The 35nm qEV original Gen 2 exclusion column was used according to the 

manufacturer’s protocol. Briefly, the column was equilibrated with 1 mL PBS prior to 

loading of 150 L 100K EVs suspended in PBS on top of the column. This was followed 

by collection of a 1 mL void volume. Next, 40 fractions of 200 L each were collected. 

Fractions were pooled together in sets of 5 and concentrated with nanotrap particles 

(described below) followed by Western blot analysis. 
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Enrichment of EVs/virions using Nanotrap (NT) particles 

Nanotrap particles (Ceres Nanosciences, Inc.) were used to enrich EVs from 1 mL cell-

free supernatant samples as previously described (48). Briefly, a 30% slurry of NT082 

(Ceres #CN2010), NT080 (Ceres #CN1030), and 1 × Phosphate Buffered Saline (PBS) or 

50% slurry of NT86 (Ceres #CN1080) and 1 × PBS were combined; and 35 μL was 

added to 1 mL of each sample supernatant to capture EVs. The samples were then rotated 

overnight at 4 °C and centrifuged at 12,000 rpm for 10 minutes. The resulting pellet was 

washed once with PBS and used for downstream assays.  

 

EV characterization with ZetaView Nanoparticle Tracking Analysis (NTA) 

EVs isolated from cancer cell lines and PBMCs via differential ultracentrifugation were 

quantified and sized using the ZetaView® Z-NTA (Particle Metrix) and its corresponding 

software (ZetaView 8.04.02). One hundred nanometer polystyrene nanostandard particles 

(Applied Microspheres) were used to calibrate the ZetaView instrument prior to sample 

readings at a sensitivity of 75 and a minimum brightness of 20. For each reading, the 

instrument pre-acquisition parameters were set to a temperature of 23 °C, a sensitivity of 

85, a frame rate of 30 frames per second (fps), and a shutter speed of 250 (42, 49). EVs 

were diluted in PBS prior to being loaded into the cell. Measurements by ZetaView were 

taken at 11 different positions throughout the cell, with 3 cycles of readings at each 

position. The mean, median, mode (indicated as diameter) sizes, and concentration were 

then calculated by the ZetaView software and analyzed using the same software and 

Microsoft Excel.  
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Treatment and infection of PBMCs with dual-tropic 89.6 HIV-1 

Peripheral blood mononuclear cells (PBMCs) samples obtained from 3 independent 

donors were plated and activated with PHA/IL-2 every other day for a total of one week 

(29, 38). EVs were isolated from each PBMC via ultracentrifugation (100K) prior to 

infection with HIV-1 89.6 dual-tropic strain at an MOI of 10. Cells were then incubated 

for 72 hours. On Day 2 post infection, cells were treated with PHA/IL-2 followed by 

treatment with IL-7 and a cART cocktail a day later. The cART cocktail was repeated 

every other day for a week and comprised of equal parts of lamivudine (NRTI), tenofovir 

disoproxil fumarate (NtRTI), emtricitabine (NRTI), and indinavir (protease inhibitor) at 

10 µM each. This was followed by 0.5 µM and 2.5 nM of dasatinib and bufalin, 

respectively, for 2 hours. The EVs isolated prior to infection of PBMCs were added back 

to the respective PBMCs at a ratio of 1:5000 cell per EV and allowed to incubate for 72 

hours. Cells were harvested for RT-qPCR while HIV-1 virions were captured from the 

cell supernatant using nanoparticles (described above) for Western blot. 

 

Cell lysis 

Cells were collected and spun at 500g for 10 minutes. The supernatant was then 

discarded. The resulting pellet was washed with PBS and re-suspended in an appropriate 

amount of lysis buffer (50 mM Tris-HCl at pH 7.5, 120 mM NaCl, 5 mM EDTA, 0.5% 

NP-40, 50 mM NaF, 0.2 mM Na3VO4, and one complete protease cocktail tablet), and 

vortexed. Cells were incubated on ice for 20 minutes with vortexing every 5 minutes. 



14 

 

Cell debris was removed by centrifuging at 15,000 × g for 10 minutes at 4 °C. Total 

protein concentration on the resulting lysate was performed by Bradford assay (Bio-Rad) 

using the manufacturer’s instructions.  

 

Immunoprecipitation 

Immunoprecipitation of EV-associated kinases was done by incubation of 500 μL of EVs 

suspended in PBS with 10 μg of kinases primary antibody (α-c-Src, α-CDK10, α-GSK3β, 

α-MAPK8) and 100 μL TNE50 + 0.1% NP40 overnight at 4 oC. Immunocomplexes were 

precipitated with a 20 µL of Protein A/G bead 30% slurry (Calbiochem) for 2 hours at 

4 °C. Samples were then washed twice with TNE buffer (10 mM Tris, 100 mM NaCl, 1 

mM EDTA) and used for kinase assay (described below).  

 

Kinase Assay 

EVs were lysed using lysis buffer (50 mM Tris–HCl, pH 7.5, 0.5 M NaCl, 1% NP-40, 

0.1% SDS) supplemented with protease cocktail (Sigma). Immunoprecipitation 

(described above) was performed with the EV lysates. IPs were then washed twice with 

TNE buffer (10 mM Tris, 100 mM NaCl, 1 mm EDTA). Kinase assay was carried out at 

37 °C for 30 minutes in a kinase assay buffer (50 mM HEPES-KOH, pH 7.9, 10 mM 

MgCl2, 6 mM EGTA, 2.5 mM DTT) containing 1 µg of purified histone H1 as a 

substrate. The reaction was halted by the addition of Laemmli buffer. Samples were 

separated by reducing SDS-PAGE on a 4–20% Tris–glycine gel. Gels were stained with 

Coomassie blue, destained, washed, and then dried for 2 hours. The dried gel was then 
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exposed to a PhosphorImager cassette and analyzed utilizing Molecular Dynamic’s 

ImageQuant Software. 

 

Western blot analysis 

Whole cell extracts (WCE) or nanotrap mixture samples were resuspended in Laemmli 

buffer, heated at 95 °C for 3 minutes, centrifuged at 12,000 rpm for 5 minutes, loaded 

onto a 4–20% Tris-glycine gel (Invitrogen), and run at 200V for an hour. Proteins were 

transferred onto PVDF membranes (Millipore) at 50mA overnight. Gels were 

Coomassie-stained with 40% methanol, 7% glacial acetic acid, and Coomassie Brilliant 

Blue (Bio-Rad). Membranes were then blocked for 30 minutes with PBS containing 0.1% 

Tween 20 (PBS-T) and 5% dry milk at 4 °C. Primary antibody against specified proteins 

were incubated with membranes overnight at 4 °C. Membranes were washed thrice with 

PBS-T and incubated with appropriate HRP-conjugated secondary antibody in PBS-T for 

2 hours at 4 °C. Following two washes with PBS-T and one wash with PBS, membranes 

were developed with Clarity Western ECL Substrate (Bio-Rad) and visualized by the 

Molecular Imager ChemiDoc Touch system (Bio-Rad). 

 

RNA isolation, generation of cDNA, and Real-Time Quantitative PCR (RT-qPCR) 

Total cellular RNA was isolated using Trizol reagent (Invitrogen) per the manufacturer’s 

instructions for the quantitative analysis of HIV-1 RNA. Total RNA was used to generate 

cDNA using the GoScript reverse transcription system (Promega) following the 

manufacturer’s protocol. The specific reverse primers used were: TAR Reverse (5′-CAA 



16 

 

CAG ACG GGC ACA CAC TAC-3′, Tm = 58 °C) (for HIV-1 TAR RNA) or Envelope 

Reverse (5′-TGG GAT AAG GGT CTG AAA CG-3′; Tm  =  58 °C) (for HIV-1 genomic 

RNA). This was followed by qPCR analysis, which was done using 2 µL of undiluted 

aliquots of cDNA per sample with iQ Supermix (Bio-Rad) and the following primers 

specific for target TAR sequences: TAR Reverse (5′-CAA CAG ACG GGC ACA CAC 

TAC-3′, Tm = 58 °C) and TAR-Forward (5′-GGT CTC TCT GGT TAG ACC AGA TCT 

G-3′, Tm = 60 °C). HIV-1-infected 8E5 cell (CEM T-cell line containing a single copy of 

HIV-1 LAV provirus per cell) DNA serial dilutions were used as DNA standards. The 

PCR conditions used were: one cycle at 95 °C for 2 minutes, 41 cycles at 95 °C for 

15 seconds and 58 °C for 40 seconds. DNA absolute quantification was determined based 

on the cycle threshold (Ct) value compared to the standard curve. All Real-time PCR 

reactions were carried out in triplicate using the CFX96 Real Time System (Bio-Rad).  

