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ABSTRACT 

EXOSOMES DERIVED FROM HTLV-1 INFECTED CELLS CONTAIN VIRAL 

PROTEINS 

Elizabeth Jaworski, M.S. 

George Mason University, 2013 

Thesis Director: Dr. Fatah Kashanchi 

 

Human T-lymphotropic virus type 1 (HTLV-1) is the causative agent of adult T-cell 

leukemia (ATL) and HTLV-1-associated myelopathy (HAM)/tropical spastic paraparesis 

(TSP). The HTLV-1 transactivator protein Tax controls many critical cellular pathways 

including host cell DNA damage response mechanisms, cell cycle progression, and 

apoptosis. Recently, exosomes have been shown to play critical roles during pathogenic 

viral infections as delivery vehicles for host and viral components including proteins, 

mRNA and miRNA. We hypothesized that exosomes derived from HTLV-1 infected 

cells contain unique host and viral proteins that may contribute to pathogenesis. 

Exosomes from virally infected cells have been shown to transfer functional proteins and 

miRNA to recipient cells, which influence target cell signaling and gene expression. 

Herein we have characterized exosomes released from uninfected (CEM) and HTLV-1 

infected [C8166-45, MT-2, and ED40515(-)] cell lines that were isolated from cell 
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culture supernatants via filtration and ultracentrifugation. Exosome protein profiling was 

conducted via LC-MS/MS and western blot analysis. We next determined whether viral 

proteins were incorporated into these exosomes. We utilized Jurkat T-cells that were 

infected with HTLV-1 clone (pACH) and analyzed exosomes from these cells by western 

blot. Furthermore, the functional impact of exosomes derived from HTLV-1 infected 

cells on naïve recipient cells was evaluated by utilizing transcription and reactive oxygen 

species (ROS) assays. 

We were able to isolate exosomes from HTLV-1 infected T-cell lines, which displayed 

phenotypic characteristics including standard established exosome marker proteins. 

Exosomes from HTLV-1 infected cells displayed unique proteomic profiles distinct from 

exosomes derived from uninfected cells. Here, we show that proinflammatory mediators 

are contained within the exosomes, as well as viral mRNA transcripts including Tax, 

HBZ, and Env. Furthermore, we found that exosomes from infected cells deliver 

functional Tax to naïve recipient cells and induce reactive oxygen species (ROS) 

production. 

Collectively, our results suggest that exosomes may play an important role in 

extracellular delivery of functional HTLV-1 proteins and mRNA to recipient cells. We 

also found a mechanism for release of intra-exosomal cytokines via MDR-1, an ATP-

binding cassette transporter onto target cells. Furthermore, exosomes derived from 

infected cells are capable of inducing an ROS response in naïve cells. 
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CHAPTER ONE: INTRODUCTION 

A. Global impact of HTLV-1 

Discovered in the early 1980s, Human T-lymphotropic virus type 1 (HTLV-1) is 

the first identified human retrovirus (1,2). HTLV-1 is a member of the family 

Retroviridae, subfamily Orthoretrovirinae, genus Deltaretrovirus (3,4). Globally, HTLV-

1 infects approximately 20 million people and geographically impacts between 5-10%  

populations in endemic regions of Japan, Africa, the Caribbean, Central and South 

America (1,5). Soon after the discovery of HTLV-1, researchers identified HTLV-2, 

which has approximately 70% sequence homology to HTLV-1 and persists in 

populations of Africa and the Americas.  More recently, HTLV-3 and HTLV-4 were 

identified in African populations. In terms of pathogenicity, HTLV-3 and 4 do not cause 

disease in humans. HTLV-2 is less pathogenic than HTLV-1, which has been associated 

with serious immunopathologies in humans (6,7).  

HTLV-1 infection remains an important topic of study because the virus 

successfully modulates host immune responses for decades to establish a persistent 

infection and also causes a variety of immunopathologies for which there are no 

treatments or cures (8). Approximately 95% of infected patients are considered 

asymptomatic carriers who do not progress to a disease state (5,6). However, severe 

clinical progression to ATL or HAM/TSP occurs in almost 5% of the infected individuals 
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after decades of latency. During this asymptomatic latent infection, the virus is 

unknowingly transmitted to new patients. Viral transmission, which appears to rely on 

presence of infected CD4+ T-cells, occurs in several ways. Given that only one particle in 

10
5
 or 10

6
 virions is infections and newly HTLV-1 infected lymphocytes fail to produce 

infectious virus particles,  it has recently been established that efficient viral spread both 

in vitro and in vivo relies significantly upon the presence of a viral synapse. This 

connection depends upon direct cell-cell contact and cytoskeletal reorganization between 

infected and uninfected cells in contrast to attachment and infection by free virus 

particles. Thus, viral synapse aids in immune evasion by the virus and enables efficient 

transmission of the viral genome (9).  

Furthermore, the mode of transmission has been associated with the development 

of certain pathologies. For instance, vertical transmission from mother to child via 

breastfeeding is associated with adult T-cell leukemia (ATL), while transfusion of 

infected blood products has been linked to the development of HTLV-1 associated 

myelopathy (HAM)/tropical spastic parapresis (TSP). Unprotected sexual contact and 

intravenous drug use have also been documented as modes of transmission (5,6). In 

addition to causing ATL and HAM/TSP, HTLV-1 infection has been shown to cause 

HTLV-1-associated uveitis (HU) and infective dermatitis, and opportunistic infections as 

a result of compromised immune systems (6,8).  

HTLV-1 is an enveloped virus with a diploid, positive sense, single stranded RNA 

genome (10). Viral entry occurs when free virions attach to the glucose transporter 1 

(GLUT-1) via the surface envelope glycoprotein (gp46). Fusion is then mediated via the 
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envelope transmembrane domain (gp21). Next, uncoating results in the exposure of the 

viral core and the loss of viral capsid and envelope proteins. The single-stranded RNA 

genome is then reverse transcribed into double stranded DNA (dsDNA) via reverse 

transcriptase (p55). The dsDNA then enters the nucleus of the host cell, and is integrated 

via integrase (p32). It has been shown that proviral integration occurs at transcriptionally 

active sites in vitro and transcriptionally silent sites in vivo (8). Transcription of the 

proviral genome occurs via RNA polymerase II, which generates spliced and unspliced 

transcripts. The spliced transcripts encode HTLV-1 regulatory proteins Tax (p36) and 

Rex (p21), while unspliced transcripts encode Gag, Gag-pro, Gag-pro-pol, and Env 

polyproteins.  Gag encodes the following structural proteins: matrix (p19), capsid (p24), 

and nucleoprotein (p15). Env encodes structural moieties including surface (gp46) and 

transmembrane (gp21) domains. The pol gene encodes enzymatic proteins including 

reverse transcriptase (p55), integrase (p32) and RNase II. After appropriate splicing and 

export, translated protein components are assembled at the plasma membrane where 

packaging of the genome into virions occurs. Mature virions then bud through the 

membrane and are released (11).  

In terms of HTLV-1 lifecycle and pathogenesis, the HTLV-1 transactivator 

protein Tax has been identified as the key regulator of proviral transcription as well as a 

critical component in the proliferation and transformation of human primary T-cells 

(1,12). With respect to the viral lifecycle, Tax has been shown to activate proviral 

transcription by recruiting key components to the long terminal repeat (LTR) including 

cAMP response element binding protein (CREB), CREB-binding protein (CBP), and 
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activating transcription factor family (ATF). Furthermore, the recruitment of CBP and 

p300 promotes remodeling of the chromatin surrounding the integration site of the 

proviral genome, which establishes a favorable environment for transcriptional activation 

(7). With respect to the interactions between Tax and host cellular processes, it has been 

shown that Tax not only controls generic cellular gene expression including  chromatin 

remodeling within the host, but also subverts host cell DNA damage response 

mechanisms, cell cycle progression, and apoptotic pathway (13-24). Furthermore, this 

protein has been detected in an extracellular soluble state, capable of being taken up by 

recipient cells (25-27). 

B. Biogenesis of exosomes 
  

First described in 1983 by Harding et al, exosomes are nanovesicles between 30-

120 nm in diameter shed by a variety of different cell types including those of 

hematological origin, such as B-cells, T-cells, dendritic cells, and non-hematological 

origin including epithelial cells, neuronal cells, and tumor cells. Exosomes have been 

isolated from more complex physiological fluids including saliva, urine, blood, and breast 

milk, where much effort has been dedicated to investigating the diagnostic potential of 

these vesicles as carrier biomarkers (28-32). Importantly, heterogeneous populations of 

exosomes have been identified in various biofluid samples including seminal fluid and 

urine, potentially as a result of exosome production by various cell types. These exosome 

populations have been shown to range in size from 40-100 nm as well as protein content, 

including apical or basal trafficking molecules (33,34). Moreover, heterogeneous 
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populations of exosomes have been identified from cancerous cell types including colon 

cancer (35).  

