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ABSTRACT

EXTRACELLULAR VESICLE SUBPOPULATIONS FROM HTLV-1 INFECTED
CELLS INDUCE DIFFERENTIAL EFFECTS IN RECIPIENT CELLS

Zachary Cuba, M.S.
George Mason University, 2022

Thesis Director: Dr. Fatah Kashanchi

Human T-cell Leukemia Virus Type 1 (HTLV-1) is the causative agent of Adult T-Cell
Leukemia/Lymphoma (ATLL) and HTLV-1 associated myelopathy/tropical spastic
paraparesis (HAM/TSP). Extracellular vesicles (EVs)—membrane-bound vesicles
excreted by cells into the microenvironment which play an extensive role in cell-to-cell
communication—have been implicated in contributing to these two conditions by carrying
cellular materials from donor cells to recipient cells. Our lab has previously shown that
EVs from ATLL cells contain viral protein and mRNA and promote cell-to-cell contact
when placed on uninfected recipient CD4+ T-cells, enhancing HTLV-1 infectivity.
Another recent paper involving ATLL EVs resulted in mesenchymal stem cell proliferation
and was attributed to helping aid in leukemic progression. Because ATLL is a leukocytic

cancer, ATLL EVs have the potential to interact with any cells that blood or biofluids



interact with. However, a gap in knowledge exists relating to how ATLL EVs interact with
differentiated non-leukocytes. In addition, many of the conclusions made about the effects
of cancer “extracellular vesicles” look at a small subpopulation within the total EV
population, and have not been generalized. Therefore, in this study, we sought to better
understand the different impacts of individual ATLL EV subpopulations upon non-
leukocytes. We found that differential ultracentrifugation subpopulations (2K, 10K, 100K,
167K (4hr) and 167K (16hr)) of HuT102 EVs contained different distributions of viral
proteins, viral MRNA, and vesicle-associated proteins. We saw that HeLa cells treated with
EV subpopulations had no change in cell viability but had preservation of normal cell
morphology post-confluency and had different patterns of anchorage-dependent
proliferation. Furthermore, we found that less-dense EV subpopulations 100K and 167K
(16hr) helped promote anchorage-independent proliferation. Collectively, our data
suggests that there may be a correlation between subpopulations with high amounts of
vesicle markers and anchorage-dependent proliferation, while subpopulations with low
amounts of viral markers may promote anchorage-independent proliferation. These
findings prompt further research into how the contents of each ATLL subpopulation affect
recipient cell proliferation and whether these recipient cells are pushed towards cancer

development.



INTRODUCTION

Human T-cell Leukemia Virus Type 1 (HTLV-1) was the first oncogenic retrovirus
to be discovered in humans, and was discovered three years prior to fellow retrovirus
Human Immunodeficiency Virus 1 (HIV-1) [1,2]. HTLV-1 is typically transmitted from
one person to another through sharing infected biofluids, including breastmilk, sexual
fluids, and blood [3]. In most cases, effective transmission requires cell-to-infected cell
contact, as the number of free HTLV-1 virions is low, especially compared to HIV-1[4,5].
Based on available data, the infected population is estimated to be 5-10 million, largely
endemic to Japan, Sub-Saharan Africa, South America, and the Caribbean. However, it has
been noted that many high population areas, remote areas, and minority-majority areas
have been understudied [6].

HTLV-1 causes the onset of several diseases, including Adult T-Cell
Leukemia/Lymphoma (ATLL) and the neurodegenerative inflammatory condition
“HTLV-1 associated myelopathy/tropical spastic paraparesis”, also known as HAM/TSP
[3,7,8]. Infection contributes to an estimated overall mortality rate of 5-10%; individuals
with HAM/TSP have more than double the mortality rate as compared to the entire
population of infected individuals [9,10]. However, considering the global lack of local
diagnostic medical care and that 95% of infected individuals are seemingly asymptomatic

for ATLL and HAM/TSP but may suffer from other conditions, the overall mortality rate
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that can be tied to HTLV-1 may be severely undercounted [11-13]. Indeed, HTLV-1
infection is also a predictor of several rheumatic and eye conditions, autoimmune disorders,
and opportunistic infections [3,12].

HTLV-1 Oncoproteins

Amongst the suite of HTLV-1 accessory proteins, two are most closely connected
with the induction of ATLL: Tax and HBZ. Tax’s chief role is acting as a transcriptional
activator, as it interacts with multiple transcription factors and increases NF-xB
activation[14,15]. This leads to cell cycle progression, ignorance of DNA damage,
chromatin remodeling, and 1L-13 mediated inhibition of CTL tumor surveillance, allowing
for neoplastic transformation of T-cells [15-20]. Tax’s transformative properties have even
been shown to transform rat fibroblasts by itself when cloned into plasmids [21,22]. More
recently, Tax’s NF-«xB activation has been shown to deregulate/increase autophagy while
at the same time preventing autophagosome-lysosome fusion; this accumulation of
autophagosomes within the cell has been shown to increase HTLV-1 virion production
[23].

Although Tax had been thought to be the major T-cell transforming factor due to
its pleiotropic nature, since 2006, HBZ’s shared role in leukemogenesis has become more
apparent. HBZ, or Human Basic Leucine Zipper Factor, is translated from an antisense
transcript in the pX region. Interestingly, while the HBZ protein has been found to work
contrary to Tax and slow down T-cell proliferation, the hbz mMRNA has been shown to have
a proliferative effect upon cells [24]. HBZ protein has been shown to act as an antagonist

to the formation of Tax-mediated 5 LTR transcription complexes, preventing HTLV-1
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transcription [25]. HBZ also interacts with the p65 subunit of NF-«B, either preventing its
DNA-binding activity or triggering it for degradation. [26]. HBZ is responsible for the
activation of mTOR, a key regulatory inhibitor of the autophagy pathway[27,28]. Mice
with transgenic hbz developed skin lesions early in their lifespan and 37% developed T-
cell lymphomas after 1.5 years, demonstrating that hbz itself is able to predispose cells
towards leukemogenesis. The same study found that transgenic hbz, and not transgenic tax,
was responsible for effector/memory/regulatory T-cell proliferation [29]. In addition, in a
comparison between ATLL, HAM/TSP, and asymptomatic HTLV-1 carriers, hbz mRNA
was transcribed in every group while tax was not significantly transcribed [30]. Tax
expression has been observed to be lost altogether in around 40-60% of ATLL cases,
demonstrating that Tax is not always necessary to sustain ATLL [31-33]. This aligns with
late stage ATLL, where sporadic switching on-and-off of Tax production can help prevent
apoptosis, while consistent presence of HBZ in both forms prevents immune system

activation through a shift towards proviral replication as a part of cell replication [4,25,34].