 

Cell transfection 

For siRNA transfection, 4 L 100 µM siGENOME SMARTpool siRNA (Horizon 

Discovery) against c-Src was added to Attractine reagent at a ratio of 1.5 µL Attractine:1 

µL of siRNA, mixed, and incubated for 1 hour at room temperature. siRNA against c-Src 

was added to ACH2 and CEM cells at a final concentration of 100 nM and incubated for 

72 hours at 37 °C. ACH2 cells were then plated in 3% FBS media while siRNA-treated 

CEM cells were ultracentrifuged (100K) to isolate EVs. An EV titration of either 109 or 

509 CEM EVs were added to the ACH2 cells. siRNA-treated CEM EVs were added to 

serum starved (1% FBS) U1 and ACH2 cells for another experiment at a cell to EV ratio 
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of 1:103, 1:104, or 1:105. All samples were allowed to incubate at 37 °C for 48 hours. 

NT86 nanoparticles were added to cell supernatants and analyzed by Western blot for 

HIV-1 Gag p24. 

 

Kinome profiling of EVs using peptide arrays 

Kinomic profiling was performed at the University of Alabama at Birmingham (UAB) 

Kinome Core using the PamStation 12 platform (PamGene) as previously described (50). 

CEM, THP-1, and THP89GFP EVs were isolated via DUC (100K). Cells and EVs were 

then lysed using a lysis buffer containing 50 mM Tris-HCl at pH 7.5, 120 mM NaCl, 5 

mM EDTA, 0.5% NP-40, 50 mM NaF, 0.2 mM Na3VO4, and one complete protease 

cocktail tablet. Ten micrograms of lysates were loaded unto arrays imprinted with 

tyrosine and serine/threonine phosphorylatable peptides composed of 12 to 15 amino 

acids. Phospho-specific fluorescein isothiocyanate (FITC)-conjugated antibodies were 

used to detect peptide phosphorylation. Significant differences (p < 0.05) in kinase 

activity of phosphopeptides between samples was determined using BioNavigator 

software, version 5 (PamGene). 

 

EV labeling and fluorescent microscopy 

To label CEM and ACH2 EVs, 20 L of EVs were mixed with 2 L of BODIPY 493/503 

(Invitrogen) and incubated for 30 minutes at 37 °C. The mixture was then ran on a 

Pharmacia G-50 spin column to remove unbound dye. Labeled EVs were then 

characterized using ZetaView NTA (described above) prior to addition onto recipient 
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cells at a ratio of 1:5000 cell per EV. This was followed by imaging with an EVOS-FL-

Auto microscope (Life Technologies) under 20X and 40X magnification with phase 

objective and fluorescence. 

 

Cell viability assay 

Fifty thousand cells in fresh RPMI media were plated in technical triplicates on a 96-well 

plate, followed by treatment with inhibitors. Cells were allowed to incubate for 48 hours 

followed by assessment for cell viability using Cell-Titer Glo reagent Luminescence 

Viability Kit (Promega) at a 1:1 ratio according to the manufacturer’s instructions. RPMI 

media alone was used as background to normalize values.  

 

Proteinase K protection assay 

ACH2 EVs were isolated via DUC (100K). ACH2 EVs were treated with proteinase K at 

a concentration of 0.5 mg/ml proteinase K in the presence or absence of 1% Triton X-100 

and incubated for 15 minutes at 37 °C. ACH2 EVs were then IPed with antibodies 

against CDK10 overnight. IPs were then used for a kinase assay (as described above). 

 

Cell cycle analysis using flow cytometry 

One million CEM and U937 cells were seeded in 1% FBS RPMI media for 72 hours to 

induce cell cycle arrest at G0. On Day 3, media was replaced prior to treatment of cells 

with CEM, ACH2, U937, or U1 EVs in the presence or absence of 20 μg ICAM-1 

antibody (sc-8439) at a ratio of 1:5000 cell per EV. Cells were allowed to incubate for 48 
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hours at 37 oC. Cells were then harvested, washed with PBS, and fixed in 70% ethanol 

for 30 minutes at 4 oC. Cells were then washed twice with PBS to remove the ethanol. For 

fluorescence-activated cell sorting (FACS) analysis, cells were resuspended in a staining 

solution of propidium iodide buffer made up of PBS, 10 ug/ml RNase A, 0.1% Triton X-

100, and 50 ug/ml propidium iodide. This was followed by a 15-minute incubation period 

at 37 oC. The FACS data was analyzed using a BD FACSCantoTM flow cytometer (BD 

Biosciences). 

 

Statistical analysis 

Standard deviations were calculated for quantitative experiments using Microsoft Excel. 

P-values were calculated using a two-tailed student’s t-test and were considered to be 

statistically significant when p < 0.05 (*), of greater significance when p < 0.01 (**), and 

of greatest significance when p < 0.001 (***). 
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CHAPTER THREE: RESULTS 

Isolation and characterization of extracellular vesicles 

EVs were isolated via differential ultracentrifugation (DUC). Supernatant from CEM, 

THP-1, U937, ACH2, THP89GFP, and U1 cells were spun at various speeds as 

previously described above (see Materials and Methods). Fig. 2A summarizes the steps 

used to isolate various EV populations (i.e., 2K, 10K, 100K, 167K (4hr), and 167K 

(16hr)). Fig. 2B illustrates the characterization of these EV populations using protein 

markers Ago1 (small exosomes), Alix (exosomes), HSP90 (exosomes), CD63 

(exosomes), and CD9 (exosomes) via Western blot (15, 18, 51). Subsequent experiments 

for this current study utilized the 100K EV population (Fig. 2A, red rectangle) which 

excluded the 2K and 10K EV populations. The purity of the 100K EV population 

comprising of large exosomes from U937, CEM, U1, ACH2, THP-1, and THP89GFP 

cells was confirmed by Western blot, which showed the expression of exosome-specific 

markers Alix, Flotillin-1, CD63, and CD9 (Fig. 2C-D). Additionally, the 100K EV 

populations from the aforementioned cell lines were subjected to NTA analysis using 

Zetaview to measure average size and concentration (Fig. 2E-F). EV sizes ranged from 

approximately 100 to 170 nm in size, which falls within the range of the reported size of 

large exosomes (15, 52).  
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Extracellular vesicles contain kinases 

To determine the mechanism behind the EV activation of latent HIV-1, we examined EV 

cargo. We focused on kinases due to their innate function of regulating several biological 

processes such as differentiation, proliferation, survival, migration, and immune 

responses; and their role in HIV-1 pathogenesis (35, 37–39, 41). Results in Fig. 3A 

demonstrate the presence of several members of the Src family kinases including Hck, 

Lck, c-Src, and Fyn in 10,000 EVs isolated from uninfected CEM cells. Furthermore, 

various EV populations (i.e., 2K, 10K, and 100K) of CEM and HUT102 (HTLV-1-

infected cell line) contained c-Src (Fig. 3B). c-Src appeared to be enriched in the 100K 

Figure 2: Characterization of EVs isolated via differential ultracentrifugation. (A) Schematic 

representation of the differential ultracentrifugation steps used to isolate various EV populations including 2K, 

10K, 100K, 167K (4hr), and 167K (16hr). (B) CEM EV populations isolated via differential ultracentrifugation 

were probed for EV marker proteins Ago1, Alix, HSP90, CD63, and CD9. Actin was used as a loading control. 

(C) The 100K EV populations isolated from CEM, ACH2, U937, and U1 cells were analyzed by Western blot 

for Alix, Flotillin-1, CD63, and Actin. (D) The 100K EV populations isolated from THP-1 and THP89GFP 

cells were probed using Western blot to confirm the presence of Alix, Flotillin-1, CD9, and GAPDH. Size 

distribution analysis (E) and number of total vesicles released (F) by the 100K EV population of each cell line 

was estimated by ZetaView.  
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populations compared to the others in both cell lines (Fig. 3B, lanes 6 and 9). This 

observation, along with c-Src’s ability to phosphorylate receptor tyrosine kinases such as 

EGFR to initiate signal pathways (53), prompted us to utilize the 100K EV population for 

subsequent experiments aimed at elucidating the signal cascade underlying the EV 

activation of latent HIV-1. 

 

    

 

           

A) B)
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EV-associated kinases are biologically active 

To test our hypothesis that EV-associated c-Src initiates a signal cascade that results in 

the activation of latent HIV-1 in recipient cells, we verified that EV-associated c-Src is 

biologically active and able to phosphorylate known cellular substrates such as Histone 

H1. We carried out a kinase assay using EVs derived from CEM, Jurkat, and U937 cells. 