Exosome formation occurs via inward budding of endosomal membranes, which 

causes the accumulation of intraluminal vesicles (ILVs) within multivesicular bodies 

(MVBs). These MVBs shuttle cargo either to lysosomes or the plasma membrane where 

the contents are exocytosed (36). In contrast, cells can also release other types of 

membrane vesicles including apoptotic blebs and microparticles, which bud directly from 

the plasma membrane and represent a heterogeneous mixture of vesicles ranging in size 

from 100-1000 nm (37). In addition to the difference in size between exosomes and 

apoptotic blebs, several additional factors exist when distinguishing exosomes from 

apoptotic blebs. These include morphological traits of apoptotic blebs which are denser, 

floating at a higher density on sucrose gradients, and do not appear cup-shaped under 

transmission electron microscopy. Furthermore, the apoptotic vesicles include very high 

levels of histones in comparison to exosomes, which contain diminished levels of 

histones (38).  

Since exosomes are generated through invagination of late endosomes, these 

vesicles have been shown to incorporate a variety of host components including Alix and 

TSG101, as well as proteins involved in membrane trafficking (Rabs and annexins), 

tetraspanins (CD63, CD81, and CD9), heat-shock proteins (HSP60, HSP70, and HSP90), 

and cytoskeletal components (actin) (37,39). Morphologically, exosomes have been 

shown to appear cup-shaped when visualized using TEM analysis (40). Currently, it is 

accepted that recipient cell uptake of exosomes is depending, in part, upon ligand-
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receptor recognition, followed by either direct fusion of exosome and recipient cell 

plasma membranes or by endocytic processes involving dynamin2 and phosphatidyl 

inositold-3-kinase (PI3K) (41,42).  

C. Exosome function in viral infection 

Recently, much interest has developed regarding mechanisms of extracellular 

delivery of nucleic acids and proteins among virally infected and recipient cells. 

Exosomes have been shown to transfer of host and viral molecules during infection, 

contributing to the modulation of host immune responses to infection (43-46). While the 

role of exosomes in viral pathogenesis and disease states remains largely unexplored, it is 

now widely accepted that exosomes play important roles in intercellular communication, 

cellular inflammation, antigen presentation, programmed cell death, and pathogenesis 

(39,44,47-50). 

It has previously been demonstrated that exosomes secreted from uninfected cells 

contain nucleic acids including mRNA and miRNA as well as functional proteins, 

however, infection can alter the levels and profiles of these cargo molecules in exosomes 

(51). With regards to viral infection, exosomes aid in the transfer of Hepatitis C Virus 

(HCV) viral RNA from infected to uninfected plasmacytoid dendritic cells, inducing the 

production of Type I IFN (52). Furthermore, HIV-1 Gag and p17 are incorporated into 

exosomes released from these infected cells (53). Regarding exosome-mediated transfer 

of miRNA, exosomes have been shown to deliver functional miRNA from infected donor 

cells to uninfected recipient cells during infection by the oncogenic Epstein-Barr virus 

(46).  Exosome-mediated transfer of miRNAs has been implicated in HIV-associated 
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neuronal disorders (HANDs) (54). With respect to the delivery of functional proteins to 

recipient cells, HIV-1 infected macrophages release Nef in exosomes, which targets B 

cells and aids in viral immune evasion (55). Additionally, HIV-1 Nef stimulates its own 

release in exosomes, which can then cause apoptosis in resting CD4+ T-cells (56).   
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CHAPTER TWO: RATIONALE AND SPECIFIC AIMS 

A. Rationale 

To date, there are no studies describing a role of exosomes in HTLV-1 infection. 

It has been shown that soluble Tax can be taken up by recipient cells, while soluble Tax 

treatment of noninfected cells induces TNF-α gene expression and enhances the 

proliferation of phytohemagglutinin (PHA) stimulated peripheral blood lymphocytes 

(PBLs) (25,26).  Importantly, Tax has been detected in cell culture media of infected cells 

as well as the cerebrospinal fluid of HTLV-1 infected patients, particularly in HAM/TSP 

patients (27,57). However, the underlying mechanism for the presence of extracellular 

Tax has not been clearly defined (58). Along these lines, we aimed to investigate how 

Tax could exist in an extracellular manner, and implicate a role for exosomes secreted 

from HTLV-1 infected cells in viral pathogenesis. 

B. Objective and Specific Aims 

In the current manuscript, we set out to isolate, characterize, and determine the 

functional impact of exosomes released from HTLV-1 infected T-cell lines. We 

hypothesized that HTLV-1 infected T cells produce exosomes that will contain unique 

molecules including host and viral proteins distinct from exosomes derived from 

uninfected cells. Herein we describe the characterization of exosomes derived from 

uninfected and HTLV-1 infected T-cells. We found that these exosomes displayed mostly 
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similar characteristics to the standard exosomes; demonstrating typical phenotypic and 

morphologic features. We also examined the proteomic profile of the exosomes and 

determined that these exosomes contain proinflammatory mediators as well as Tax 

protein. We observed that exosomes produced by HTLV-1 infected cells contain HTLV-1 

mRNA transcripts namely Env, Tax, and HBZ. Next, we evaluated the functional 

significance of treating naïve recipient cells with exosomes secreted from HTLV-1 

infected cells, and determined that the exosomes were capable of inducing activated 

transcription as well as reactive oxygen species (ROS) production. Collectively, our 

results implicate exosomes as an important means of extracellular delivery of functional 

HTLV-1 proteins to recipient cells.  
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CHAPTER THREE: MATERIALS AND METHODS 

A. Cell culture. The following reagents were obtained through the AIDS Research and 

Reference Reagent Program, Division of AIDS, NIAID, NIH: the HTLV-positive, Tax-

positive cell lines C8166-45 (Cat# 404) from Dr. Robert Gallo and MT-2 (Cat# 237)  

from Dr. Douglas Richman, as well as the uninfected CEM-T4 from Dr. J.P. Jacobs. 

HTLV-1 infected, Tax negative ED40515(-) cells were a generous gift from Dr. Cynthia 

Pise-Masison (NCI/NIH, Bethesda, MD). These suspension cell lines were maintained in 

RPMI 1640 supplemented with exosome-depleted 10% fetal bovine serum (FBS), 1% 

streptomycin/penicillin antibiotics, and 1% L-glutamine (Quality Biological), and 

incubated in 5% CO2 at 37
o
C. 293T and CHOK1 cells were maintained in Dulbecco’s 

modified Eagle’s medium supplemented with 10% FBS, 1% streptomycin/penicillin 

antibiotics, 1% L-glutamine. Stable CHOK1 transfectants were also treated with 200 µg 

of G418 per mL (Sigma Aldrich).  Exosome-depleted media was generated by 

centrifugation of FBS at 31,000 rpm for 2 hours at 4
o
C. The supernatant was considered 

clear of exosomes and further utilized for cell culture.   

B. Transfection, electroporation and plasmids.  CHOK1 cells were transfected 

with plasmid DNA according to Attractene lipid reagent recommended protocols 

(Qiagen, Valencia, CA). Briefly, CHOK1 cells at 2.0×10
4
 cells were plated in DMEM 

+/+/+
 (200 µl, with serum, L-glutamine, and penicillin/streptomycin) in a 96-well plate. 
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The next day, a reaction mixture containing pcDNA or pcTax, (2.0 µg) plasmid DNA 

was incubated with Attractene reagent (1 µl) in DMEM
−/−/−

 (50 µl, without serum, L-

glutamine, or penicillin/streptomycin). The reaction mixture was incubated for 20 min at 

25°C and then added dropwise onto the cells. Cells were treated with CEM, C81 or MT2 

exosomes (10 or 100 µg). After 48 hours, luciferase activity was determined using 

Bright-Glo™ Luciferase Assay System (Promega) per manufacturer’s instructions. To 

generate exosomes from infected cells, we performed electroporation of Jurkat T-cells as 

previously described (59). Briefly, Jurkat T-cells (5x10
7
 cells) were collected, washed 

twice with PBS, and reconstituted in unsupplemented RPMI (250 µL). Cells were 

transfected using pACH (30 µg), infectious HTLV-1 molecular clone, which was 

graciously provided by Dr. Lee Ratner (60). Electroporations were conducted under the 

following parameters: pulse voltage of 1,325 V, pulse width of 10 ms, and a pulse 

number of 3. 

C. Purification of exosomes. Exosomes were isolated from cell supernatants as 

previously described (61). Briefly, cell culture supernatants were subjected to low speed 

centrifugation at 2,000 rpm for 10 minutes at room temperature to remove whole cells. 