Extracellular Vesicles

Since its discovery, research into HTLV-1 has focused on the mediation of CD4+
T-cell malignancy. Only within the last decade has extracellular vesicles’ role during viral
infection begun to have been explored [35-38]. Extracellular vesicles (EVs) are
membrane-bound vesicles excreted into the microenvironment by all domains of life—
Bacteria, Archaea, and Eukarya [39]. When they were first discovered, they were believed
to be merely be garbage disposal units for eukaryotic cells’ unrecyclable components [40].

However, in recent years, EVs have been found to play an extensive role in cell-to-cell
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communication by transporting a variety of cargo (lipids, proteins, and nucleic acids) from
their donor cells to recipient cells [41,42].

EVs are heterogenous in size and in origin. Autophagosomes oftentimes can be
precursors to multi-vesicular bodies (MVBs) or can fuse with lysosomes to degrade their
contents; however, in a process called secretory autophagy, autophagosomes can also be
directly exocytosed [43,44]. Apoptotic bodies (50 to over 1,000 nm) are a collective name
for EVs released from cells undergoing apoptosis [45,46]. Ectosomeal microvesicles
(typically 100-1,000 nm), bud off directly from the plasma membrane of cells and therefore
tend to contain cargo that was present in the donor cell’s cytoplasm [47,48]. Exosomes,
typically 30-150 nm in size, are at the forefront of the field due to their small size range
lending well towards isolation; they are formed via the endocytic pathway inside of
multivesicular bodies (MVBs), which when exocytosed, release their exosomes into the
extracellular space. Within the last few years, 39-71 nm non-membranous distinct
nanoparticles or “exomeres” have been suggested as another EV subtype [49]. However,
their recent discovery and questionable classification as “vesicles” prompts further
confirmation into their origin and role.

Due to the wide size and density ranges of each EV subtype, and because many of
these vesicles interact with the autophagy pathway, pure isolation is difficult to achieve.
The predominant approach to enriching for specific subtypes involves differential
ultracentrifugation, which involves sequential ultracentrifugation at higher r.c.f. /g-forces
for longer periods of time to create subpopulations of EVs separated by density. For

example, the 2K EV subpopulation refers to the EV pellet produced by spinning cell
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supernatant at 2,000 x g for 45 minutes [50]. Canonically, the 2K subpopulation (2K) is
enriched for autophagosomes and apoptotic bodies, the 10K for microvesicles, the 100K
for exosomes, the 167K (4 hours) for small exosomes (SEVS), and the 167K (16 hours) for
exomeres.[45,47,49,50]. However, extracellular vesicle studies outside of the 100K EV
subpopulation are fairly recent and their contributions to the overall effects of EVs have
not been as thoroughly examined yet.
Extracellular Vesiclesand HTLV-1

Our lab has dedicated multiple studies to the intersection of HTLV-1 and
extracellular vesicles. Exosomes from ATLL cells were found to contain Tax and HBZ
protein and mMRNAs and protect recipient cells from apoptosis [38]. These results were
recapitulated in HAM/TSP PBMC exosomes. Tax protein was found within PBMCs and
EVs isolated from HAM/TSP patient cerebrospinal fluid, where the supernatant was found
to virus-free. Thus, EVs could be used to transport HTLV-1 proteins across the blood-brain
barrier and result in HAM/TSP neurodegeneration.[51]. ATLL EVs were found to differ
in cargo depending on their density after gradient ultracentrifugation. Denser ATLL EV
fractions were found to contain mature gp46 envelope protein and a high amount of p19
matrix protein and HTLV-1 mRNAs, suggesting presence of viral particles or an
abundance of mature viral components; however, these EVs were shown to be non-
infectious. Less dense EV fractions still contained significant levels of HTLV-1 mRNAs,
but instead held the unprocessed form of the envelope protein (gp61), suggesting the
presence of free protein. ATLL EVs were also shown to promote cell-to-cell contact,

increasing viral spread and integration into normally immune-privileged tissues [52]. A
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recent study looking at 2K, 10K, and 100K ATLL EVs subpopulations recapitulated
findings from the density gradient paper: the less dense 100K EVs contain less viral protein
and induce a protective/growth effect upon recipient cells, dense 2K and 10K
subpopulations contain the majority of viral proteins and induce deterioration of
mesenchymal stem cells (MSCs)/aortic endothelial tubules similar to that of the blood-
brain barrier[53].