EVs were enriched using NT80/82, rotated at 4oC overnight, and washed with PBS prior 

to treatment with TNE50 + 0.1% NP40. The supernatants were then immunoprecipitated 

(IP) with antibodies against IgG or c-Src. The resulting complexes were then precipitated 

with Protein A/G beads and used for the kinase assay with histone H1 as a substrate. Data 

in Fig. 4 show histone H1 was phosphorylated with c-Src from mostly T-cell EVs (lanes 

4 and 8). This suggests that EV-associated c-Src is capable of phosphorylating substrates 

and could therefore potentially initiate a signal transduction. 

 

Figure 3: EVs contain kinases. (A) EVs (1 X 104) derived from CEM cells using differential 

ultracentrifugation (100K) were assayed for various members of the Src family of kinases including Hck, Lck, 

c-Src, and Fyn using Western blot. Fifty micrograms of CEM whole cells extract (WCE) served as a positive 

control. (B) EV populations 2K, 10K, and 100K were isolated from CEM and HUT102 cells via differential 

ultracentrifugation and probed for c-Src using Western blot. CEM WCE and CEM Total EVs (consisting of 

2K, 10K, and 100K EV populations) were used as positive controls. Actin served as a loading control. 
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Signaling pathway of kinases linking c-Src with HIV-1 transcription 

We next investigated the specific pathway employed by EVs to activate HIV-1 

transcription. We began by examining known intracellular substrates of c-Src, 

particularly receptor tyrosine kinases (RTKs) due to their location on the cell surface. We 

hypothesized that c-Src activates epidermal growth factor (EGFR), an RTK which has 

been shown to be a downstream target of c-Src (53–55). We reasoned that this activation 

could lead to subsequent activation of additional kinases. EGFR has been shown to 

activate the PI3K/AKT/mTOR pathway, which could lead to activation of STAT3 by 

mTOR (56–59). The transcription factor STAT3 could then recruit SRC-1, a nuclear 

cofactor known for chromatin remodeling, and stimulate transcription through the 

recruitment of p300 and SWI/SNF (60, 61).  

Figure 4: EV-associated kinases phosphorylate cellular substrates. (A) CEM, Jurkat, and U937 EVs were 

enriched using Nanoparticles. EVs were lysed and immunoprecipitated with IgG or α-c-Src antibody. The 

resulting complexes were precipitated with Protein A/G beads for 2 hours at 4oC followed by 2 washes with 

TNE buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA) and kinase buffer prior to incubation with γ-32P ATP. 

The IPs were then used for a kinase assay with histone H1 as a substrate. 
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To test whether each of the aforementioned proteins (i.e., c-Src, EGFR, PI3K, 

AKT-1, mTOR, STAT3, and SRC-1) were part of the signaling pathway that leads to the 

activation of latent HIV-1, we employed a pharmacological perturbation approach. For 

this, our experimental design involved blocking the functions of each of the proteins in 

our proposed signaling pathway with its appropriate inhibitor as outlined in Fig. 5A. We 

treated U1 cells with inhibitors against each of the proteins. Dasatinib, gefitinib, 

LY294002, MK2206, rapamycin, WP1066, and bufalin were used to target c-Src, EGFR, 

PI3K, AKT-1, mTOR, STAT3, and SRC-1, respectively (62–66). Prior to this, we 

performed a cell viability assay with titrations of inhibitors to obtain the optimal 

concentrations needed to treat U1 cells. Data of such experiment are shown in Fig. 5B-H. 

As a result, we determined 5 µM dasatinib, 10 µM gefitinib, 10 µM LY294002, 1 µM 

MK2206, 150 nM rapamycin, 1 µM WP1066, and 5 nM bufalin to be the optimal 

dosages for subsequent experiments. 
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EVs containing c-Src rescue HIV-1 levels in inhibitor-treated cells 

One of the goals of this study is to determine the molecular pathway underlying the EV-

associated kinase-mediated activation of latent HIV-1. Therefore, we tested whether each 

of the proteins (i.e., c-Src, EGFR, PI3K, AKT-1, mTOR, STAT3, and SRC-1) are 

involved in the signaling cascade leading to the activation of HIV-1 by blocking each of 

the proteins with its appropriate inhibitor prior to addition of EVs containing c-Src. 

Briefly, U1 cells were plated and treated with various inhibitors and allowed to incubate 

for 48 hours. A second drug treatment was then performed. After a 2-hour incubation 

period, CEM EVs were added to the cells at a ratio of 1:5000 (cell:EV). Cells were then 

allowed to incubate for 24 hours before a second CEM EV treatment of 1:5000 (cell:EV). 

Figure 5: Inhibitor titration of HIV-1-infected monocytes. U1 cells (5 × 104) were treated with various 

concentrations of inhibitors and allowed to incubate for 48 hours prior to a cell viability assay.  (A) Schematic 

illustration of the experimental design used to test whether specific proteins were involved in the proposed 

signaling pathway. U1 cells were treated with (B) dasatinib (c-Src inhibitor) at 0, 0.1, 1, or 5 µM. (C) gefitinib 

(EGFR inhibitor) at 0, 1, 5, or 10 µM. (D) LY294002 (PI3K inhibitor) at 0, 1, 10, or 25 µM. (E) MK2206 

(AKT-1 inhibitor) at 0, 0.01, 0.1, or 1 µM. (F) rapamycin (mTOR inhibitor) at 0, 10, 50, or 150 nM. (G) 

WP1066 (STAT3 inhibitor) at 0, 1, 5, or 10 µM. (H) bufalin (SRC-1 inhibitor) at 0, 1, 5, or 25 nM. Error bars 

represent ± S.D. of three technical replicates for all panels. A two-tailed Student’s t-test was used to assess 

significance: *p < 0.05; **p < 0.01; ***p < 0.001. 
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Cells were then allowed to incubate for 24 hours and harvested for downstream assays. 

Cell pellets were prepped for RNA isolation and subsequent RT-qPCR analysis to 

measure the levels of HIV-1 TAR RNA and genomic RNA while cell supernatants were 

collected and treated with Nanotraps (NT86) overnight prior to assaying for HIV-1 Gag 

p24 by Western blot. Data in Fig. 6A-B demonstrate that treatment with inhibitors 

dasatinib (c-Src), gefitinib (EGFR), LY294002 (PI3K), MK2206 (AKT-1), rapamycin 

(mTOR), WP1066 (STAT3), and bufalin (SRC-1) decreased the levels of HIV-1 TAR 

RNA and genomic RNA in infected cells in comparison to the untreated control.  

However, upon addition of CEM EVs, cells treated with dasatinib, rapamycin, and 

bufalin saw increased HIV-1 TAR RNA and genomic RNA levels compared to the non-

EV-treated samples highlighted by the red boxes in Fig. 6A-B.These results suggest that 

despite drugs exerting their inhibitory functions against key upstream proteins implicated 

in HIV-1 transcription, the addition of CEM EVs (containing c-Src) was able to override 

the effects of inhibitors and rescue HIV-1 TAR RNA and genomic RNA levels. 

Rapamycin (inhibitor against mTOR) caused the largest decease in HIV-1 TAR RNA 

levels (Fig. 6A), while treatment with bufalin (inhibitor against SRC-1) resulted in the 

largest decrease in genomic RNA levels (Fig. 6B). This implies that SRC-1 may be more 

important in the transcription of full-length, coding HIV-1 RNA as opposed to mTOR, 

which might be more vital in the transcription of shorter, noncoding HIV-1 RNA.  

Lastly, to validate our RT-qPCR data, we tested for the presence of HIV-1 virions 

in the cell supernatant of the above experiment using Western blot. Data in Fig. 6C-D 

show increased levels of Gag p24 in all EV-treated cells despite treatment with inhibitors 
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compared to the non-EV-treated opposites. This was confirmed with densitometry 

analysis in Fig. 6E which outlines the dramatic increase in p24 expression upon treatment 

with CEM EVs. Taken together, these results suggest that EV-associated c-Src may play 

an essential role in the EV-mediated activation of latent HIV-1. 
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EV-associated c-Src activates HIV-1 in latently infected cells 

The Src family of protein tyrosine kinases, which include c-Src, Frk, Lck, Lyn, Blk, Hck, 

Fyn, Yrk, Fgr, and Yes, are key regulators of signal transductions (67, 68). In addition to 

c-Src, we found that Hck, Lck, and Fyn are present in CEM EVs (Fig. 2A). Also, other 

studies have shown the presence of additional src kinases such as Lck and Fyn to be 

present in T-cells (69, 70). Thus, we attempted to verify that c-Src, rather than other Src 

family member kinases, was involved in initiating the signal cascade that results in the 

reactivation of latent HIV-1. In the following experiment, we used CEM EVs isolated 

from CEM cells transfected with siRNA against c-Src to treat both U1 (HIV-1-infected 

monocytes) and ACH2 (HIV-1-infected T-cells) cells and assessed HIV-1 activation by 

measuring p24 expression using Western blot. We found that p24 expression was higher 

in both U1 and ACH2 cells when c-Src was present in EVs (Fig. 7A, lanes 2 and 7) in 

comparison to the controls or when c-Src was knocked down in EVs in lanes 3–5 and 

lanes 8–10 of Fig. 7A. These results suggest that c-Src may be behind the activation of 

HIV-1 in these infected cells. 