Next, the cell-free supernatants were centrifuged at 4,000 rpm for 10 minutes at room 

temperature to remove cell debris. As indicated, these supernatants were then subjected to 

filtration through a 0.22 μm polyethersulfone membrane (Corning). These membranes 

were blocked with 0.5% BSA in PBS/Tween (10 mL) prior to use. Clarified supernatants 

were subjected to high speed centrifugation at 10,000 x g for 30 minutes at 4
o
C to remove 

any remaining cell debris. This supernatant was then spun at 100,000 x g  for 70 minutes 
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at 4
o
C, at which time the exosome pellets were washed and reconstituted in Dulbecco’s 

phosphate-buffered saline without calcium or magnesium (22 mL) (D-PBS without 

Ca
+2

/Mg
+2

; Quality Biological). These pellets were centrifuged again at 100,000 x g for 

70 minutes at 4
o
C,resuspended in D-PBS (25 μL), and stored at 4

o
C until further use.  

D. Staining and western blots. 

Cell extract preparation-Using sterile technique, fresh cell pellets were collected from 

culture and spun at 1,800 rpm for 5 minutes at 4°C. Cell pellets were washed twice with 

D-PBS without Ca
+2

 or Mg
+2

, and resuspended in lysis buffer (50mM Tris-HCl, pH 7.5, 

120 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40 (NP-40), 50 mM NaF, 0.2 mM 

Na3VO4, 1 mM dithiothreitol (DTT), and one complete protease cocktail tablet/50 mL). 

This suspension was incubated on ice for 20 min, with gentle vortexing every 5 min. Cell 

lysates were centrifuged at 10,000 rpm for 10 min, and protein concentrations were 

determined using Bradford protein assay (Bio-Rad, Hercules, CA; Cat#500-0006). 

Western blot- CEM, C81 MT2, and ED(-) -derived exosomes and corresponding cell 

extracts were loaded on a 4-20% Tris-Glycine gel (Invitrogen), run at 200V, and 

transferred onto Immobilon PVDF membranes (Millipore) at 250 mA for 2 hours.  

Membranes were blocked with D-PBS containing 0.1% Tween-20 and milk (5%), and 

incubated overnight at 4°C with the appropriate primary antibody [α-actin (ab49900), α-

Alix (sc-49268), α-CD63 (ab8219), α-Cytochrome C (ab13575), α-HSP70 (sc-33575), α-

MDR-1 (sc-55510), and α-Tax (Monoclonal mouse; Generous gift from Dr. Scott Gitlin, 

University of Michigan)]. Antiserum to HTLV-I was obtained from NIH AIDS Reagent 

Program, Division of AIDS, NIAID, NIH (Drs. P. Szecsi, H. Halgreen, and J. Tang). 



23 

 

Membranes were incubated with the appropriate secondary antibody. Then, HRP 

luminescence was activated with Super Signal West Dura Extended Duration Substrate 

(Pierce) and visualized by a Bio-Rad Molecular Imager ChemiDoc XRS system (Bio-

Rad). Raw densitometry counts were obtained using ImageJ software. 

Staining-For coomassie staining, CEM, C81, MT2 and ED(-) exosomes (10 μL) were 

separated in 4-20%Tris-glycine gels, and Coomassie stained per standard protocol with 

40% methanol, 7% glacial acetic acid, and Coomassie Brilliant Blue (Bio-Rad, R-250). 

For silver staining, CEM, C81 and MT2-derived exosomes (3 μL) isolated from cell 

culture supernatants were resolved in a 4-20% Tris-glycine gel and silver stained 

according to manufacturer’s instructions (Pierce Silver Stain for Mass Spectrometry Cat# 

24600).  

E. Transmission electron microscopy. Samples were prepared as follows: CEM, 

C81 and MT2 exosomes (2 μg) were adsorbed onto 300 mesh formvar coated grids, 

stabilized with evaporated carbon film (Electron Microscopy Science, #FCF300-Ni) and 

fixed in 4% glutaraldehyde (5 μL) (Electron Microscopy Sciences, #16210) at 4
o
C for 5 

minutes. After four quick rinses with autoclaved deionized water, fixed samples were 

stained for 2 minutes with uranium acetate (10 μL), dried for 20 minutes, and imaged 

with the Transmission Electron Microscope (JEOL JEM 1200EX) at a magnification of 

75K.  

F. LC-MS/MS analysis. Whole exosome preparations (10 µg) were first lysed in 8M 

urea after which they were reduced using DTT and acetylated using iodoacetamide by 

standard procedures. The reduced and alkylated proteins were trypsin digested (Trypsin, 



24 

 

Promega) for four hours at 37
o
C. The digested peptides were eluted using ZipTip 

purification (Millipore) and identification of the peptides was performed by LTQ-tandem 

MS/MS equipped with a reverse-phase liquid chromatography nanospray 

(ThermoFisher). The reverse phase column was slurry-packed in house with 5 μM, 200-A 

pore size C18 resin (Michrom BioResources) in a 100 μm X 10 cm fused silica capillary 

(Polymicro Technologies) with a laser-pulled tip. After sample injection, the column was 

washed for 5 minutes at 200 nl/min with 0.1% formic acid; peptides were eluted using a 

50-minute linear gradient from 0 to 40% acetonitrile and an additional step of 80% 

acetonitrile (all in 0.1% formic acid) for 5 minutes. The LTQ- MS was operated in a data-

dependent mode in which each full MS scan was followed by five MS-MS scans where 

the five most abundant molecular ions were dynamically selected and fragmented by 

collision-induced dissociation using normalized collision energy (35%). Tandem mass 

spectra were matched against the National Center for Biotechnology Information mouse 

database by SequestBioworks software (ThermoFisher) using full tryptic cleavage 

constraints and static cysteine alkylation by iodoacetamide. For a peptide to be 

considered accurately detected, it had to be the top number one match and achieve cross-

correlation scores of 1.9 for [M+H]1+, 2.2 for [M+2H]2+, 3.5 for [M+3H]3+, ΔCn>0.1, 

and a maximum probability of randomized identification of 0.01. The peptide hits were 

scanned for HTLV-1 proteins based on a compilation of HTLV-1 protein sequences from 

the NCBI protein database.  

G. qRT-PCR analysis. For quantitative analysis of HTLV-1 RNA, total RNA was 

isolated from exosome fraction of cell culture supernatants. RNA was isolated using TRI 
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Reagent-LS (MRC, Cincinnati, OH) according to the manufacturer's protocol.  A total of 

0.5 μg of RNA from the RNA fraction was treated with 0.25 mg/ml DNase I RNase-free 

(Roche, Mannheim, Germany) for 60 minutes in the presence of 5 mM MgCl2, followed 

by heat inactivation at 65° C for 15 minutes.  A 250 ng aliquot of total RNA was used to 

generate cDNA with the GoScript Reverse Transcription System (Promega, Madison, 

WI) using oligo-dT reverse primers.  Subsequent quantitative real-time PCR analysis was 

performed with 2 µl of undiluted and 10
-1

, 10
-2

 diluted aliquots of RT reaction mixes 

using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) with the following pairs of 

primers: (1) Tax-specific primers Tax-F (5’- CCCACTTCCCAG GGTTTGGACAGAG-

3’) Tax-R (5’- CTGTAGAGCTGAGCCGATAACGCG-3’); (2) 5’LTR-specific primers 

5’-LTR-F (5’-AAGGTCAGGGCCCAGACTAAG-3’) 5’-LTR-R (5’- 

GAGGTGAGGGGTTGTCGTCAA-3’); (3) HBZ-specific primers HBZ-F (5’- 

AACTGTCTAGTATAGCCATCA-3’) and HBZ-R (5’- 

CAAGGAGGAGGAGGAAGCTGTGC-3’); (4) Env-specific primers Env-F (5’-

CCATCGTTAGCGCTTCCAGCCCC-3’) and Env-R (5’-

CGGGATCCTAGCGTGGGAACAGGT-3’).  Serial dilutions of DNA from MT2 cells 

(T-cell line containing three integrated copies of HTLV-1 provirus per cell) were used as 

the quantitative standards. The β-globin gene was also quantified by real-time PCR using 

a set of β-globin-specific primers: forward primer BGF1 (5’-

CAACCTCAAACAGACACCATGG-3’) and reverse primer BGR1 (5’-

TCCACGTTCACCTTGCCC-3’).  Real-time PCR reactions were carried out at least in 
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triplicate using the PTC-200 Peltier Thermal Cycler with Chromo4 Continuous 

Fluorescence Detector (both from MJ Research) and Opticon Monitor 2.03 software. 

H. Reverse transcriptase assay. Exosome fraction from filtered cell culture 

supernatants (undiluted and 10
-1

 dilution) were incubated in a 96-well plate with RT 

reaction mixture containing 1 × RT buffer (50 mM Tris–Cl, 1 mM DTT, 5 mM MgCl2, 

and 20 mM KCl), 0.1% Triton, poly(A) (1 U/ml), pd(T) (1 U/ml), and [
3
H]TTP. The 

mixture was incubated overnight at 37 °C, and 10 μl of the reaction mix was spotted on a 

diethylaminoethyl Filtermat paper, washed four times with 5% Na2HPO4 and three times 

with water, and then dried completely. RT activity was measured in a Betaplate counter 

(Wallac, Gaithersburg, MD). 