Another recent paper involving ATLL EVs and MSCs found that the 100K EVs
delivered Tax and microRNAs to MSCs, activating the NF-xB pathway and target genes.
This resulted in proliferation and an increase in migration markers and VEGF, a pro-
angiogenic molecule, and was attributed to helping aid in leukemic progression [54]. This
phenotypic change is reminiscent of the effects that EVs from cancerous cells induce upon
recipient, non-cancerous cells. The Nana-Sinkam lab found that metastatic lung cancer
100K EVs promote proliferation, epithelial-to-mesenchymal transition, migration, and
invasion in human bronchial epithelial cells (HBECs) [55]. The Orth lab discovered that
pancreatic cancer 100K EVs acted as initiators (damage inducers) but not promoters
(selective proliferators) of neoplastic transformation in NIH-3T3 mouse fibroblasts[56].
The Krichevsky lab found that glioblastoma EVs aided in the proliferation of transformed
astrocytes and fostered anchorage-independent growth in soft agar [57]. Because ATLL is
a leukocytic cancer, ATLL EVs have the potential to interact with any cells that blood or
biofluids interact with. However, a gap in knowledge exists relating to how ATLL EVs
interact with differentiated non-leukocytes. In addition, because of a bias in the EV field

towards the 100K / exosome subpopulation due to its narrow size range, many of the
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conclusions made about the effects of “extracellular vesicles” may not hold for other
subpopulations. Therefore, we approached this study with two aims in mind: first, to further
characterize ATLL EV subpopulations with the addition of 167K (4hr) and 167K (16hr),
and second, to analyze the effects of ATLL EV subpopulations upon recipient non-
leukocytes, with an eye for hallmarks of cancer progression (e.g. immortalization,
transformation, and migration/metastasis). We hypothesized that ATLL EVs may help
push non-leukocytes forward in cancer progression. We expect that, because of the higher
amount of Tax, the dense 2K and 10K EVs would help aid in anchorage-dependent growth.
However, in a soft agar assay evaluating for migration, mesenchymal phenotype, and
colony formation, we suspect that the less dense EVs (100K, 167K 4hr) would promote

anchorage-independent growth.
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MATERIALS AND METHODS

Cells and Reagents

The HTLV-infected human T lymphocyte cell line HuT102 (ATCC TIB-162.1)
was cultured in RPMI-1640 (Quality Biological) complete media and the uninfected human
cervix adenocarcinoma cell line HeLa (ATCC CCL-2) was cultured in DMEM (Quality
Biological) complete media, both at 37°C with 5% CO.. “Complete media” refers to the
base media supplemented with 1% L-glutamine, 1% Penicillin-Streptomycin, and 10%
exosome-free fetal bovine serum (FBS); exosome-free FBS was obtained through
ultracentrifuging heat-inactivated FBS (Peak Serum) at 100,000 x g for 90 minutes to
remove bovine EVs.
EV lIsolation and Characterization

HuT102 cells were grown for 4 days in T225 flasks at 500mL with 0.018 ug/mL of
IL-2. To produce HuT102 EV subpopulations, a process called differential
ultracentrifugation was utilized: 180mL of cell suspension were centrifuged on a desktop
centrifuge at 300 x g for 10 minutes to pellet cells and cell debris. The resulting supernatant
was decanted into new tubes and ultracentrifuged in Beckman Ti70 rotor at 2,000 x g for
45 minutes, producing a “2K” EV pellet. This process was repeated with the same
supernatant in new tubes at 10,000 x g for 45 minutes, 100,000 x g for 90 minutes, 167,000
x g for 4 hours, and 167,000 x g for 16 hours, resulting in the “10K”, “100K”, “167K
(4hr)”, and “167K (16hr)” EV subpopulation pellets, respectively. The 2K and 10K pellets

were washed with 1 mL of 1x-Phosphate Buffered Saline (PBS) and repelleted, and all
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pellets were resuspended with around 200 puL of PBS before being stored at —20°C.
Average EV subpopulation concentration and size was characterized using ZetaView® Z-
NTA (Particle Metrix).
Western Blot

A 5 uL aliquot of each EV subpopulation was processed with 15uL of Laemmli
Buffer and loaded onto a 4-20% Tris-glycine gel (Invitrogen) and run at 180 V. Proteins
were transferred to an Immobilon-P Transfer Membrane (Millipore) overnight at 50 mA.
The resulting membrane was blocked with a 10 mL of a 5% powdered milk in PBS + 0.1%
Tween 20 (PBS-T) mixture for 30 minutes at 4°C. After washing with PBS-T, a primary
antibody was incubated on the membrane overnight at 4°C. Antibodies included a-p19
(Santa Cruz Biotechnology, sc-1665), a-gp61/46 (NIH AIDS Reagent Program Cat.
#1578), a-Tax (cocktail of monoclonal mouse Tax antibodies 169, 170, and 171, a
generous gift from Dr. Scott Gitlin, University of Michigan)[52,53], a-LC3B (Cell
Signaling, Cat. #2775), a-CD81 (Systems Biosciences, Cat. # EXOAB-CD81A-1), a-CD9
(Systems Biosciences, Cat. # EXOAB-CD9A-1), a-CD63 (Systems Biosciences, Cat. #
EXOAB-CD63A-1), a-Flotilin-1 (Santa Cruz Biotechnology, sc-74566), a-HSP90 o/
(Santa Cruz Biotechnology, sc-13119), a-GAPDH (Santa Cruz Biotechnology, sc-48166),
and a-Actin (Abcam, ab49900).

After washing three times with PBS-T, the membrane was incubated with an HRP-
conjugated secondary antibody for 2 hours at 4°C. Membranes were then washed twice

with PBS-T and once with PBS before developing. Membranes were visualized using the
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ChemiDoc Touch System (Bio-Rad) using the Clarity and Clarity Max Western ECL
Substrates (Bio-Rad).
RNA lIsolation and RT-gPCR

Total RNA was isolated from 10uL of each HuT102 subpopulation using TRIzol
reagent (Invitrogen) and chloroform according to the manufacturer’s protocol. RNA was
quantitated using a NanoDrop 1000 spectrophotometer (ThermoScientific) and cDNA was
generated using GoScript Reverse Transcription System and Oligo(dT)15 (Promega). RT-
gPCR was then performed with 7uL of undiluted cDNA, SYBR green master mix (Bio-
Rad), and the following primers: Fujisawa Tax-F (5> ATC CCG TGG AGA CTC CTC
AA-3’, Try = 57.6°C); Fujisawa Tax-R (5> AAC ACG TAG ACT GGG TAT CC-3°, Trm =
53.6°C); Fujisawa HBZ-F (5> AGA ACG CGA CTC AAC CGG-3’, Tm = 57.8°C);
Fujisawa HBZ-R (5 TGA CAC AGG CAA GCA TCG-3’, Tm = 55.7°C). Reactions were
carried out in triplicate on a BioRad CFX96 Real Time System. Analysis of data was
carried out using Microsoft Excel.
Cell Viability Assay and Cell Proliferation Assay