Figure 6: EVs containing c-Src rescue HIV-1 RNA levels in inhibitor-treated cells. CEM EVs were 

isolated by 100,000 x g ultracentrifugation. Five hundred thousand U1 cells were plated and treated with 5 µM 

dasatinib, 10 µM gefitinib, 10 µM LY294002, 1 µM MK2206, 150 nM rapamycin, 1 µM WP1066, or 5 nM 

bufalin and allowed to incubate for 48 hours. This was followed by a second drug treatment, after which cells 

were allowed to incubate for 2 hours prior to the addition of CEM EVs. After a 24-hour incubation period, a 

second EV treatment was done. The total ratio of cells to EVs was 1:10,000. Cells were then allowed to 

incubate for 24 hours. Cell supernatant was collected and rotated overnight at 4 °C with NT86. Total RNA was 

isolated and subjected to RT-qPCR for HIV-1 TAR RNA (A) and genomic RNA (B). Red boxes indicate 

increased HIV-1 TAR and genomic RNA levels in EV-treated cells in the presence of dasatinib, rapamycin, 

and bufalin. (C, D) NT86-treated samples were analyzed by Western blot for HIV-1 Gag p24. U1 WCE was 

used as a positive control. Actin was used as a loading control. (E) Densitometry counts normalized to actin are 

shown for HIV-1 Gag p24. For all figures, EV untreated samples were used as negative controls. Student’s t-

test compared untreated cells with cells treated with drugs. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Error bars, 

S.D. 
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 Next, we further needed to confirm that the observed activation of HIV-1 was due 

to EV-associated c-Src and not intracellular c-Src. The rationale here was that 

intracellular c-Src, which is present in virtually all cell types (71) could be responsible for 

the activation of HIV-1. As such, we serum-starved ACH2 cells to force them into 

transcriptional silence and knocked down intracellular c-Src using siRNA against four 

different sequences within the c-Src gene. CEM EVs (containing c-Src) were then added 

to ACH2 cells and allowed to incubate for 24 hours. Western blot results in Fig. 7B show 

a dose-dependent increase in Gag Pr55 expression in ACH2 cells that were treated with 

CEM EVs compared to the control. Similarly, siRNA knockdown of intracellular c-Src 

led to minimal Gag p24 expression in ACH2 cells. This was reversed upon the addition 

of EVs, which resulted in a dramatic increase in p24 expression (Fig. 7C). Together, 

these data point to EV-associated c-Src as a key contributor to the activation of HIV-1. 
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Verification of c-Src and SRC-1 roles in latent HIV-1 activation in primary cells 

Next, we validated the role of EV-associated c-Src in the activation of latent HIV-1 using 

primary cells. Here, we obtained PBMCs from 3 independent donors and cultured them 

in PHA/IL-2 for 7 days. EVs were then isolated from the PBMCs via ultracentrifugation 

(100K) prior to infection with HIV-1 89.6 dual tropic strain. To induce latency and 

suppress viral spread, PBMCs were treated with cART and IL-7 every other day for 7 

days. The PBMCs were then treated with 0.5 µM dasatinib and 2.5 nM of bufalin. Next, 

EVs (isolated prior to infection) were added back to their respective PBMC at a ratio of 

1:5000 cell per EV. Cells were then harvested, and RNA was isolated and reverse 

transcribed for RT-qPCR (Fig. 8A). Results in Fig. 8B shows a significant increase in 

HIV-1 TAR expression in the presence of EVs compared to the controls. Similar results 

were observed in Fig. 8C where genomic RNA levels rose significantly upon the addition 

A)

B) C)

Figure 7: EV-associated c-Src activates HIV-1 in latently infected cells. (A) EVs were isolated via 

ultracentrifugation (100K) from CEM cells transfected with siRNA against c-Src. EVs were then added to 

serum-starved U1 and ACH2 cells at a ratio of 1:103, 1:104, or 1:105; followed by a 24-hour incubation period 

and Western blot analysis for p24. (B, C) Serum-starved ACH2 cells were transfected with siRNA against c-

Src. Cells were then treated with CEM EVs at a ratio of 0, 109, or 509 cells to EVs (B) or 0 or 509 EVs (C) and 

allowed to incubate for 72 hours followed by Western blot analysis for HIV-1 Gag Pr55 (B), Gag p24 (C). 

Actin was used as a loading control. 
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of EVs to PBMCs. These results support earlier experiments performed in cancer lines. 

Collectively, these data confirm that c-Src and SRC-1 may be part of the signal pathway 

that activates latent HIV-1. 
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Proposed signaling cascade for the EV-mediated activation of latent HIV-1 

In this study, we have shown that EVs derived from uninfected T-cells contain the kinase 

c-Src, which is able to phosphorylate substrates. Inhibition of c-Src, EGFR, PI3K, AKT-

1, mTOR, STAT3, and/or SRC-1 led to decreased levels of HIV-1 TAR and genomic 

Figure 8: c-Src and SRC-1 contribute to the activation of latent HIV-1 in primary cells. (A)Workflow of 

treatment and infection of Peripheral blood mononuclear cells (PBMCs). PBMCs from 3 independent donors 

were treated with 2.5 nM and 0.5 µM of bufalin and dasatinib, respectively. After a 2-hour incubation period, 

EVs were isolated using ultracentrifugation (100K) from each of the PBMCs prior to infection with HIV-1 

(89.6). EVs were then added back to each of their respective PBMCs at a ratio of 1:5000 cells per EVs. After 

72 hours, cells were harvested for downstream assays. Total RNA was isolated from cell pellets and subjected 

to RT-qPCR for HIV-1 TAR RNA (B) and genomic RNA (C).  
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RNA inside the cell as well as decreased HIV-1 Gag p24 in the cell supernatant, thereby 

proving the contribution of these proteins in HIV-1 activation. We propose that upon the 

internalization of EVs from uninfected T-cells (containing c-Src) by latently infected 

cells, c-Src initiates a signal cascade involving EGFR, the PI3K/AKT-1/mTOR pathway, 

STAT3, and SRC-1. The translocation of SRC-1 to the nucleus could lead to the 

recruitment of p300 to the HIV-1 promoter thereby influencing chromatin remodeling 

and increased loading of RNA Pol II onto the HIV-1 promoter, culminating in increased 

viral transcription (Fig. 9). 

 

 

 

Figure 9: Proposed model for the EV-mediated activation of latent HIV-1. EVs containing c-Src from 

healthy cells are internalized by HIV-1-latently-infected cells, leading to the phosphorylation and activation of 

receptor tyrosine kinases (RTK) such as EGFR by c-Src. RTK then activates PI3K, which in turn activates 

AKT. AKT then phosphorylates mTOR, resulting in the phosphorylation and activation of the transcription 

inducer, STAT3. STAT3 recruits the cofactor SRC-1, prior to translocating to the nucleus and promoting HIV-

1 transcription by recruiting p300 (promotes chromatin remodeling). NF-κB and RNA Pol II increase loading 

onto the HIV-1 promoter, resulting in the transcription of latent HIV-1. 
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Kinome profiling using peptide arrays 

The second aim of this study is to examine the contents and effects of EVs released from 

HIV-1-infected cells on recipient cells. The rationale stemmed from a previous work 

where we found increased expression of CDK9 and CDK2 in EVs derived from HIV-1-

infected T-cells compared to their uninfected counterparts (72). However, only a few 

kinases were studied and their effects on recipient cells were not explored. Here, we 

utilized kinome profiling to identify additional kinases present in EVs. An advantage of 

this method is that in addition to the identification of kinases, it also revealed changes in 

the phosphorylation status of several EV-associated kinases simultaneously. Briefly, EVs 

were isolated from CEM, THP-1, and THP89GFP cells using ultracentrifugation (100K). 

Cells and EVs were then lysed and loaded onto arrays imprinted with tyrosine and 

serine/threonine phosphorylatable peptides. Kinase activity in lysates were detected using 

fluorescence-conjugated antibodies (Fig. 10). Output analysis revealed over 180 kinases 

present in our EV preps.  

 

 

 

 

Figure 10: Workflow of EV kinome profiling. EVs were isolated from CEM, THP-1, and THP89GFP cells 

via ultracentrifugation (100K). EVs were then lysed and loaded onto arrays enriched with tyrosine and 

serine/threonine phosphorylatable peptides at a concentration of 10 μg to measure kinase activity. 