I. Cytokine array. Analysis of exosome cytokine profiles was conducted utilizing 

RayBio® Human Cytokine Array 1 (RayBiotech, Norcross, GA) per manufacturer’s 

instructions. Briefly, exosome fractions from filtered cell culture supernatants (7 µg) 

were lysed and incubated with blocked membranes for 2 hours. After a series of washes 

at room temperature, biotin conjugated primary antibody was added to the membrane for 

2 hours, washed, and membranes were developed using SuperSignal West Femto 

Chemiluminescent Substrate (Thermoscientific, Rockford, IL) and visualized by a Bio-

Rad Molecular Imager ChemiDoc XRS system (Bio-Rad). 

J. CAT assay. Plasmid (PU3R-CAT) (5 µg) was transfected by electroporation using a 

Bio-Rad Gene Pulser (Bio-Rad, Richmond, CA) at 960 μF and 230 Volts. This construct, 

which has been described elsewhere, contains CAT cDNA positioned downstream of the 

HTLV-1 LTR (62). After 48 hours, cells were collected, washed twice in PBS, and then 
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lysed via two successive freeze-thaw cycles. Samples were heated for 3 minutes at 65
o
C 

prior to centrifugation. Supernatants were used for enzymatic assays. Chloramphenicol 

acetyltransferase (CAT) activity was determined by adding acetyl coenzyme A to a 

microcentrifuge tube containing cell extract (5 ug) and radiolabeled (
14

C) 

chloramphenicol (2 µL) in a final volume of 25 μl and incubating the mixture at 37°C for 

1 h. The reaction mixture was then extracted with ethyl acetate and separated by thin-

later chromatography on silica gel plates (Baker-flex silica gel thin-later chromatography 

plates) in a chloroform-methanol (19:1) solvent. The resolved reaction products were 

exposed to a PhosphorImager cassette and imaged using the Storm 860 Molecular Imager 

(Molecular Dynamics).  

K. Measurement of free reactive oxygen species.  Mitosox Red superoxide 

indicator was used to measure ROS as per manufacturer's (Molecular Probes) 

instructions. Briefly, Hela cells (2.5x10
4
) were cultured in Lab-Tek™ chamber slides 

(Thomas Scientific, Swedesboro, NJ). The next day, cells were treated with CEM or C81 

exosomes (1, 5, or 10 μg). After a two hour exosome exposure, cells were incubated with 

Mitosox reagent for 30 min at 37°C. Following incubation, slides were washed with 

HBSS, fixed with paraformaldehyde and stained with DAPI to visualize nuclei. 

Fluorescence microscopy was carried out using a Nikon Eclipse 90i microscope and 

quantification of fluorescence was carried out using Nikon Elements software. 

L. Metabolic labeling and immunoprecipitation.  Labeling experiments were 

performed on 293T cells (1x10
6
). Twelve hours post seeding, cells were treated in 

duplicate with CEM, C81, and MT2 exosomes (5 or 25 µg) in a reaction volume of 200 



28 

 

µL. Immediately following exosome treatment, cells were treated with 55 µCi of 

[
35

S]methionine-cysteine for six hours. After removal of reaction volume, cellular 

extracts from corresponding treatments were collected as described above. Extracts (250 

µL) were then incubated with α-IgG, α-Tax, α-HBZ, or antiserum to HTLV-1 rotating 

overnight at 4
o
C. The next day 30 µl of a 30% slurry of Protein A+G beads (Calbiochem, 

Rockland, MA) was added to the reaction and incubated for two hours, rotating at 4°C. 

The IPs were spun briefly and beads were washed 2× with TNE50+0.1% NP-40. Proteins 

were eluted off of the beads with Laemmli buffer and resolved in 4-20% Tris-Glycine 

gels. Dried gels were exposed for 7 days and imaged using phosphorimager (Molecular 

Dynamics Software).  

M. Statistics. For the comparison of mean fluorescence intensities due to the 

production of reactive oxygen species, the standard student’s T-test was used. 
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CHAPTER FOUR: RESULTS 

A. Characterization of exosomes derived from HTLV1-infected cells. 

Recently, exosomes have emerged as critical components of intercellular 

communication during viral infection. Previous studies have demonstrated the 

involvement of exosomes in viral pathogenesis, particularly with respect to the ability of 

exosomes to modulate gene expression in recipient cells via delivery of miRNA and 

functional proteins (46,56,63,64). In the context of retroviral infection, we have 

previously observed that naïve recipient cells exposed to HIV-1 exosomes containing 

TAR miRNA resulted in increased susceptibility to viral infection (Kashanchi, 

manuscript submitted). Since the role of exosomes in HTLV-1 infections is poorly 

understood, we aimed to identify how exosomes secreted from HTLV-infected cells 

might contribute to a possible phenotype. Cells employed in this study include the IL-2-

independent C81 and MT2 cell lines, both derived from the fusion of cord blood cells 

with isolates from ATL infected patients (65,66).  As control cells we utilized the CEM 

cell line as an uninfected T-cell model and the IL-2-dependent ED(-) cell line, which 

retains a nonsense mutation rendering the virus defective for expression of the viral gene 

Tax (67).  

To characterize the exosome population secreted by CEM, C81, MT2, and ED(-) 

cell lines, we first examined the kinetics of exosome release.  To determine the optimal 
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time point for exosome collection, we cultured each cell type in exosome-depleted media 

and isolated exosomes after one, two and five days.  We followed this time scale based 

on our knowledge of exosomes kinetics from T-cell lines including Jurkat and HIV-1 

infected J1.1 cells observed in other experiments. First, a series of low speed 

centrifugation steps was employed to remove cell culture supernatants of whole cells and 

cellular debris prior to ultracentrifugation.  Next, we conducted a series of 

ultracentrifugation steps without filtration to enrich for all possible vesicles including 

exosomes from cell culture supernatants.  The series of ultracentrifugation steps included 

one spin of cell culture supernatants at 10,000 x g at 4
o
C for 30 minutes, followed by two 

additional spins at 100,000 x g at 4
o
C for 70 minutes. The enriched exosomal content, as 

well as corresponding whole cell extracts, was resolved on a 4-20% Tris-Glycine gel and 

stained with coomassie blue to illustrate total protein yields (Figure 1A). The 

representative coomasie stained gels demonstrate that cell culture supernatants collected 

on the fifth day contained the highest levels of  total protein in the exosome fraction from 

CEM, C81, MT2 and ED(-) cells (Figure 1A, lanes 3, 6, 9, and 12). Since we observed 

the highest total protein in exosome fractions collected on day 5, all of our future 

experiments utilized day 5 for the time point of exosome collection. 

Since it is well established that the budding of exosomes from invaginations of 

late endosomal membranes allows for the incorporation of known host components into 

exosomes, we then asked if the exosomes we enriched from cell culture supernatants 

contained the exosomal marker proteins HSP70, Alix, CD63, and β-actin (68).  We 

looked for Cytochrome C in these exosome preparations as well. Cytochrome C is not 
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expected to be included in vesicles and is therefore a negative control for protein 

incorporation in exosomes. As a negative control, these exosome vesicles would exclude 

cell-specific proteins such as Cytochrome C (Figure 1B). Western blot analysis of 

exosomes and corresponding whole cell extracts  demonstrated that CEM, C81, and MT2 

exosomes incorporated HSP70, Alix, CD63 and β-actin and mostly excluded Cytochrome 

C (Figure 1B).  Western blot analysis revealed increasing levels of Alix in C81 and MT2 

exosomes compared to CEM exosomes, while ED(-) exosomes contained the highest 

levels of Alix.  A similar trend was observed with HSP70, indicating that HTLV-1 

infection could play a role in the incorporation of host proteins into exosomes. Levels of 

β-actin remained comparable between exosomes from the cell lines investigated.  The 

exclusion of Cytochrome C indicated that our exosome preparations contain low levels of 

contamination from cellular debris or other vesicles (Figure 1B, lanes 2, 4, 6, and 8).  

Taken together, these results indicate that HTLV-1 infection could modulate the 

incorporation of certain host proteins into released exosomes. 

Finally, to confirm that the vesicles enriched in our preparations display standard 

morphological features such as cup-shaped vesicles with a diameter range of 30-100 nm, 

TEM images were obtained of our CEM, C81 and MT2 exosome preparations (Figure 

1C). After considering the average diameter of ten CEM, C81, and MT2 exosomes, we 

found that CEM and C81 exosomes averaged 47 nm in diameter, ranging from 31-72 nm. 

We found that MT2 exosomes averaged 58 nm in diameter, ranging from 33-77 nm. The 

representative TEM image analysis of exosomes from each cell type revealed the typical 

cup-shaped morphology, with an electron dense lipid bilayer and concave interior (Figure 



32 

 

1C). Thus, regardless of infection status, our exosomes display diameter sizes and 

morphologies consistent with the currently accepted standards (36,39,61). Collectively, 

these results indicated that we were enriching exosomes with standard features from both 

uninfected and HTLV-1-infected unfiltered T-cell culture supernatants.  