On Day 0, HeLa cells grown at 70% confluency were plated in three 96-well plates
at a density of 5-10° cells/well in 100 uL DMEM and treated with HuT102 EV
subpopulations at a ratio of 1:1000 cells:EVs. Each treatment lane was performed in
triplicate for use in the Cell Viability Assay, and two wells for cell counting were added as
well, for a total of 5 wells per treatment per plate. On Day 2, one of the plates (the “Day 2
plate”) was imaged at 20x magnification using an Invitrogen™ EVOS™ FL Auto Imaging

System before being processed for use in assays. The two “cell counting wells” were
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trypsinized and measured for average count using a hemocytometer. The three “Cell
Viability wells” were measured by addition of CellTiterGlo Luminescence Viability Kit
(Promega) according to the manufacturer’s protocol before detecting luminescence with
the GloMax Explorer multidetection system (Promega). On Day 2, the “Day 4” and “Day
6” plates received an additional EV subpopulation treatment at the same ratio. On Day 4,
the “Day 4” plate was processed for Cell Viability and Cell Proliferation as was performed
on Day 2, while the “Day 6” plate was given a third EV subpopulation treatment. On Day
6, the “Day 6~ plate was processed for Cell Viability and
Cell Proliferation, as was performed on Days 2 and 4.
Soft Agar Colony Formation Assay

This assay was modified from an existing protocol[58]. On Day -6, HelLa cells
grown at 70% confluency were plated in 24-well plates at a density of 10 -10* cells/well
and treated with HUT102 EV subpopulations at a ratio of 1:1000 cells:EVs. On Day -3, the
wells were given a 2" treatment of HuT102 EV subpopulations at the same ratio. On Day
0, 6-well tissue culture plates were plated with 1.5 mL 1% “Bottom Agar” (750 uL 2%
agarose in PBS + 750uL. DMEM) per well and allowed to cool for 30 minutes. The HelLa
cells from each treatment were trypsinized and resuspended in 750 uL. complete DMEM,;
each cell suspension was mixed with 750 pL 0.6% agarose in PBS, resulting in 0.3% “Top
Agar”. 1.5mL of the 0.3% Top Agar was plated on top of the solidified “Bottom Agar” in
its corresponding well; each treatment was plated in duplicate and topped with 1mL
DMEM once solidified. Plates were incubated at 37°C with 5% CO. for 28 days, changing

the media every 3 days. On Day 28, the plates were washed with 1x PBS and .5mL of
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.005% aqueous Crystal Violet solution (Ward’s Science) was incubated with each dish for
30 minutes before de-staining with diH20. Wells were then imaged at 20x magnification
using an Invitrogen™ EVOS™ FL Auto Imaging System. Images were taken at five
positions in each well, at two focal depths per position. For each position, blue colonies
greater than 50 um (as measured with ImageJ) were measured and counted, disregarding
any duplicates between the two focal depths.
Statistical Analysis

Standard deviations of the data were calculated using Microsoft Excel. Student’s
two-tailed T test was utilized to calculate p-values. Statistical significance was denoted on

the graphs per the following: * =p < 0.05, ** = p <0.01, and *** = p < 0.001.
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RESULTS

HuT102 EV subpopulations differ in HTLV-1 marker protein and RNA
concentration

In our previous work, we showed that EVs from HTLV-1 transformed adult T-cell
leukemia/lymphoma (ATLL) cells increased cell-to-cell contact and increased HTLV-1
viral spread [52,53]. Upon noticing that the effects of 100K ATLL EVs on recipient MSCs
(increased proliferation, NF-kB activation, increased migration markers) resembled those
of various tumors’ EVs on recipient cells, we wondered if ATLL EVs may be acting like
tumor EVs in modulating recipient cells more towards a neoplastic phenotype [54-57]. The
aim of this study was to better understand the different impacts of individual ATLL EV
subpopulations upon non-leukocytic cells. We hypothesized that ATLL EVs may help push
non-leukocytes forward in cancer progression, with the denser EV subpopulations (2K,
10K) aiding in in proliferation due to presence of Tax and the less dense EV subpopulations
(100K, 167K 4hr) promoting long term growth and phenotypic changes in recipient cells.
To assess the validity of this hypothesis, we isolated EV subpopulations (2K, 10K, 100K,
167K (4hrs), and 167K (16hrs)) from the ATLL cell line HuT102 via differential
ultracentrifugation (Figure 1a). This was followed by a Western blot to assay for the
distribution of HTLV-1, EV, and cellular markers within HuT102 EV subpopulations
(Figure 1b). Results show that HTLV-1 matrix protein p19, the processed form (gp46) of
the HTLV-1 envelope protein, and the HTLV-1 transactivating oncoprotein Tax were