Fluorescence-conjugated antibodies were used to detect peptide phosphorylation. 
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Selection of EV-associated kinases 

Next, we attempted to select and prioritize a few of the kinases out of the 180 for further 

analysis. The approach utilized to select specific kinases for additional testing is outlined 

in Fig. 11A. To do this, we performed statistical analysis to determine peptides with the 

largest increase in phosphorylation activity in the EVs derived from HIV-1-infected cells 

relative to the uninfected control or parental cell line; constructed heatmaps from results 

obtained from our kinome profiling experiment; and examined the differential expression 

of various kinases proteins found in EVs derived from uninfected and HIV-1-infected cell 

lines. Heatmaps such as the one shown in Fig. 11B-C revealed several kinases such as 

CDKL3, CDK10, PTK2, CAMK1, and MAPK8 to be upregulated in EVs derived from 

THP89GFP and CEM cells. To further narrow down our list of kinases to examine, we 

focused on those that have been documented to be associated with HIV-1 pathogenesis.  

Three kinases, namely CDK10, GSK3β, and MAPK8, fit all our selection criteria 

and emerged as worthwhile candidates for further exploration as to their ability to 

influence HIV-1 pathogenesis. CDK10 has been shown to regulate the transcription 

factor ETS2, which mediates several genes vital to HIV-1 transcription (43). GSK3β, an 

integral part of signaling pathways in neurons and significantly dysregulated in several 

neurological disorders such as Alzheimer’s disease, has been shown to mediate Tat-

induced neurotoxic effects (73, 74).  Inhibition of GSK3β in primary cells resulted in 

decreased viral transcription, suggesting its participation in regulating viral transcription 

(44). Similarly MAPK8 has been implicated in HIV-1 pathogenesis due to its place in the 

MAP kinase pathway which stimulates the HIV-1 LTR via phosphorylation of 
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components of AP-1 including c-Fos and c-Jun (75). Table 1 summarizes the comparison 

of the relative changes in the expression levels of our 3 priority kinases. Together, these 

findings prompted further examination of the role EV-associated CDK10, GSK3β, and 

MAPK8 may play in HIV-1 replication.  
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Kinases are differentially expressed in EVs derived from uninfected versus HIV-1-

infected cells 

We next sought to validate our peptide array studies using biochemical assays such as 

Western blot, with an emphasis on the differential expression of the 3 priority kinases 

(i.e., CDK10, GSK3β). This was important because differential expression between 

uninfected and infected EVs could signify the stimulation of certain pathways in the 

target cell that could potentially alter the fate of the cell. We therefore asked whether the 

Figure 11: Selection of EV-associated kinases. (A) Three EV-associated kinases were prioritized for further 

analysis based on statistical significance, association with HIV-1 pathogenesis, and differential expression. (B) 

Heatmap showing the differential expression of peptides from EVs isolated from uninfected monocytes (THP-

1) and HIV-1-infected monocytes (THP89GFP). (C) Representative heatmap illustrating differential expression 

of various peptides in CEM cells versus CEM EVs.  

 

 

Table 1: Differential expression of kinases in uninfected and HIV-1-infected EVs. A summary table 

showing the comparison of the relative changes in the expression levels of the 3 priority kinases (CDK10, 

GSK3β, and MAPK8) of uninfected and HIV-1-infected EVs. 
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3 kinases are differentially expressed in EVs isolated from uninfected T-cells (CEM) and 

myeloids (U937) in comparison to their HIV-1-infected counterparts (ACH2 and U1, 

respectively). Western blot analysis in Fig. 12A shows MAPK8 and GSK3β are 

upregulated in ACH2 EVs although CDK10 was undetectable (lanes 2 and 4). Similar 

results were observed in the myeloids where all 3 kinases exhibited increased gene 

expression in the U1 EVs compared to the U937 EVs (lanes 6 and 8). To confirm the 

purity of our EV preps and verify that our kinases of interests are indeed associated with 

EVs, we performed an additional EV isolation method – size exclusion chromatography – 

using IZON qEV columns. Here, EVs derived from ACH2 and U1 cells via DUC (100K) 

were loaded onto an IZON qEVoriginal/35 nm Gen 2 columns. Forty fractions were 

collected and pooled in sets of 5 (1 mL final volume) followed by NT80/82 nanotrap 

particle treatment overnight to enrich EVs. The pooled fractions were then probed for 

CDK10, GSK3, MAPK8, HSP90, and CD63 using Western blot. Results of such 

experiment are shown in Fig. 12B-C where CDK10, GSK3, and MAPK8 (p46 and p54 

isoforms) are mostly enriched in Fractions 1 through 5 followed by Fractions 6 through 

10, and 11 through 15, respectively. As evidenced by the expression of the EV markers, 

HSP90 and CD63, in Fractions 1 through 5 (Fig. 12B-C, lane 4), our 3 kinases of interest 

(i.e., CDK10, GSK3, and MAPK8) are enriched in the EV fractions and not the later 

fractions, which are associated with free proteins. Collectively, this data supports our 

previous findings of the presence of CDK10, GSK3, and MAPK8 in EVs; and confirms 

that these 3 kinases are upregulated in EVs derived from HIV-1-infected cells.   
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EVs from HIV-1-infected cells are taken up at a faster rate  

Having established the differential expression of the 3 kinases of interest in uninfected 

and infected EVs, we suspected there may be other differences that could impact the 

effects of EVs on recipient cells. We therefore asked whether a difference also existed in 

the uptake kinetics between the two. The rationale was that if the EVs are to exert any 

type of functional change in recipient cells, they most likely would have to first be 

internalized or fuse with recipient cell membranes, which could be directly with the 

plasma membrane (direct uptake) or endosomal membrane (endocytic uptake). EVs are 

Figure 12: CDK10, GSK3β, and MAPK8 are differentially expressed in uninfected versus HIV-1-

infected EVs. (A) EVs were isolated via differential ultracentrifugation (100K) from uninfected T-cells (CEM) 

and myeloids (U937); and HIV-1-infected T-cells (ACH2) and myeloids (U1). EVs were probed for MAPK8, 

CDK10, and GSK3β using Western blot. Actin served as a loading control. U1 EVs (B) and ACH2 EVs (C) 

isolated via differential ultracentrifugation (100K) were loaded onto IZON 35nm qEVoriginal Gen 2 exclusion 

columns. Forty fractions were collected and pooled in sets of 5. Pooled fractions were then probed for MAPK8, 

CDK10, GSK3β, HSP90, and CD63 using Western blot. 
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taken up by cells through several pathways including endocytic pathways such as 

clathrin-dependent endocytosis, and clathrin-independent pathways such as caveolin-

mediated uptake, macropinocytosis, phagocytosis, and lipid raft–mediated internalization 

(76). Proteins found on the surface of EVs and target cells may also influence the EV 

uptake mechanism (77). 

 Here, we visualized EV uptake with the use of a fluorescent lipophilic dye known 

as BODIPY. EVs isolated from CEM and ACH2 cells via DUC (100K) were labeled with 

BODIPY. These labeled EVs were then added onto CEM recipient cells at a ratio of 

1:5000. This was then followed by fluorescence microscopy imaging at 12-, 24-, and 48-

hour timepoints. Results in Fig. 13 show that approximately 46% of CEM EVs were 

taken up by recipient cells in comparison to 52% for ACH2 EVs. After 24 hours of 

incubation, CEM cells had taken up about 53% of EVs compared to 71% of the ACH2 

EVs. A similar trend was observed at the 48-hour timepoint where about 64% of CEM 

EVs had made it into recipient cells while 89% of ACH2 EVs had been internalized at 

that point. Collectively, these data suggest that EVs derived from HIV-1-infected cells 

may be taken up at a faster rate and higher amounts in comparison to EVs from 

uninfected cells.  



47 

 

 

 

 

 

 

Functional characterization of EV kinases using kinase assay 

Next, we sought out to confirm whether EV-associated CDK10, GSK3β, and MAPK8 are 

functionally active and could phosphorylate substrates. We therefore tested their activity 

Figure 13: EVs from HIV-1-infected cells are taken up at a faster rate. EVs isolated from CEM and ACH2 

cells via differential ultracentrifugation (100K) were labeled with BODIPYTM 493/503 and then incubated with 

CEM cells at a ratio of 1:5000 cell to EV. Fluorescence microscopy imaging was done to track BODIPY 

labeled EVs at 12, 24, and 48 hours.  
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on purified Histone H1 as a substrate using a radioactivity-based kinase assay.  Briefly, 

EVs from CEM, ACH2, U937, and U1 cells were lysed and immunoprecipitated with 

antibodies against CDK10, GSK3β, MAPK8, and IgG (control). Complexes were then 

precipitated with A/G beads, washed, and incubated with radiolabeled ATP and purified 

histone H1. Samples were resolved by SDS-PAGE. Gels were then destained and 

exposed to a PhosphorImager.  