 

 
Figure 1.Characterization of exosomes derived from HTLV-infected cells. A) Exosome fraction of cell culture 

supernatants was collected one, two, and five days post-seeding. Equivalent volumes of CEM, C81, MT2 and ED(-) 

exosomes (10 µL) were resolved in 4-20% Tris-Glycine gels and coomassie stained. B) CEM, C81, MT2, and ED(-)-

derived exosomes (10 µg) and corresponding cell lysates collected five days post-seeding were analyzed via Western 

Blot and probed forHSP70, Alix, CD63, Cytochrome C and β-actin. C) TEM image analysis of CEM, C81, and MT2-

derived exosomes taken at 75K magnification. 
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B. Specific enrichment of exosomes via filtration method. 

In response to various environmental stimuli, cells produce heterogeneous 

populations of apoptotic blebs and microparticles which could potentially be co-enriched 

during ultracentrifugation (69). In addition, the presence of histones and minimal levels 

of Cytochrome C observed in our previous exosome preparations, prompted us to address 

our enrichment methods. We therefore modified our protocol and subjected cell culture 

supernatants to filtration using 0.22 μm hydrophilic polyethersulfone membranes to 

remove contaminating cell debris and larger vesicles, particularly apopototic blebs 

ranging in diameter from 100-1000 nm (37). Based on size exclusion of vesicles over 220 

nm, which includes a large subset of apoptotic blebs, as well as the hydrophilic nature of 

polyethersulfone membranes, this filtration step permits the separation of exosomes from 

other larger vesicles (70,71). 

To determine the extent of vesicular enrichment, we collected five-day-old cell 

culture supernatants from CEM, C81, MT2, and ED(-) cells, subjected half of the 

supernatant volume to 0.22 μm filtration, and left the remaining volume unfiltered. Post-

ultracentrifugation, we reconstituted the enriched exosomes in equal volumes of PBS. 

After loading equal volumes of each exosome prep, our silver stained gels demonstrated a 

reduction in total protein for each of our exosome preparations after filtration (Figure 2A, 

lanes 2, 4, 6, and 8) as compared to the unfiltered counterparts (Figure 2A, lanes 1, 3, 5, 

and 7). We observed an enhancement of CD63 band in most preparations and reduction 

of other (potentially non-exosomal) bands. Furthermore, in the absence of filtration, we 
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observed histones present in our exosome preps; however, filtration of cell culture 

supernatants reduced the level of histones (data not shown).  

To determine the specificity of filtration, we next examined protein levels of 

HSP70, Alix, CD63, Cytochrome C, and β-actin in C81 exosomes produced with or 

without filtration (Figure 2B). Western blot analysis of filtered and unfiltered C81 

exosomes, revealed the presence of HSP70, CD63, and β-actin in both filtered and 

unfiltered exosomes. While HSP70 levels appear elevated in filtered C81 exosomes 

(Figure 2B, lane 2), the levels of CD63, β-actin, and Cytochrome C are reduced as 

compared to the unfiltered counterpart (Figure 2B, lanes 2 and 3). These findings are 

consistent with our reduction in total protein after filtration (Figure 2A). Levels of 

HSP70, CD63, β-actin, and Cytochrome C in unfiltered exosomes closely agrees with the 

levels of these proteins we observed previously (Figure 1B, lane 4). Taken together, our 

results indicated that a simple filtration of cell culture supernatants removes 

contaminating cell debris and other larger microvesicles. We therefore used filtration of 

cell culture supernatants during the preparation of exosomes for use in subsequent 

experiments.   
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Figure 2.Specific enrichment of exosomes via filtration method. A) CEM, C81, MT2 and ED(-) cell culture 

supernatants (100 mL) were collected, and half of the volume (50 mL) was subjected to filtration (0.22 µm) while the 

remaining volume (50 mL) was left unfiltered.  Exosomes (3 µL) collected from filtered or unfiltered cell culture 

supernatants were separated in 4-20% Tris-Glycine gels and silver stained per standard protocol. B) C81 exosomes 

from filtered (9 μg) or unfiltered (7 μg) supernatants and corresponding whole cell extract (10 μg) were evaluated for 

the incorporation of common exosome markers using α-HSP70, α-CD63, α-Cytochrome C and α-actin. 

 

C. Exosomes released by HTLV-1 infected cells contain unique host 

proteins. 

It has been documented that exosomes released by HIV-1 infected cells contain 

different proteomic profiles, specifically with the incorporation of viral proteins including 

Nef (55,56). Our preliminary data indicated that HIV-1 infection alters the incorporation 

of host proteins into exosomes, including histone deacetylases (HDACs), Drosha and 

Dicer (Kashanchi, manuscript submitted). Since our previous results indicated that 

HTLV-1 infection altered the levels of HSP70 and Alix incorporated into exosomes 

(Figure 1B and 2B), we hypothesized that HTLV-1 infection could influence the 

incorporation of both host and viral proteins into exosomes. Therefore, we next 

characterized the proteome of exosomes from CEM, C81, and MT2 exosomes via liquid 
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chromatography tandem mass spectrometry (LC-MS/MS). In duplicate, equivalent 

amounts (approximately 10 µg) of filtered exosomes from all cell types were treated with 

8M urea, reduced with DTT, alkylated with iodoacetamide and trypsin digested for four 

hours.  The peptides were ZipTip purified and analyzed using a LTQ-LC-MS/MS 

instrument.  The protein identity was determined by searching the peptides against a 

human protein database using Bioworks Browser software.   

Approximately 180 host proteins were present in these exosomes, as determined 

by LC-MS/MS analysis.  The complete proteomic profiles of exosomes from CEM, C81, 

MT2 and ED(-) cells are included in Supplementary Tables 1-4.  We successfully 

identified six of the eleven proteins documented for T-cell exosomes in the ExoCarta 

database including MHCII, Integrin β2, MCHI, CD81, CD63, and FASLG; however, we 

found more than 160 proteins that have not yet been reported in T-cell derived exosomes 

in the Exocarta database (72). In comparison with exosomes released from other 

cancerous cells, including colon and bladder cancer,  the total number of proteins 

identified in our T-cell line derived exosomes appears to be approximately half the 

number documented for exosomes derived from various other cancers (73,74). 

 On average, we identified 90-100 commonly incorporated proteins based upon 

the following individual comparisons: C81 versus CEM, MT2 versus CEM, and ED(-) 

versus CEM exosomes. Among exosomes from all cell types, 54 proteins were found to 

be common. This represents a much larger body of standard proteins incorporated into 

exosomes derived from T-cells than previously documented (72). Functional 

classification of these 54  proteins revealed an abundance of nucleic acid binding 



37 

 

components, followed by proteins involved in regulating cytoskeletal dynamics, cellular 

metabolism, protein folding, ion transport and signaling (Figure 3A).  

 We next investigated the incorporation of host proteins into exosomes as a 

result of HTLV-1 infection. We therefore excluded all host proteins common to CEM 

exosomes as compared to C81, MT2 and ED(-) exosomes, since these proteins were 

present in uninfected exosomes. For further analysis, we generated a three-way Venn 

diagram to compare the protein content among exosomes from HTLV-1 infected, Tax-

positive C81 and MT2 cells and HTLV-1 infected, Tax-negative ED(-) cells (Figure 3B).  

Importantly, we have identified two proteins, major histocompatibility, class I, A 

precursor and F isoform 2 precursor, common to exosomes from all HTLV-1 infected cell 

lines investigated, indicating that these two host proteins were specifically incorporated 

due to HTLV-1 infection.  Furthermore, six proteins were common between C81 and 

MT2 exosomes but not ED(-) exosomes (Figure 3B). These proteins were cofilin 2, 

eukaryotic translation elongation factor 1 alpha 1, major histocompatibility complex class 

I E precursor, ribosomal protein L23, Thy-1 cell surface antigen preprotein, and 

tryptophanyl-tRNA synthetase isoform α. Interestingly, five other proteins were found to 

be common between MT2 and ED(-) exosomes. These proteins include beta-2-

microglobulin precursor, bisphosphoglycerate mutase 1, major histocompatibility 

complex class I B and C precursors, and tubulin. Comparison between C81 and ED(-) 

exosomes revealed six shared proteins including alpha-fetoprotein precursor, H2A 

histone family member Y2, histone cluster 2ab, ribosomal proteins P1 isoform 1 and S26, 
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tyrosine 3/tryptophan 5 -monooxygenase activation protein, theta polypeptide (Figure 

3B).  

The subsets shared among C81 or MT2 exosomes suggest that these proteins may 

be incorporated into HTLV-1 derived exosomes in a Tax-dependent manner. 

Functionally, half of these proteins are involved in transcription and translation, while the 

remaining proteins function in a variety of processes including antigen processing and 

presentation, cytoskeletal dynamics, and T-cell receptor signaling.  These results indicate 

specific subsets of host proteins incorporated into HTLV-1 derived exosomes in an 

HTLV-1 or Tax-dependent manner. 