concentrated in 2K and 10K EVs, with a slight presence in 100K EVs. No viral proteins
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were found in 167K (4hr) or 167K (16hr) EVs. This finding correlates with the presence
of autophagy markers LC3 | and LC3 Il, with strong bands in the 2K and 10K, weaker
bands in the 100K, and very weak bands in the 167K (4hr) and (16hr) subpopulations.
Looking at EV markers, the tetraspanins CD81, CD9, and CD63 differed in distribution.
CD81 showed faint bands in 100K and 167K (4hr) EVs, CD9 showed strong bands in 100K
and 167K (4hr) EVs and a weak band in 167K (16hr) EVs, and only the glycosylated form
of CD63 was present in our EVs, but across all EV subpopulations, with slightly elevated
presence in 10K and 100K EVs. Flotillin, a protein that is involved with vesicle trafficking,
showed bands in 10K and 100K EVs with weaker bands in 2K and 167K (4hr) EVs. HSP90,
a heat shock protein typically associated with the cytoplasm, showed presence in 10K EVs,
with weak presence in 2K and 100K EVs. GAPDH, a glycolysis enzyme typically used as
a Western Blot cellular housekeeping marker, showed equally strong bands in 2K, 10K,
and 100K EVs. Actin, a cytoskeletal protein also typically used as a Western Blot
housekeeping marker, showed bands in 2K and 10K EVs and a weaker band in 100K EVs.
Altogether, the 2K subpopulation showed strong presence of HTLV-1 markers and weak
presence of EV markers, the 10K subpopulation showed strong presence of viral markers
and EV markers, the 100K subpopulation showed weak presence of viral markers and
strong presence of EV markers, the 167K (4hr) subpopulation showed an absence of viral
markers and strong presence of EV markers, and the 167K (16hr) showed an absence of
viral markers and weak presence of EV markers.

Next, we sought out to characterize the amounts of oncogenic mMRNAs in HuT102

EV subpopulations. We isolated total RNA from each EV subpopulation and performed
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RT-gPCR. The results in Figure 1c show that all EV subpopulations contain significant
levels of tax and hbz, with an average copy number of 7.49-10% and 1.04-108 per 10uL of
EVs, respectively. In both cases, the 2K EVs contained the most mRNA, while the 10K,
100K, and 167K (4hr) EVs contained significantly less mMRNA. The 167K (16hr) for both
genes had the significantly least mMRNA, approximately 1 and 2 logs less than the 2K EVs,
respectively. Altogether, the denser HUT102 EV subpopulations (2K and 10K) contain
more HTLV-1 proteins and mRNAs than the less dense subpopulations (100K, 167K (4hr)
and 167K (16hr)), but the less dense EVs contain more EV markers and a still significant

amount of tax / hbz mRNA.
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Figure la: Separation of Extracellular Vesicle Subpopulations using Differential Ultracentrifugation.

HuT102 cell suspension was centrifuged on a desktop centrifuge at 300 x g for 10 minutes to pellet cells and cell
debris. The resulting supernatant was decanted into new tubes and ultracentrifuged in Beckman Ti70 rotor at 2,000 x
g for 45 minutes, producing a “2K” EV pellet. This process was repeated with the same supernatant in new tubes at

10,000 x g for 45 minutes, 100,000 x g for 90 minutes, 167,000 x g for 4 hours, and 167,000 x g for 16 hours,

resulting in the “10K”, “100K”, “167K (4hr)”, and “167K (16hr)” EV subpopulation pellets, respectively. The 2K
and 10K pellets were washed with 1 mL of 1x-Phosphate Buffered Saline (PBS) and repelleted, and all pellets were

resuspended with around 200 uL of PBS before being stored at —20°C.
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Figure 1b: Viral and EV Markers
are distributed differently across
HuT102 EV subpopulations.
Differential ultracentrifugation was
performed on 180 mL of cell
supernatant from HuT102 cells to
produce the 2K, 10K, 100K, 167K for
4 hours (167K 4hr), and 167K for 16
hours (167K 16hr).

A Western Blot was performed using
EV subpopulations to characterize the
presence of HTLV-1 markers (p19,
gp46, and Tax), Autophagy marker
(LC3 I/11) and EV markers
(tetraspanins CD81, CD9, and CD63;
vesicle trafficking marker Flotillin; and
cytosolic chaperone protein HSP90).
HuT2102 Whole Cell Extract (WCE)
was used as a positive control for
HTLV-1 markers. GAPDH and actin
were used as cellular housekeeping
markers.
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Figure 1c: HTLV-1 oncogene mRNA
transcripts are present in all HuT102 EV
subpopulations.

Differential ultracentrifugation EV
subpopulations (2K, 10K, 100K, 167K (4hr), and
167K (16hr)) were prepped for RNA isolation and
RT-gPCR for HTLV-1 tax levels and HTLV-1
hbz levels. Error bars represent one standard
deviation from the mean. Student’s two-tailed T
test was utilized to calculate p-values. Statistical
significance was denoted on the graphs per the
following: * = p < 0.05, ** = p < 0.01.



HuT102 EV subpopulations exert differential effects on phenotype in post-confluent
HeLa cells and promote HeLa cell proliferation.

Next, we asked whether HUT102 EV subpopulations would differ in their
ability to induce proliferation in recipient cancer cells. As shown in Figure 2a, recipient
HeLa cells were treated with HuT102 EV subpopulations once (for the Day 2 plate), twice
(for the Day 4 plate), or thrice (for the Day 6 plate) before taking images of the wells (Sup.
Fig. 1la, Sup. Fig. 1b, Figure 2b, respectively) and analyzing either for Cell Viability by
quantifying ATP (Sup. Fig. 2) or for Anchorage-Dependent Proliferation using a
hemocytometer (Sup. Fig 3, Figures 2c). Taking a look at Figure 2b, at Day 6, cells have
reached post-confluency and were experiencing more acidic and nutrient-depleted media.
Looking at the untreated ‘HelLa Alone’ well, we see a variety of abnormal cells phenotypes
in addition to the healthy “cobblestone” phenotype (see Sup. Fig. 1b). Comparing across
EV subpopulation treated wells, EV treatment seems to have reduced the proportion and
severity of the abnormal phenotypes, apart from 167K (4hr), which saw an increase in the
clumping phenotype. Supplemental Figures 1a and 1b also show the beginnings of this
tight clumping in the 167K (4hr) well on Days 2 and 4.