As shown in Fig. 14, the phosphorylation of histone H1 by EV-associated 

CDK10, GSK3β, and MAPK8 was detectable in both T-cells and myeloid EVs. We 

observed that phosphorylation of histone H1 increased with ACH2 EVs (Fig. 14A, lanes 

6-8) in comparison to the uninfected CEM EVs (Fig. 14A, lanes 2-4) where no 

significant signal was detected. Similarly, phosphorylation activity of CDK10, GSK3β, 

and MAPK8 from U1 EVs were higher than that of U937 EVs (Fig. 14B). Furthermore, 

densitometry analysis confirmed the dramatic increase in the phosphorylation activity of 

kinases derived from HIV-1-infected cells compared to uninfected cells in both T-cells 

and myeloids. This suggests that CDK10, GSK3β, and MAPK8 may be differentially 

expressed in HIV-1-infected EVs versus uninfected EVs, which would support our 

kinome profiling data outlined in Fig. 11 and Table 1. Collectively, these data indicate 

that the EV-associated kinases, CDK10, GSK3β, and MAPK8, from HIV-1 infected EVs 

are biologically activate and capable of phosphorylating substrates, which could lead to 

the activation of signal transduction pathways.   
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CDK10 is present inside EVs derived from HIV-1-infected T-cells 

It has been established that EVs carry all sorts of cargo including lipids, nucleic acids, 

and proteins (78–81). Some of these proteins such as TSG101 and Flotillin-1 are 

localized in the lumen of EVs while proteins such as ICAM-1, CD63, and eCIRP are 

enriched on the surface of EVs (82–84). The significance of the orientation of EV protein 

cargo lies in the accessibility of endogenous proteases where the degradation of EV 

proteins would depend on their location. Consequently, if proteins are found on the 

surface of EVs, they would be more accessible to proteases and subsequent enzymatic 

A) B)

Figure 14: Functional characterization of EV-associated kinases. EVs were isolated from (A) CEM, ACH2, 

and (B) U937 and U1 cells via differential ultracentrifugation (100K). EVs were then lysed and 

immunoprecipitated (IP) with antibodies against CDK10, GSK3β, and MAPK8. IgG served as a control. IPs 

were then used for a kinase assay with purified histone H1 as a substrate. Densitometry analysis of the histone 

H1 bands was performed using ImageJ analysis software. 
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degradation during the journey through the extracellular environment compared to those 

found on the inside of EVs. 

To determine the localization of EV-associated CDK10, we performed a protease 

protection assay followed by a kinase assay (Fig. 15A). Briefly, EVs isolated from ACH2 

cells via DUC (100K) were treated with or without Triton X-100 or proteinase K and 

allowed to incubate for 15 minutes at 37 °C. EVs were then IPed with antibodies against 

CDK10 overnight. Complexes were then subjected to a kinase assay with histone H1 as a 

substrate. Results in (Fig. 15B) demonstrate that when the lipid membrane of EVs are 

permeabilized due to the presence of Triton X-100, proteinase K is able to get inside and 

digest CDK10. As such, there is no phosphorylation activity (Fig. 15B, lane 2). On the 

other hand, when Triton X-100 is absent and the EVs are intact, there is no kinase 

digestion and we therefore observe phosphorylation of histone H1 in lane 3 of Fig. 15B. 

Purified CDK5 kinase was used as a positive control to verify the protease activity of 

proteinase K on our preps. Taken together, this data suggests that CDK10 is enriched on 

the inside of ACH2 EVs. 
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EVs modulate changes in the cell cycle dynamics of recipient cells 

We next examined functional changes exerted by EVs derived from HIV-1-infected cells 

on recipient cells, particularly pertaining to the cell cycle. A number of studies have 

reported links between cell cycle regulation and viral pathogenesis. For instance, 

Salamango et al. reported that HIV-1 Vif perturbs the cell cycle by inhibiting cell cycle 

progression at the G2 phase via degradation of cellular protein phosphatase 2A (PP2A) 

regulators, which control most of the phosphatase activity in eukaryotic cells (85, 86). 

Similarly, another study described the role of Vif in forcing cell cycle arrest at G2 by 

interfering with the activation of CDK1 and cyclin B1, causing significant CD4+ T-cell 

death (87). Lastly, Vpr has also been implicated in G2 arrest by associating with Cul4 E3 

ubiquitin ligase complex (47). Thus, we asked whether EVs from HIV-1-infected cells 

could cause cell cycle deregulation in recipient cells.  

Figure 15: CDK10 is present inside ACH2 EVs. (A) ACH2 EVs were treated with or without Triton X-100 

in the presence of proteinase K. Schematic illustration of proteinase protection assay. Adapted from (83). (B) 

EVs were then immunoprecipitated with antibody against CDK10 and used in a kinase assay. Purified CDK5 

kinase was used as a positive control. 
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For this, we serum starved CEM and U937 cells for 3 days followed by treatment 

with CEM, ACH2, U937 or U1 EVs at a ratio of 1:5000 cell per EV and incubated for 2 

days. Cells treated with antibody against ICAM-1 were used as a control where ICAM-1 

(found on the surface of EVs) served as an EV uptake inhibitor due to its role in exosome 

internalization via its interaction with LFA-1 expressed on the surface of T-cells (88). 

Cells were then fixed with propidium iodide prior to cell cycle analysis using flow 

cytometry. Cell cycle progression analysis in Fig. 16 show that addition of EVs to 

recipient-starved cells in G0 led to shifts in the cell cycle. For example, ACH2 EVs 

appeared to arrest cells in the G2/M compared to CEM EVs where approximately 15.2% 

and 20.7% of CEM cells exposed to CEM and ACH2 EVs, respectively, were in G2/M 

(Fig. 16-C). Addition of ICAM-1 seemed to release this block reducing the number of 

cells in G2/M to 6.8% (Fig. 16C-E). In the myeloid setting (Fig. 16F-K), changes in cell 

cycle progression were minimal. Cell cycle block looked to be at the S phase. 

Approximately 12.6% of cell populations were in the S phase upon treatment with U937 

EVs compared to 13% for U1 EVs whereas no change in G2/M populations were 

observed (Fig. 16G-H). ICAM-1 relieved the blockade at the S phase, increasing the 

number of cells in the G2/M phase from 2.1% to 3.5% (Fig. 16I-K). Together, these 

findings suggest that EVs affect cell cycle progression in recipient cells. 
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Figure 16: EVs modulate changes in the cell cycle dynamics of recipient cells. Cell cycle analysis of CEM 

cells (A) treated with CEM EVs (B), ACH2 EVs (C), and (D) ACH2 EVs and ICAM-1.  Cell cycle analysis of 

U937 cells (F) treated with U937 EVs (G), U1 EVs (H), and (I) U1 EVs and ICAM-1.  (E, J-K) Statistics of 

the cell cycle distribution. 
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CHAPTER FOUR: DISCUSSION 

Extracellular vesicles (EVs) have been shown to be secreted by virtually all cell types and 

contain cargo such as nucleic acids, lipids, and proteins that are delivered to target cells 

and elicit functional changes in the recipient cells (13, 14, 89, 90). Furthermore, they 

have been implicated in mediating numerous disease pathogenesis including bacterial 

infections, cancer, viral infections, neurodegenerative disorders, cardiovascular diseases, 

and inflammatory diseases (22, 23, 83, 91–93). This clearly points to the undeniable role 

of EVs as regulators of intercellular communication. Recently, we have found that EVs 

derived from uninfected cells activate latent HIV-1 (33). However, the mechanism 

associated this event was unclear. This current study elucidates the mechanism behind the 

activation of latent HIV-1. Our data indicate that EVs from uninfected T-cells contain 

several kinases including c-Src. Upon the internalization of EVs, c-Src initiates a signal 

cascade which leads to the successive activation of EGFR, PI3K, AKT, mTOR, STAT3, 

and SRC-1, respectively. This ultimately leads to the increased loading of RNA 

Polymerase II onto the viral promoter, increasing transcription of HIV-1 (42). In addition, 

our data indicate that EVs derived from HIV-1infected-cells contain several kinases 

including CDK10, GSK3, and MAPK8 that are differentially expressed compared to 

uninfected EVs. We found that these EV-associated kinases are biologically active and 

able to phosphorylate substrates such as histone H1. Importantly, we found that these 

kinases elicit functional changes in recipient cells, notably, in the cell cycle dynamics. 