In the future, the unique host protein population incorporated into exosomes 

observed by our LC-MS/MS analyses will be verified by western blot analysis. 

Specifically we will validate the presence of cofilin 2 in C81, MT2, and ED(-) exosomes. 

 
Figure 3. Exosomes released by HTLV-1 infected cells contain unique host proteins. A) Exosomes derived from 

CEM, C81, MT2 and ED(-) cells were analyzed by LC-MS/MS to determine the host proteomic profile. A total of fifty-

four proteins were common to exosomes from all cell types. Classification of shared host proteins according to function 

are included. B) After discounting exosomal host proteins common to each infected cell type and CEM exosomes, a 
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comparison among host proteins derived from all HTLV-1 infected cell lines demonstrates host proteins incorporated 

in an HTLV-1 dependent or Tax-dependent fashion. 

 

D. Validation of viral proteins incorporated into exosomes. 

In the case of oncogenic viral infections, it has been shown that infected cells 

produce exosomes which deliver functional viral proteins and ultimately influence signal 

transduction pathways in target cells (43,63). We therefore evaluated the preferential 

inclusion of viral proteins into the HTLV-1 derived exosomes which could then function 

to support viral infection. Our LC-MS/MS analysis for the presence of viral proteins 

within the exosomes revealed envelope surface glycoprotein (gp46), and gag, gag-pro, 

and gag-pro-pol polyprotein within the MT2 exosomes only. However, we were unable to 

detect reasonable peptide hits corresponding to other viral proteins in C81 and ED(-) 

exosomes. Since Tax has been shown to be present in a soluble, extracellular form, we 

immunoblotted C81 and MT2 exosomes for presence of Tax (25,26,75). Western blot 

analysis revealed the presence of Tax in exosomes from C81 and MT2 (Figure 4B, lanes 

4 and 6). As expected, CEM and ED(-) exosomes failed to contain Tax (Figure 4A, lanes 

2 and 8).  

Additionally, the presence of gp46 in MT2 exosomes only (Figure 4A, lane 6), 

but not exosomes from C81 and ED(-) confirmed our LC-MS/MS data (Figure 4A, 

compare lane 6 with lanes 2 and 8). We found that MT2 exosomes, but not C81 or ED(-), 

incorporated HTLV-1 capsid protein (p24) at levels detectable by western blot (Figure 

4A, lane 6). To address the discrepancies between the inclusion of viral proteins in C81 
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versus MT2 exosomes, it is important to note that two of the three integrated proviral 

genomes in C81 cells contain internal deletions spanning most of the gag-env region, and 

thus do not produce structural viral proteins such as gp46 or p24 (76). Also, MT2 cells 

produce and shed free virions, which could potentially be co-purified with the exosomes 

allowing for the detection of p24. We were, however, unable to detect HBZ protein in the 

exosomes tested (data not shown).  

To confirm that the incorporation of viral proteins is a direct result of infection 

and not a cell-type phenomenon, we electroporated Jurkat T-cells (5x10
7
 cells/mL) with 

an infectious HTLV-1 clone, pACH, and enriched for exosomes. Transfected cells were 

maintained at 37
o
C for 5 days in exosome-free media, at which time cell culture 

supernatants were collected for isolation of exosomes. Our western blot analysis 

demonstrated the inclusion of Tax in exosomes released from infected Jurkat cells albeit 

at low levels compared to other exosome proteins (Figure 4B, lane 2). To better evaluate 

the effect of HTLV-1 infection on protein incorporation into exosomes we obtained raw 

densitometry counts of Tax, Alix, HSP70, CD63 and β-actin (Figure 3C). Other than Tax, 

nonoe of the other proteins showed a dramatic difference between transfected and 

untransfected cells.  

The functional abilities of the viral transactivator Tax to contribute to 

pathogenesis have been extensively studied (1,7,77-79). More specifically, Tax is a 

critical component for regulating the dynamics of the viral life cycle and deregulation of 

many cellular genes. To determine the functional impacts of exosomal Tax, we set out to 

discern whether Tax could transactivate the HTLV-1 LTR in target recipient cells. To 
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detect Tax-mediated HTLV-LTR transcription, we conducted a CAT reporter assay with 

extracts collected from CEM cells (5x10
6
 cells) transfected with PU3R-CAT and titrated 

with CEM or C81 exosomes (0.1, 1.0, or 10 µg) (Figure 4D). For a positive control 

experiment, we utilized E. coli purified Tax protein. When using exosomes, we did not 

detect viral LTR transcription above basal levels after treatment with CEM exosomes 

(Figure 4D, lanes 4, 5, and 6). However, we observed a dose dependent response in Tax-

mediated LTR-transcription upon treatment with C81 exosomes (Figure 4D, lanes 7, 8, 

and 9). To confirm that this transcription was a direct result of functional Tax, we 

subjected the CEM and C81 exosomes to five sequential freeze-thaw cycles before 

incubation with target cells. This step rendered the Tax protein non-functional (Figure 

4D, lanes 3 and 11). Accordingly, we observed a marked reduction in LTR transcription 

in samples treated with inactivated C81 exosomes. Collectively, these data indicate that 

Tax present in exosomes may be functional by activating a responsive promoter.  
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Figure 4. Validation of viral proteins incorporated into exosomes. A) HTLV-1 infected exosomes were evaluated 

for the presence of viral proteins revealed by LC-MS/MS analysis. Western blot validation of HTLV-1 proteins was 

performed using α-Tax and antiserum to HTLV-I, which reacts with gp46 and p24. B) Jurkat cells (1X106 cells/mL) 

were transfected with pACH clone (30 µg). Five days post-transfection, exosomes were collected and processed. 

Exosome samples (10 µg) were assayed for the presence of HTLV-1 Tax, Alix, HSP70, CD63 and actin via western 

blotting. C) Raw densitometry counts were obtained from the western blot analysis of Panel B. D)CEM cells (5x106 

cells) were incubated with PU3R-CAT and CEM or C81 exosomes (0.1, 1.0 and 10 µg) for 48 hours. Detection of Tax-

mediated transactivation of the HTLV-LTR promoter was measured via chloramphenicol transferase assay. 

 

 

E. Exosomes derived from HTLV-1 infected cells contain viral mRNA 

transcripts  

Previous reports have shown the presence of functional mRNA in exosomes 

isolated from cancer cells (80-83). Therefore, we next attempted to investigate the 

presence of viral mRNA transcripts into exosomes derived from HTLV-1 infected cells.   
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We carried out qRT-PCR analysis for the presence of HTLV-1 Env, Tax, HBZ, and 5’-

LTR transcripts within exosomes derived from CEM, C81, MT2 and ED(-) cells. After 

normalizing the data to  β-globin within the samples, our results show that C81 and ED(-) 

exosomes each contained less than 10 total copies of Tax, HBZ and 5’-LTR mRNA, 

while MT2 exosomes contained a vast excess of these transcripts (5 logs) for Tax, HBZ, 

and 5’-LTR mRNAs (Figure 5A). As expected, we failed to observe the presence of viral 

transcripts in the exosomes from uninfected CEM cells. 

The high levels of Tax, HBZ, and 5’-LTR present in MT2 exosomes indicated the 

potential contamination of MT2 exosome preparations with HTLV-1 virions. To address 

this possibility, we performed a reverse transcriptase assay of undiluted and 10
-1

 diluted 

exosome samples to evaluate the presence of virus in these preparations (Figure 5B). 

When analyzing for RT activity, we consistently observed higher levels of RT in 

exosomes from MT-2 cells, indicating that our preparations may be contaminated by 

virus. Unlike other viral proteins which can be freely present in the extracellular 

environment, RT is normally used to detect functional viral particles. The RT activity in 

C81 and ED(-) cells may be an indication of RT incorporation into exosomes. Both of 

these cells do not contain wild type virus in their genome. Collectively, our results 

indicate the absence of viral transcripts in C81 and ED(-) exosomes, while demonstrating 

the presence of viral mRNA transcripts of Tax, HBZ, and 5’-LTR in MT2 exosomes. The 

lack of 5’-LTR transcripts in C81 and ED(-) exosomes further supports the absence of 

virus (genomic RNA) in these exosomes, while the virions produced by MT2 cells may 

be co-enriched with exosomes. 



44 

 

In order to evaluate the functional capacity of the viral transcripts contained 

within exosomes, we conducted metabolic pulse labeling experiments. 293T cells were 

treated with CEM, C81 or MT2 exosomes, followed by the addition of [
35

S]methionine-

cysteine to label new protein synthesis. Labeled cells were then lysed and used for 

immunoprecipitation with α-Tax, α-HBZ, αEnv and IgG control. Immunoprecipitated 

material was run on a 4-20% SDS/PAGE gel, dried and bands were quantified using 

densitometry. We observed significant counts from all three orfs but moreso from the 

labeled Tax protein. This indicates that the Tax mRNA in C81 exosomes may be 

translated in recipient cells.  
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Figure 5. Exosomes derived from HTLV-1 infected cells contain viral mRNA transcripts. A) Total RNA was 

isolated from exosomes derived from CEM, C81, MT2 and ED(-) cells and subjected to qRT-PCR in triplicate using 

primers specific for HTLV-1 Tax, HBZ, Env, and 5’-LTR. Results presented are mean ± SD after normalization to β-

globin. B) CEM, C81, MT2 and ED(-) cell culture supernatants and exosome fractions were collected and scored for 

reverse transcriptase activity. Undiluted and 10-1 diluted exosome samples were used for RT assay. C) 293T cells 

(1x106 cells) were seeded and titrated 12 hours later with CEM, C81, MT2 or ED(-) exosomes (10 or 50 µg). 