After images were taken of wells, some of them were utilized for a Cell Viability assay
(Sup. Fig. 2). All treated wells increased in ATP significantly from Day 2 to Day 4,
however no significant difference occurred between the control and treated wells nor
between EV subpopulation treatments. No significant difference was found between Day

4 and Day 6 either. Turning to the Cell Proliferation assay, Supplemental Figure 3
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displays the data plotted by day. No significance is seen on Day 2, but on Day 4, the 10K,
100K, and 167K (4hr) EV subpopulations are significantly less than the 2K or 167K (16hr)
EV treatments. However, at Day 6, the inverse occurred, as the 10K and 100K EVs were
significantly higher than the HeLa Alone and 167K (16hr) treatments. Replotting this data
looking within each EV subpopulation treatment (Figure 2c) fleshes out an interesting
pattern: the HeLa Alone control and the 2K and 167K (16hr) treatments share a similar
pattern of steady growth. However, in the 10K, 100K, and 167K (4hr) wells, we see another
growth pattern: a lag from Day 2 to Day 4 before a boom in proliferation between Days 4
and 6. Altogether, this data demonstrates that although all HuT102 EV subpopulations did
not have a huge effect on viability, and for the most part reduced abnormal morphologies
in post-confluent cells, EVs subpopulations differ in their abilities to promote cell

proliferation
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Figure 2: HUT102 EV subpopulations differentially promote HeL a cell proliferation and changes in morphology. a) Diagram of
experimental design for preparing HuT102 EV subpopulation treated cells for subsequent experiments. HeLa cells were treated in a 96-
well plate with either 1x-PBS (HeLa Alone) or with EV subpopulations at a 1:1000 (recipient cell : EVSs) ratio every 2 days for 6 days.

b) Wells were imaged at 20x using an Invitrogen™ EVOS™ FL Auto Imaging System on Day 6. Arrows indicate clumping phenotype.
Scale bar is 200 pm. c) For the anchorage-dependent growth assay, cells were trypsinized and counted using a hemocytometer. Error bars
represent one standard deviation from the mean. Student’s two-tailed T test was utilized to calculate p-values. Statistical significance was
denoted on the graphs per the following: * = p < 0.05, ** =p < 0.01, *** = p < 0.00
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Less dense HuT102 EV subpopulations encourage HelL a cell anchorage-independent
growth

Finally, we asked whether HuT102 EV subpopulations would encourage
anchorage-independent growth similarly to anchorage-dependent growth in the Cell
Proliferation Assay. Figure 3a outlines the process through which the Soft Agar assay was
conducted. Figure 3b shows the number of colonies counted at each position within the
treatment wells, with the bar representing the average number of colonies. The 2K, 10K,
and 167K (4hr) treatments showed little difference in colony formation to the untreated
HeLa Alone control. However, the However, the 100K, and 167K (16hr) treated wells
showed more consistent anchorage-independent growth. Altogether, these less dense EVs

promote HeLa cell anchorage-independent growth in a Soft Agar colony assay system.
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Figure 3: HuT102 100K and 167K (16hr) EV subpopulations encourage anchorage-independent growth in HeL a cells. a) Figure
demonstrates the process of preparing the Soft Agar colony formation assay. HelL a cells were treated in a 24-well plate with either 1x-PBS
(HeLa Alone) or with EV subpopulations at a 1:1000 ratio every 3 days for 6 days. Cells were trypsinized, resuspended in DMEM + 10%
FBS, and mixed 1:1 with 0.6% agarose to create a 0.3% agarose + cells mixture. Seeded agarose was plated on a 1% agarose layer in 6-
well plates and covered with ImL DMEM + 10% FBS. Plates were incubated for 28 days, changing the media every 3.5 days. b) At 28
days, cells were washed and stained with .005% aqueous Crystal Violet solution before imaging. Stained colonies >50 pum (as measured
using ImageJ) were counted. Three replicate experiments were performed, and each horizontal black bar represents an average count from
all three wells. Student’s two-tailed T test was utilized to calculate p-values. Statistical significance was denoted on the graphs per the
following: ** =p < 0.01, *** =p < 0.001
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DISCUSSION

The involvement of extracellular vesicles in promoting pathogenesis of viruses
represent a recent shift in the EV field within the last 10-15 years[59]. Many viruses hijack
portions of the autophagy pathway to either prevent the cell from interfering with
proliferation or to allow a method of egress [44]. However, the effects of EVs from virally
infected cells onto uninfected, recipient cells present a new angle to examine pathogenesis
and disease formation. Previous studies from our lab and others demonstrate the
capabilities for ATLL EVs to promote cell-to-cell contact and increase infection of
recipient CD4+ T cells, and to promote proliferation, migration, and angiogenesis akin to
cancer EVs.[52-54] This current study builds upon earlier findings, aiming to expand the
scope to include the full range of HuT102 EV subpopulations (Figure 1a) and to non-
leukocytic cells. Our findings indicate that HuT102 EV subpopulations impart differential
effects upon recipient HelLa cells.

By performing a Western Blot using our EV subpopulations, we found that viral
proteins, including the matrix protein p19, the mature envelope protein gp46, and the
oncoprotein Tax were concentrated primarily within the 2K and 10K EV subpopulations
(Figure 1Db). This aligns with our previous studies, where Tax and other viral proteins
accumulated in the 18% (densest) density gradient ultracentrifugation fraction and in the

2K and 10K subpopulations. Historically, HuT102 EVs have been considered non-
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infectious despite their viral protein and mRNA content [52]. This accumulation within the
2K and 10K could be in part due to Tax’s downstream effects of increasing autophagosome
production but preventing autophagosome/lysosome fusion, leading to an accumulation of
autophagosomes with viral proteins [60]. This conclusion aligns with our findings that the
uncleaved and cleaved forms of LC3, markers of autophagosome formation, also correlate
with the 2K and 10K fractions. Another explanation is that some segment of these
subpopulations are immature viral particles. 65-90% of free HTLV-1 virions have been
observed to be deficient in or completely lack the capsid core structural protein, which is
argued to make these viral particles non-infectious [61,62]. Both not-mutually-exclusive
explanations would help to explain why the 2K and 10K seem to significantly promote
cell-to-cell contact in recipient T-cells. The Western blot also confirmed that EV markers
had more of an even distribution across the subpopulations, but most of the markers were
concentrated in the 10K-167K (4hr) subpopulations. However, the presence of the
glycosylated form of CD63, typically correlating with advanced HTLV-1 infection, has not
been demonstrated previously outside of 18% density fraction nor outside of the 2K and
10K subpopulations. Collectively, this data demonstrates the heterogeneity of viral and EV
protein distribution within HuT102 EV subpopulations and implies that each may impart
differential effects onto recipient cells.