These findings suggest that EVs play a critical in HIV-1 pathogenesis. 
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 Kinases have been well documented as indispensable molecular switches that 

regulate several biological processes (94, 95). Similarly, EVs (via their cargo) have also 

been implicated in mediating various functions critical to cell survival including immune 

responses, cell survival, and cell differentiation (96). As such, it is not surprising that EV-

associated kinases would stimulate changes in recipient cells. Data from this study 

indicated that kinases are present in extracellular vesicles. Specifically, several members 

of the Src family of kinases including Hck, Lck, c-Src, and Fyn were found to be 

enriched in EVs from uninfected T-cells (Fig. 2). The viral protein, Nef, has been shown 

to promote viral pathogenicity by altering signaling pathways through its interaction with 

c-Src at the SH3 domain (97). Results from Trible et al. demonstrated the direct 

activation of c-Src by Nef upon introduction of Nef in a yeast-based expression system 

(97).  The activation of c-Src by Nef may result in the activation of the transcription 

factor STAT3 and ERK, thereby promoting cell survival (98, 99). Although, our current 

study shows and focuses on the role c-Src present in EVs derived from uninfected T-cells 

plays in propagating activation signals that leads to increased transcription of HIV-1, 

other members of the Src family of kinases such as Hck, Lck, and Fyn, all of which have 

been found to interact with various HIV-1 accessory proteins, could be involved in the 

activation of latent HIV-1 via different mechanisms. For instance, Hck which is 

expressed primarily in myeloid cells, has been shown to be activated by the viral protein 

Nef via the  interaction of its proline-rich motif with the Hck SH3 domain (38). A study 

performed by Lee et. al reported that EVs isolated from the plasma of HIV-1 patients 

contained Hck (39). The authors found that the Nef-mediated activation of Hck prompted 
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the activation and packaging of ADAM17, the sheddase of TNF, into plasma EVs (39). 

This could potentially contribute to the progression of viral infection by altering immune 

responses stemming from the release of TNF. Similarly, Lck has been shown to be 

activated following HIV-1 infection, packaged into the HIV-1 virion, and involved in the 

reactivation of latent HIV-1 following T-cell stimulation (100, 101). Lck contributes to 

HIV-1 pathogenesis by physically interacting with the viral protein Gag and directing it 

to the plasma membrane, thus promoting viral assembly and egress (101). Furthermore, 

T-cells lacking Lck were shown to accumulate HIV-1 intracellularly while HeLa cells 

constructed to overexpress Lck had increased Gag plasma membrane localization, 

lending further evidence of Lck’s role in viral maturation (101). Lastly, the deregulation 

of Fyn activity which mediates T-cell activation, has been implicated in immune system 

failures associated with HIV-1 infection. This was proven by the increased kinase activity 

of Fyn upon treatment with viral gp120-derived peptides in peripheral blood 

lymphoblasts (102). Phipps et al. reported that within seconds of HIV-1 infection, Fyn 

initiates a signal cascade that results in T-cell activation (103). Their data showed that 

HIV-1 patients who were asymptomatic had a 19-fold increase in Fyn kinase activity 

compared to the healthy controls (103). On the other hand, Fyn activity of former HIV-1 

patients who had advanced to AIDS was less affected (increase of 3-fold), suggesting that 

Fyn kinase activity could be a diagnostic indicator for early infection or a prognostic 

marker for AIDS advancement (103). Collectively, these point to the possibility of EV-

associated Hck, Lck, and Fyn as additional mediators of the activation of latent HIV-1. 

Further studies are needed to investigate this intriguing prospect.   
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Data from this study strongly suggest that EV-associated kinases are biologically 

active and capable of phosphorylating substrates, leading to functional changes in 

recipient cells (Fig. 4, 14, 16). This is especially important in the context of the 

effectiveness of cART in sanctuary sites such as the brain. Unlike cART, exosomes can 

cross the blood-brain barrier, which is made up of brain endothelial cells that act as a 

filter restricting the movement of substances between the brain and circulation, and 

stimulate brain cells including microglia – the main HIV-1 reservoir in the brain (104, 

105). Hence, EVs containing functional kinases could perhaps stimulate viral 

transcription in microglial cells and promote the production of pro-inflammatory 

cytokines, which could in turn lead to neuroinflammation, a hallmark characteristic of 

HAND. This could explain clinical findings where when activated, microglial cells 

secrete several neurotoxic host factors such as cytokines (TNFα, IFNα, IL6, IL8, IL1β) 

and chemokines (CCL2, CCL5) (106). In fact, a study exploring the gene expression 

profile in microglial cells derived from HIV-1 encephalitis patients on cART found 

altered expression of proinflammatory cytokines IL-1β and IL-6 compared to uninfected 

patients (107). Therefore, EV-associated kinases could potentially contribute to HIV-1 

pathogenesis by stimulating microglial cells via activating certain substrates and signal 

pathways. 

In this study, we also found that the EV activation of latent HIV-1 occurs via the 

PI3K/AKT/mTOR pathway (Fig. 6, 8-9). This pathway mediates several biological 

processes including cell survival, metabolism, proliferation, and growth (108). Others 

have shown that HIV-1 protein Nef promotes the establishment of viral latency by 
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interacting with PI3K and AKT, inducing anti-apoptotic signals and dampening immune 

responses (109, 110). This is in line with data from this study that demonstrate that 

activation of the PI3K/AKT/mTOR pathway by EV-associated c-Src affects viral 

pathogenesis. Additionally, the inhibition of various proteins by kinase inhibitors resulted 

in decreased levels of TAR RNA and genomic RNA (Fig. 6A-B). The extent of the 

reduction significantly differed across members of our proposed signal pathway (i.e., c-

Src, EGFR, PI3K, AKT-1, mTOR, STAT3, SRC-1), suggesting additional EV titration 

studies may be needed and/or there may be alternative mechanisms that could also lead to 

activation of HIV-1 transcription. The Ras-MAPK/ERK pathway could be a potential 

alternative route utilized by c-Src to increase the transcription of HIV-1. Studies have 

shown the Ras-MAPK/ERK signaling pathway, which is involved in cell proliferation 

and differentiation, is activated by c-Src (111–113). In the context of HIV-1 

pathogenesis, Yang et al. reported that the infectivity of HIV-1 was improved by the 

activation of the MAPK/ERK pathway via the phosphorylation and activation of Vif 

(114, 115). This points to the possibility of the Ras-MAPK/ERK pathway as an alternate 

pathway (in addition to the PI3K/AKT/mTOR pathway) that could lead to enhanced 

HIV-1 replication. 

The latter part of this study focused on examining the contents and effects of EVs 

released from HIV-1-infected cells on recipient cells. Our kinome profiling of EVs 

derived from uninfected and HIV-1infected cells revealed over 180 kinases present. 

Based on the differential expression, association to HIV-1 pathogenesis, and statistical 

significance, we selected 3 kinases (CDK10, GSK3, and MAPK8) for further analysis 
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(Fig. 11). While this process we used to identify and prioritize a few EV-associated 

kinases could have inadvertently eliminated numerous worthy candidates that are also 

instrumental in HIV-1 transcription, this strategy yielded promising discoveries – some of 

which will be addressed in future works. Nevertheless, our results from this current 

manuscript are in line with other studies that have shown that the contents of EVs derived 

from HIV-1-infected cells contain several unique host molecules in comparison to EVs 

from uninfected cells (23, 29, 72). Selective packaging of specific molecules into HIV-1-

infected EVs is most likely advantageous to the survival and spread of the virus. For 

instance, by interfering with the integrity of the function of antiviral immune cells to 

increase the susceptibility of naïve cells to infection. Data from Fig. 11-12 demonstrate 

that CDK10, GSK3, and MAPK8 are upregulated in ACH2 and U1 EVs in comparison 

to their uninfected counterparts (i.e., CEM and U937). This differential expression could 

explain our results in Fig. 14 where we observed that histone H1 was phosphorylated 

with our 3 kinases of interests from mostly the HIV-1-infected EVs, ACH2 and U1. 

Furthermore, it should be noted that these EV-associated kinases may be part of a larger 

complex. In the past, we have found multiple distinct CDK9/T1 complexes (crucial in 

HV-1 transcription elongation) in T-cells (116). One of these CDK9/T1 complexes was 

present only in HIV-1-infected cells and extremely sensitive to treatment with a CDK 

inhibitor known as CR8#13 (116). This could partly explain the differential expression of 

EV-associated kinases derived from HIV-1 infected cells versus uninfected cells we 

observed in this current study, where unique protein complexes may exist only in EVs 
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derived from HIV-1 infected cells and contributing to the differential expression of these 

kinases.  

The ability of EV-associated CDK10, GSK3β, and MAPK8 to phosphorylate and 

activate substrates could result in signal transductions that lead to enhanced viral 

replication. All these kinases are present in the cell and mediate gene expression in 

response to various stimuli. Kinases from HIV-1-infected EVs could serve as a stimulus 

to trigger changes in the target cell. Data in Fig. 13 suggests that EVs from HIV-1-

infected cells are internalized at a faster rate and greater amounts compared to uninfected 

EVs. Moreover, these HIV-1-infected EVs contain upregulated levels of these kinases 

(Fig. 12A) and a higher phosphorylation activity of substrates (Fig. 14A-B). These point 

to the possibility that EV-associated kinases entering the cell could jump-start the signal 

transduction process by activating cellular substrates. Retained activation could lead to 

phenotypic changes that are advantageous to viral spread. For instance, the MAPK 

pathway, of which MAPK8 is a part of,  has been shown to be activated by HIV-1 

proteins Vpr, Tat, Nef, and gp120 in microglia and astrocytes to intensify the host 

inflammatory response, ultimately compromising the integrity of the BBB (117, 118). 