Translated proteins were labeled with S35 methionine for 4 hours. After lysis, cellular extracts were subject to co-

immunoprecipitation using IgG, α-Tax, α-HBZ, and α-Env. After washing, extracts were resolved in 4-20% Tris-

Glycine gels, dried, and imaged using phosphorimager. Raw densitometry counts were obtained using ImageJ, and 

results were normalized to IgG counts. 

 

F. C81, MT2, and ED(-) cell lines contain inflammatory mediators 

Many of the pathological effects observed from HTLV-1 infection result from 

chronic inflammation, particularly degeneration of the neuronal cells in the central 

nervous system (CNS) as observed in HAM/TSP patients. To explain the mechanism 

underlying this neurodegeneration, the “bystander damage” hypothesis suggests that 
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HTLV-1 infected CD4+ cells are activated, migrate across the blood-brain barrier, enter 

the central nervous system, and begin to express viral antigens. This triggers the 

production and secretion of proinflammatory cytokines and chemokines (84-87). 

Furthermore, it has been reported that serum from HAM/TSP patients contains a 

proinflammatory cytokine signature unique from those of asymptomatic carriers (88,89). 

Since it has been demonstrated that exosomes secreted by astrocytoma brain tumor cells 

contain cytokines including TGF-β, we next asked whether exosomes released from 

HTLV-1 infected cells contained cytokines (90,91). 

To evaluate the capacity to which exosomes are involved in cytokine signaling, 

we first asked whether the exosomes derived from HTLV-1 infected cells contained 

proinflammatory cytokines. Since we were unable to detect the reasonable peptide hits 

corresponding to cytokines in our LC-MS/MS analysis, we further explored the 

incorporation of these inflammatory mediators via a specific antigen-antibody reaction. 

We collected exosomes from CEM, C81, MT2 and ED(-) cell culture supernatants and 

then employed the RayBio® Human Cytokine Array,  a detection method utilizing 

sandwich enzyme-linked immunosorbent assay (ELISA) using a cocktail of biotinylated 

primary cytokine-specific antibodies and HRP-conjugated streptavidin. Based on signal 

intensities, our initial analysis revealed distinct cytokine profiles for CEM, C81, MT2, 

and ED(-) exosomes. We noted elevated levels of GM-CSF and IL-6 in exosomes 

released from infected cells. We then observed a drastic reduction in levels monocyte 

chemotactic protein 1 (MCP-1) and regulated upon activation normal T cell expressed 

and secreted (RANTES) in exosomes derived from C81, MT2, and ED(-) cells as 
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compared to those of CEM. Furthermore, levels of IL-1a and IL-8 remained consistent in 

exosomes collected from all cell types (Figure 6A). 

In order to more accurately evaluate the levels of cytokine incorporation within 

the exosomes, we obtained and compared raw densitometry counts for each cytokine-

specific signal in CEM, C81, MT2, and ED(-) exosomes (Figure 6B).  We then grouped 

the cytokines based upon the following parameters: Tax-dependent expression, HTLV-1 

infection dependent, and whether these cytokines were up or down-regulated in each 

case. Cytokines which were present at more than two-fold of the level found in CEM 

exosomes were considered to be upregulated, while cytokines present at less than one-

fold of CEM levels were considered as down-regulated. To establish the subset of 

cytokines that remained unchanged, we considered only signal intensities which fell 

between 0.9 and 1.2 fold of the mean value for CEM, C81, MT2 and ED(-) exosomes. 

Along these lines, we confirmed that IL-1a and IL-8 levels remained unchanged in 

exosomes from all cell types (Figure 6B, Group 1). We observed a greater than two fold 

increase of Gro, Gro-α, and GM-CSF in C81 and MT2 exosomes but not ED(-), 

potentially indicating a Tax-dependent inclusion into exosomes (Figure 6B, Group 2). 

We further detected enhanced IL-6 incorporation into C81, MT2, and ED(-) exosomes, 

indicating that these cytokines were incorporated into exosomes in an HTLV-1 infection 

dependent manner (Figure 6B, Group 3).  

It has been shown that coculturing human umbilical vein endothelial cells with 

MT2 cells induces the production of GM-CSF, and that Tax may play a role in GM-CSF 

production via transactivation of the GM-CSF promoter. Furthermore, elevated levels of 
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GM-CSF are found within tail tumors of Tax-transgenic mice (92-94). Although elevated 

levels of GM-CSF present in ED(-) exosomes indicate a Tax-independent mechanism of 

incorporation, our results suggest that HTLV-1 infection alters the profile of 

inflammatory mediators within cytokines.  

Importantly, we observed a drastic reduction in the levels of MCP-1 and 

RANTES contained within exosomes derived from all HTLV-1 infected cells (Figure 6B, 

Group 3). Previously it has been reported that diminished serum levels of MCP-1 have 

been documented in HTLV-1 infected patients (95,96). It has been further shown that 

Tax induces expression of MCP-1 mRNA via two NFκB binding sites within the MCP-1 

promoter (97). Takings these reports into consideration, it is possible that HTLV-1 

infection or Tax expression could influence the production and secretion of 

proinflammatory cytokines via exosomes.  

We next addressed a possible mechanism by which the intra-exosomal cytokines 

could be released to act on recipient target cells. Our reasoning for asking this question 

was that cytokines act as extracellular signaling proteins, where they bind to specific 

receptors on recipient cells and induce intracellular transduction. The sequestration of 

cytokines inside an exosome would presumably defeat the general purpose of cytokines, 

as they would not come into contact with the extracellular domain of their corresponding 

receptor on a target cell. Therefore, we focused on the possible role of active transporters 

of cytokines which could be present in exosomes. Recently, ATP-binding cassette (ABC) 

transporters have been implicated in neurodegenerative disorders with the capability of 

releasing chemokines into the extracellular milieu (98,99). We therefore hypothesized 
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that these inflammatory molecules could be released from the exosomes into the 

extracellular space to then bind membrane associated receptors on target cells. To explore 

this possibility, we subjected exosomes from CEM, C81, MT2 and ED(-) cells to western 

blot analysis for a number of receptors including multidrug resistant protein 1 (MDR-1), 

an ABC transporter shown to be present in T-cells (Figure 6C). Our results reveal the 

presence of MDR-1 in exosomes from all cell types (Figure 6C, lanes 2, 4, 6, and 8). 

MDR-1 levels were enriched in all exosomes except C81 due to a reduction in the total 

protein loaded. Collectively, these results imply that exosomes are important mediators of 

inflammation during HTLV-1 infection, and propose a potential mechanism for the 

delivery of intra-exosomal cytokines to target cells. Furthermore, these results provide an 

explanation for elevated serum levels of molecules such as IL-6 in infected patients. 
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Figure 6.C81, MT2, and ED(-) cell lines contain inflammatory mediators. A) CEM, C81, MT2 and ED(-) 

exosomes (7 µg) were assayed for the presence of proinflammatory cytokines using RayBio® Human Cytokine Array 

1. B) Densitometry counts were obtained for each cytokine signal intensity depicted in Panel A. The subset of 

unchanged cytokineswere considered with signal intensities which fell between 0.9 and 1.2 fold of the mean value for 

CEM, C81, MT2 and ED(-) exosomes. Upregulated cytokines were present at greater than two-fold of the levels in 

CEM exosomes, and classified depending upon Tax expression or HTLV-1 infection. D) To be considered down-

regulated, cytokines were present at levels less than half of those in CEM exosomes. C) Western blot analysis was 

performed using CEM, C81, MT2 and ED(-) exosomes and corresponding cell lysates (10 µg) to evaluate samples for 

the presence of the ABC transporter multidrug resistance protein 1 (MDR-1). 

 

G. HTLV-1 derived exosomes induce oxidative stress in target cells 

In addition to its role in transactivating the viral promoter, Tax expression in 

primary human cells has been shown to induce the production of ROS (18). Based on our 

previous results showing exosome-mediated delivery of functional Tax into recipient 

cells, we asked whether C81 exosomes could alter the cellular redox state of target cells. 