We then investigated the presence of viral mMRNAs in HuT102 EV subpopulations.
Although RT-gPCR of tax and hbz mRNA had been performed in our paper using density
gradient ultracentrifugation, which demonstrated presence of both tax and hbz in all density

fractions with a peak in the 18% (densest) fraction, it had not been performed in our
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previous paper examining 2K, 10K, and 100K EV subpopulations from HuT102. Only env
had been run via RT-gPCR, showing up in the 2K and 10K [52,53]. We hypothesized that
we would see a similar pattern from the 2019 paper, with both mRNAs peaking in the dense
2K subpopulation but still showing presence at least until the 167K (4hr) subpopulation.
After performing RT-gPCR (Figure 1c), the results confirmed that not only did both
mRNAs show up throughout all subpopulations, peaking in the 2K and lowest in the 167K
(16hr) EVs, but also that more hbz mRNA than tax was present, seeing almost a 4.5 log
difference [52]. This result aligns with the ATTL model that tax is only periodically
transcribed in the cells while hbz is always transcribed, thus leading to the gap of transcript
numbers between the two [34,63]. Collectively, these results demonstrate that all HUT102
EV subpopulations, despite not all containing Tax protein, all contain both tax and hbz
MRNA.

We then performed a series of assays (Figure 2a) using HuT102 EV
subpopulations and the human cervix adenocarcinoma cell line HelLa to investigate what
impact the subpopulations would have, if any, upon cancer cell morphology, viability, and
proliferation. Exosomes / 100K EVs from ATLL had previously been shown to promote
proliferation in mesenchymal stem cells, and other cancer exosomes have also increased
cell proliferation[54,64]. Cells after Day 6 of EV subpopulation treatment showed that
normal “cobblestone” phenotype was partially preserved by most subpopulations;
however, the 167K (4hr) showed an increased presence of the clumping phenotype since
Day 2 to Day 6 (Figure 2b, Sup. Fig. 1a-b). More research is necessary to understand

what within the 167K (4hr) is inducing this phenotype, as it doesn’t correlate to any factors

39



examined in this study. However, it might be due to EV uptake dynamics, as an
unpublished fluorescent EV uptake assay from our lab found that, as opposed to autocrine
uptake (HuT102 EVs placed on HuT102 cells) where 50% of cells had taken up the EVs
by 24 hours, endocrine uptake (HuT102 EVs on 293T kidney cancer cells) did not see any
EV subpopulation reach 50% uptake, even after 48 hours. The 167K (4hr) EV
subpopulation was the first EV subpopulation to reach 40% uptake, however, and therefore
either a favorable size or the mechanism of uptake might be the reason we see an increase
in clumping in the 167K (4hr) treated HeLa cells. The Cell Viability assay (Sup Fig. 2)
demonstrated no discernable impact of the addition of HuT102 EVs on HeLa cell viability,
as opposed to previous experiments in our lab which showed that HuT102 cells require
uptake of their own EVs to remain viable (data not shown). Prior experiments with a higher
initial cell seeding density saw cell viability decrease at Day 4 while Cell Proliferation
assays showed an increase over time (data not shown). This called to our attention that the
CellTiterGlo assay is an ATP assay being used to infer about Cell Viability. However, this
correlation is not absolute: cancer cells that reach confluency decrease in their ATP
production despite continuing to proliferate [65]. Thus, great care needs to be taken to
ensure that ATP production is not decreasing due to other factors if the CellTiterGlo is to
be understood as a viability assay in the future. The Anchorage-Dependent Proliferation
assay (Sup. Fig. 3, Figure 2c) demonstrated an interesting phenomenon, as at Day 4, HelLa
cells treated with 10K, 100K, and 167K (4hr) EV subpopulations were significantly less
proliferative than the control, 2K, or 167K (16hrs). However, the 10K, 100K, and 167K

(4hr) EV subpopulations saw a boom in proliferation from Days 4 to 6, reversing the earlier
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trend. This 2K and 167K (16hr) grouping also manifested in two experiments performed
by our lab: an uptake assay with BODIPY-tagged HuT102 2K and 167K (16hr)
subpopulation being taken up by HuT2102 recipient cells 18 hours earlier than the other
subpopulations, and as being the two most reparative subpopulations in a scratch assay
with human bronchial epithelial cells (data not shown). This suggests that, if other cells
uptake the 2K and 167K (16hr) EVs at a similar timeframe as HuT102 cells, that these EVs
may have a head start in helping promote growth in recipient cells. However, this
hypothesis needs to be further investigated, especially with uptake assays involving several
different kinds of recipient cells. Collectively, these results demonstrated that although
HuT102 EV subpopulations have no discernable impact on recipient HeLa cells’ ATP
production and generally all help preserve HeLa’s natural morphology, the subpopulations
fall into distinct groups which promote proliferation pre- and post-confluence.

Finally, we wanted to investigate whether HuT102 EV subpopulations would aid
HeLa cells in anchorage-independent proliferation. Anchorage-independent growth is a
key stage in cancer becoming metastatic and is a feature of epithelial-mesenchymal
transition, which cancer exosomes have been reported to provoke [55,57,66,67]. After a 6-
day co-culture period and then a 28-day soft agar culture (Figure 3a), 100K and 167K
(16hr) subpopulation treated wells had a significant increase in the number of colonies as
compared to the HelLa alone control well (Figure 3b). The 100K EV results lines up well
with conventional EV literature wisdom on the 100K being reparative, however, the 167K
(16hr) subpopulation is surprising, considering it didn’t significantly assist in anchorage-

dependent proliferation. Collectively, less dense EV subpopulations —100K EVs and
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smaller—contribute towards anchorage-independent colony formation in HelLa cells.
Optimization of the Soft Agar protocol, perhaps by transitioning the assay from being
performed in 6-well plates to 24-well plates, will likely help tighten the variation seen in
the 2K and 10K treated wells. In addition, additional ATTL cell line donor EVs and
recipient epithelial cell types should be considered in order to make a generalizable
statement on ATLL EVs’ role in anchorage-independent growth.