The MAPK pathway has also been implicated in regulating the AP-1 transcription factors 

c-Fos and c-Jun, which activate HIV-1 transcription by binding to the viral promoter and 

recruiting the SWI/SNF chromatin remodeling complex  (45, 119–121). Originally 

thought of as a kinase that only regulates metabolism, experimental evidence has 

demonstrated the role of GSK3 in several biological processes such as cell division, 

embryonic development, apoptosis, and microtubule function (122). In the context of 



63 

 

HIV-1, GSK3 modulates the functions of transcription factors and cofactors that are 

essential for viral transcription including  β-catenin, c-Jun, c-Myc, C/EBPα/β, NFATc, 

RelA, and CREB (123–125). Along the same lines, CDK10 controls the activity of the 

transcription factor ETS2, which has been shown to regulate HIV-1 latency by repressing 

viral transcription via binding to a repressor–activator target sequence of the viral 5′-LTR 

(43, 126). In all, the convergence of these EV-associated kinases (i.e., MAPK8, GSK3, 

and CDK10) may result in changes in a number of signaling pathways, as well as the 

level and functional properties of various cellular transcription factors. This could 

ultimately modify the course of the viral promoter, leading to increased gene expression 

and HIV-1 pathogenesis. 

In this study, we provide experimental evidence that shows modifications in the 

cell cycle dynamics of cells treated with EVs from both uninfected and HIV-1-infected 

cells. The cell cycle is integral to HIV-1 replication. This is because HIV-1 requires host 

cell machinery for replication – some of which are only available at certain phases of the 

cell cycle. Furthermore, Vif and Vpr, which have both been shown to be present in EVs 

derived from urine samples of HIV-1 patients under cART, have been shown to cause 

cell cycle arrest at the G2 phase (127–129). In T-cells, HIV-1 via Vpr, induces cell cycle 

arrest or delay in the G2 phase, blocking proliferation of infected cells (127). This was 

found to be advantageous to the virus because expression of the viral genome is at its 

peak during the G2 phase. Thus, the HIV-1 maximizes virus production during this phase 

of the cell cycle to keep up with the destruction of infected cells by the host immune 

system (127). Mechanistically, Vpr was found to arrest the cell cycle at G2 by preventing 
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the activation of CDC2/CDK1, a kinase that regulates the G2/M checkpoint (126, 130). 

Similarly, Wang et al. reported that viral accessory protein Vif  also causes G2 arrest 

(131). The authors demonstrated that Vif interacts with host factor, CDK9, which is 

known to work in normal cell cycle control and is also a component of the transcription 

regulator, P-TEFb (128). This interaction was confirmed with siRNA experiments where 

knockdown of CDK9 in Vif-transfected HeLa cells prevented the early transition of G1 

to S phase (128). Together, these results are in line with the data presented in this study 

where we found that the addition of HIV-1-infected ACH2 EVs to serum-starved 

recipient cells led to progression in the cell cycle and arrest at the G2/M phase (Fig. 16). 

This could perhaps be due to the increased expression of CDK10, a kinase that is related 

to CDC2 (regulator of the G2/M checkpoint) and phylogenetically similar to CDK9 

(132), in these infected EVs. The involvement of CDK10, MAPK8, and GSK3 in 

modifying cell cycle dynamics, EV release, and virion production in recipient cells will 

be further confirmed in future studies using a pharmacological perturbation approach 

where EVs will be isolated from cells treated with different concentrations of various 

kinase inhibitors including NVP-2 (inhibitor against CDK10), AZD2858 (inhibitor 

against GSK3), and DB07268 (inhibitor against MAPK8) (Supplemental Fig. 1); and 

used to treat recipient cells. 

In summary, the current cART regimen does not contain an FDA-approved 

transcription inhibitor. As such, cART can be improved by targeting viral transcription 

and preventing the translation of HIV-1 proteins. Data from this study demonstrate that 

EVs, via their kinase cargo, activate viral transcription by initiating signaling cascades. 
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This increased transcription could result in amplified virus production as well as 

upregulation of viral proteins. This could lead to the dysfunction of cellular processes 

related to immune response and cell cycle control, thereby resulting in enhanced viral 

spread, production of toxic metabolites, and complications such as HAND. Our data 

suggest that targeting EV-associated CDK10, MAPK8, and GSK3 using a 

pharmacological perturbation approach could potentially mitigate this process. This is 

because the 3 aforementioned kinases are positioned at the nexus of several signaling 

pathways essential to HIV-1 transcription including the PI3K/AKT, MAPK, and NF-κB 

pathways (40, 43, 45, 124). Hence, the use of this tactic of curbing viral transcription is 

not too far-fetched as kinases make up a significant portion of recognized drug targets, 

thereby making them one of the most important drug targets of this century (133). Small-

molecule kinase inhibitors have been successfully utilized in the field of cancer to 

improve patient outcomes. As such, future studies will focus on the use of NVP-2, 

DB07268, and AZD2858 kinase inhibitors against CDK10, MAPK8, and GSK3, 

respectively, to curb viral transcription and restore normal cell cycle control in HIV-1-

latently infected cells. Future experiments will examine whether these small-molecule 

kinase inhibitors work synergistically with cART in reducing viral replication. We will 

also validate the efficacy of our kinase inhibitors using tools such as siRNA and shRNA 

related treatments against specific kinases to address specificity issues that may arise with 

our small-molecule kinase inhibitors. Lastly, because our EV kinome profiling revealed 

the presence and differential expression of several other kinases, additional efforts will go 

toward investigating and confirming alternative kinases within EVs that could also lead 
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to changes in viral transcription. Additional methods such as reverse phase protein 

microarrays (RPPA), which can shed light on the phosphorylation status of proteins 

involved in a signal pathway, will also be used to further examine kinase networks (134–

136). 

Overall, this study has demonstrated that uninfected and infected EVs contain 

functionally active kinases that mediate functional changes in recipient cells. These 

functional changes include increased HIV-1 transcription and changes in cell cycle 

dynamics. Several kinases derived from HIV-1-infected cells were found to be 

differentially expressed compared to those from uninfected cells, potentially contributing 

to enhanced viral replication. As summarized in Fig. 17, the uptake of EVs containing 

biologically active kinases by recipient cells could initiate a signal cascade that may 

result in changes in the levels of various cellular transcription factors and activation of 

the viral promoter, ultimately giving rise to increased transcription of viral genes and 

HIV-1 pathogenesis. These findings could improve our understanding of the mechanisms 

underlying HIV-1 latency and serve as the basis for uncovering effective therapeutic 

targets.  
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Figure 17: Effects of EV-associated kinases on HIV-1 pathogenesis. EVs containing kinases are taken up by 

recipient cells resulting in changes in the activation of signaling pathways, as well as changes in the levels and 

functional properties of various cellular transcription factors. This could ultimately modify the course of the 

viral promoter, leading to increased gene expression and HIV-1 pathogenesis. 
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CHAPTER FIVE: SUPPLEMENTAL FIGURES 
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Supplemental Figure 1: Cell viability for CDK10, GSK3β, and MAPK8 kinase inhibitors. CEM, ACH2, 

U937, and U1 cells (5 × 104) were plated with various concentrations of kinase inhibitors and allowed to 

incubate for 48 hours followed by a cell viability assay. (A) ACH2 cells treated with NVP-2 (CDK10 

inhibitor). (B) U1 cells treated with NVP-2 (CDK10 inhibitor). (C) CEM cells treated with NVP-2 (CDK10 

inhibitor). (D) U937cells treated NVP-2 (CDK10 inhibitor). (E) ACH2 cells treated with AZD2858 (GSK3β 

inhibitor). (F) U1 cells treated with AZD2858 (GSK3β inhibitor). (G) CEM cells treated with AZD2858 

(GSK3β inhibitor). (H) U937cells treated AZD2858 (GSK3β inhibitor). (I) ACH2 cells treated with DB07268 

(MAPK8 inhibitor). (J) U1 cells treated with DB07268 (MAPK8 inhibitor). (K) CEM cells treated with 

DB07268 (MAPK8 inhibitor). (L) U937cells treated DB07268 (MAPK8 inhibitor). Error bars represent ± S.D. 

of three technical replicates for all panels. A two-tailed Student’s t-test was used to assess significance: 

*p < 0.05; **p < 0.01; ***p < 0.001. 
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