To address this question, we performed MitoSox staining of Hela cells incubated with 
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CEM or C81 exosomes (1, 5, and 10 µg) 2 hours post- exosome treatment. We utilized 

the early time point since the ROS pathway is an early event and is activated following 

infection or cytokine treatment (91,100). Since the MitoSox reagent is rapidly taken up 

and immediately targeted to the mitochondria, fluorescence intensity indicates the 

accumulation of stable and detectable ROS. As expected, we observed elevated levels of 

ROS in target cells treated with CEM and C81 exosomes, however a slight reproducible 

increase in ROS was observed in exosomes from Tax-expressing cells (Figure 7A).  Raw 

densitometry counts  of the fluorescent signal intensities from these images indicate an 

increase in ROS production in cells treated with C81 as compared to CEM exosomes for 

each concentration (Figure 7B, *p<2.15109x10
-5

, **p<4.00598Ex10
-6

, 

***p<9.96547x10
-7

). Taken together, these results demonstrate the capacity of exosomes 

to modulate the cellular redox state in recipient cells, a phenomenon, which may be, in 

part due to the presence of Tax.  

 



52 

 

 
Figure 7. HTLV-1 derived exosomes induce oxidative stress in target cells. A) Hela cells (2.5x104 cells) were 

plated and treated twelve hours later with CEM or C81 exosomes (1, 5, 10 µg). Two hours later, cells were stained with 

3 µL/mL of MitoSox reagent. After 30 minutes, the MitoSox reagent was removed, and cells were washed three times 

with HBSS. Cells were then fixed with paraformaldehyde and visualized. B) Duplicate samples for each exosome 

concentration were evaluated for mean fluorescence intensity. Ten fields per sample were randomly selected, and these 

results were averaged. Results presented indicate mean fluorescence intensity ± SD.  *p<2.15109x10-5, 

**p<4.00598x10-6, ***p<9.96547x10-7 
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CHAPTER FIVE: DISCUSSION 

Exosomes have recently emerged as important vehicles of intercellular 

communication in a variety of disease states including those associated with cancer and 

viral infections where these vesicles function in antigen presentation, cellular 

inflammation, as well as transfer of functional proteins and nucleic acids (52,54,68,101-

106). Our preliminary data suggests a role of HIV-1 exosomes in the transfer of unique 

host proteins and viral miRNA to recipient cells ultimately modulating cellular processes 

including apoptosis (Kashanchi, manuscript submitted). However with respect to HTLV-

1 infection and pathogenesis, the role of exosomes remains largely unexplored and poorly 

understood. Our rationale for completing these studies stems from the fact that HTLV-1 

Tax is secreted in a soluble form into cell culture supernatants. We therefore explored the 

possibility that Tax could be incorporated into exosomes derived from HTLV-1 infected 

cells (25-27). In this manuscript, we demonstrate that exosomes derived from HTLV-1 

infected T-cell lines incorporate host and viral proteins as well as few copies of viral 

mRNA transcripts. More importantly, these exosomes deliver the viral transactivator Tax 

to target cells where it activates transcription of the HTLV-LTR.  

After determining that exosomes released from uninfected and HTLV-1 infected 

T-cell lines display standard phenotypic features such as CD63, HSP70, and actin, our 

TEM imaging analysis revealed the typically accepted size and morphology accepted for 
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these vesicles (Figure 1). While we observed that HTLV-1 infected cells produce higher 

levels of exosomes at earlier time points than uninfected cells (Figure 1A), we did not see 

any significant differences in the presence of exosome marker proteins among uninfected 

or infected exosomes (Figure 1B). We next validated that 0.22 µm filtration of cell 

culture supernatants produced exosome preparations devoid of contamination by cellular 

debris and larger apoptotic vesicles. In doing so, we noticed a reduction in total protein 

after filtration of supernatants (Figure 2A). However, we were still able to detect markers 

including HSP70 and CD63 in the exosomes after filtration, albeit at much lower levels 

than from unfiltered cell culture supernatants. This could be due to the removal of cell 

debris which could also contain these proteins. 

We further explored the host and viral proteomic profiles of the exosomes derived 

from CEM, C81, MT2 and ED(-) T-cell lines. Overall T-cell line exosomes contain 

approximately half the number of proteins documented for exosomes released by other 

cancerous cells, indicating a possible T-cell leukemic phenomenon. Importantly, we 

found fifty-four proteins shared among all exosomes. Our LC-MS/MS analysis further 

enabled us to discern two proteins incorporated into exosomes in an HTLV-dependent 

manner, namely major histocompatibility complex class I A precursor and F isoform. We 

were also able to identify six proteins included into exosomes in a Tax-dependent 

manner: cofilin 2, eukaryotic translation elongation factor 1 alpha 1, major 

histocompatibility complex class I E precursor, ribosomal protein L23, Thy-1 cell surface 

antigen preprotein, and tryptophanyl-tRNA synthetase isoform α. It is possible that the 

MHCI molecules incorporated into exosomes are responsible for the presentation of viral 
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antigens, which contributes to the overall proinfammatory response associated with 

symptomatic HTLV-1 infection (84).  

Furthermore, our initial LC-MS/MS analysis detected viral capsid protein Pr55, 

envelope glycoprotein gp46, and gag-pro-pol polyprotein only in MT2 exosomes. While 

we validated the presence of gp46 in MT2 exosomes, our specific interest in Tax 

prompted our using a more antigen-specific western blot to demonstrate the inclusion of 

Tax within both C81 and MT2 exosomes (Figure 4B). To ensure that this incorporation 

was specifically a result of viral infection, we transfected Jurkat cells with pACH HTLV-

1 infectious molecular clone, and successfully detected Tax present in exosomes 

collected from these cells (Figure 4C). We next explored the functional relevance of 

intra-exosomal Tax. Here, we successfully demonstrate exosomes from infected cells 

fuse with and release functional Tax into target cells, where it activates transcription of 

HTLV-1 LTR. We have also proposed a potential mechanism for the presence and 

transport of extracellular Tax in cell culture media. 

In the context of viral infections, exosomes have been shown to contain mRNA 

and miRNA. We therefore investigated the inclusion of viral Tax, HBZ, and Env mRNA 

transcripts into exosomes. Our results show <10 copies of each transcript were contained 

within C81 and ED(-) cells, while 10
6
 copies were present in MT2 exosomes (Figure 5A). 

Our subsequent RT assay revealed the presence of contaminating virus in MT2 

exosomes, while confirming the absence of virus in C81 exosome preparations (Figure 

5B). Considering our metabolic labeling and immunoprecipitation experiments, which 
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were further analyzed using densitometry counts, we also determined that the transcripts 

were not translated in recipient cells (Figure 5C).  

It has been previously demonstrated that the release of proinflammatory mediators 

contribute to the neurodegeneration observed in symptomatic HAM/TSP patients (84). 

Taking this into consideration, we examined our LC-MS/MS results for the detection of 

various proinflammatory cytokines in exosomes. While we failed to identify cytokines in 

this system, we opted for a more specific antigen-antibody interaction to identify these 

molecules within exosomes using a cytokine array. In doing so we successfully identified 

the enhanced incorporation of cytokines including Gro, GM-CSF and IL-6 and a drastic 

reduction in the presence of MCP-1 and RANTES (Figure 6B).  Several of these proteins 

including IL-6 have been reported as elevated in serum collected from HAM/TSP 

patients (88,107). The anti-inflammatory cytokine IL-10 produced by T-cells has been 

proposed as a mechanism to counter the effects of increased TNF-α produced by 

monocytes (108). The intra-exosomal IL-10 could potentially contribute to this 

intercellular communication.  Furthermore, we have identified a potential mechanism in 

which ABC transporters are required for the targeted delivery of cytokines to recipient 

cells. ABC transporters, specifically MDR-1, have recently emerged as key players in 

neuroinflammation, particularly due to their ability to transport and release of certain 

inflammatory mediators including cytokines (98,99). The inclusion of the ABC 

transporter MDR-1 into exosomes presents an important means by which the 

proinflammatory molecules are specifically targeted and delivered via exosomes (Figure 

6C). Thus, our results indicate that exosomes could at least, in part, play a role in the 
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secretion and targeted delivery of cytokines, potentially to areas including the CNS 

during HTLV-1 infection. 

Lastly, we explored the potential of Tax to induce alterations in the oxidative state 

of recipient cells. Tax expression has been shown to induce the production of ROS (18), 

and we questioned whether intra-exosomal Tax could alter the redox state of target cells. 

Exosomes from both uninfected and infected cells induced ROS production. However, 

we witnessed significantly higher ROS production in cells treated with C81 exosomes. 

Since ROS is known to be involved in critical cellular processes including cell cycle, 

DNA damage repair, and apoptosis it is possible that exosomes could influence a variety 

of signaling pathways beyond immediate ROS production (109-111).  

Taken together our results implicate exosomes as critical mediators in the 

pathogenesis of HTLV-1 infection and disease progression. To our knowledge, this is the 

first time that functional Tax protein and proinflammatory cytokines have been identified 

in exosomes derived from HTLV-1 infected cells. These findings have significant 

potential in the context of HTLV-1 pathogenesis and serve as an important topic of future 

studies.  
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