Altogether, our earlier hypothesis about 2K and 10K potentially having an
outstanding proliferative effect due to their Tax content seems to be incorrect. As
summarized in Table 1, Anchorage-dependent growth seems to be the strongest in HuT102
subpopulations that possess high numbers of EV marker proteins (10K, 100K, 167K 4hrs),
while anchorage-independent growth seems to be strongest in subpopulations without high
amounts of viral protein content (100K, 167K (4hr), and 167K (16hrs). The 10K
subpopulation could benefit anchorage-dependent proliferation by having sizable amounts
of viral and vesicle proteins, while the 100K subpopulation has been the focus of most EV
studies and is generally understood to have protective and proliferative effects[53,54].
However, the exact mechanism behind these differences is unknown and prompts further
proteomics and nucleomics experiments to determine if the differing contents of these
vesicles causes difference in recipient cell effects. Altogether, this data demonstrates the
need for research into disease and cancer progression to expand beyond the 100K /
exosome bubble, as these subpopulations are normally intermingled within body fluids but

can have differing effects upon recipient non-leukocytes.
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Table 1: Summary of Experimental
Trends. This table represents a summary of
the trends from Characterization (Figures la-
c) and Recipient Cell Assays (Figures 2 and

“+++7 refers to a result >75% from the
“++ refers to a result >50% from the

“+” refers to a result >25% from the baseline,
“+/-” refers to a result <25% from the
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Future experiments based upon this data should try to address how does Tax
and other HTLV-associated oncogenic markers in EVs influence cancer progression in
leukocytes and non-leukocytes. In addition to refining the soft agar protocol, it would be
prudent for future researchers to look at epithelial-to-mesenchymal transition markers like
vimentin, n-cadherin, and tumor factor [54,55]. This could also be expanded to other
aspects of cancer progression, like immortalization of primary cells and transformation of
cell signaling. An example of such an experiment we want to run is shown in Figure 4,
where primary T cells isolated from PBMCs would be incubated with EV subpopulations
from HuT102, A549 (an adenocarcinoma epithelial cell line as another source of cancer
EVs), and MSCs/IPSCs (to compare any proliferative effects of cancer EVs to stem cell
EVs). In addition, our lab never tested a combined “All” treatment of EV subpopulations
with these assays, so it would be interesting to see if a combined EV stock would allow for
the recipient cells to reap the “early” proliferative benefits of the 2K and 10K while keeping
the “late” proliferative benefits of the 100K, 167K (4hr), and 167K (16hr). One last area of
further investigation would be cytokine production. ATLL cells have a noticeable shift in
cytokine production upon transformation from primary CD4 T cells [68]. Our previous
paper has examined ATLL EV-induced cytokine production in astrocytes, macrophages,
mDCs, and neuroblasts[53], while another publication found that ATLL 100K EVs
increased INF-y in recipient PBMCs [69]. However, it would be interesting to see whether
ATLL EVs cause a more generic cancer-cytokine upregulation in other types of non-

leukocytic cells or whether an ATLL-specific cytokine profile is induced.
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Figure 4: Experimental Design for Evaluating HuT102 EV subpopulations’ effects on Cancer Progression in T-Cells:
Figure represents the experimental design for an experiment to evaluate the effects of HuT102 EV subpopulations on various
stages of cancer progression. RPMI+++ refers to RPMI-1680 media supplemented with Fetal Bovine Serum, L-glutamine,
and Penicillin-Streptomycin. The “All” EV treatment refers to an equal volume mixture of each subpopulation. A549 is an
adenocarcinoma epithelial cell line. MSCs are mesenchymal stem cells. IPSCs are Induced Pluripotent Stem Cells. P-p65 and
P-AKT refers to phosphorylated versions of the p65 subunit of NF-kB and Akt (Protein Kinase B), respectively. Arrows refer
to predicted increases or decreases in response to HuT102 EV treatment based on literature review.
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Supplemental Figure 1: HUT102 EV
subpopulations’ effects on phenotype
in growing and in confluent HeLa
cells. HeLa cells were treated in a 96-
well plate with either 1x-PBS (HeLa
Alone) or with EV subpopulations at a
1:1000 (recipient cell : EVS) ratio every
2 days for 6 days. Wells were imaged at
20x using an Invitrogen™ EVOS™ FL
Auto Imaging System. Images show a)
Day 2 and b) Day 4. Scale bar is 200 um.
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Supplemental Figure 2: Effects of
HuT102 EV subpopulations on cell
viability. HeLa cells were treated in a
96-well plate with either 1x-PBS (HelLa
Alone) or with EV subpopulations at a
1:1000 (recipient cell : EVs) ratio every
2 days for 6 days. Cells were incubated
with CellTiterGlo kit (Promega) before
using a GloMax explorer to detect
luminescence. RLU = relative light
units.
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Supplemental Figure 3: Alternate graphing of Anchorage-Dependent Growth Assay. HelLa cells were treated in a 96-
well plate with either 1x-PBS (HeLa Alone) or with EV subpopulations at a 1:1000 (recipient cell : EVS) ratio every 2 days for
6 days (Promega). Cells were trypsinized and counted using a hemocytometer Instead of grouping the data by treatment type as
in Figure 2c, this graph groups the data by day of treatment. Error bars represent one standard deviation from the mean. Student’s
two-tailed T test was utilized to calculate p-values. Statistical significance was denoted on the graphs per the following: * = p < 0.05, ** =
p<0.01
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