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Abstract 

Introduction: Viruses, extracellular vesicles (EVs) and endogenous retroviruses 

(ERVs) are types of sub-micron particles which are known to be released from a 

vast range of cell types, across many species. There are many medically relevant 

sub-micron particles which can enter healthy cells and enable the intercellular 

delivery of functional host-derived and foreign products, through their enclosed lipid 

layers. While multiple particle subsets have been identified, many of the properties, 

behaviors and biochemical functions have not been fully described and have yet to 

be characterized.  

Materials and Methods: CD4+ naïve T-cells were isolated from female C57BL6/N 

mice and stimulated with varying concentrations of PMA/I. In addition to 

concentration, the length of PMA/I activation was assessed. Supernatants and cells 

were harvested, filtered, and stained to be subsequently analyzed by Nanoscale 

Flow Cytometry, Nanoparticle Tracking Analysis and Flow Cytometry. Particle 

populations were quantified and sorted by size, by NTA. Labelling dye CFSE was 

used in conjunction with fluorescently conjugated CD81 and CD9 antibodies to 

separate EVs, including exosomes, from background signal. Naïve T-cell purity, 

viability and levels of activation were assessed by flow cytometry using CD3, CD4 

and CD62L antibodies and viability staining.   

Results: Increasing PMA concentration led to a global increase in particles by T-

cells and a specific increase in smaller particle production and were demonstrated to 

be significant by Welch’s T-test, when compared to non-activated and DMSO 

controls (p<0.0001). In addition to concentration, activation length also correlated 
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with increases in total particle counts and a specific increase in the secretion of 

smaller particles in comparison to non-activated and DMSO controls (p<0.0001). 

Labelling techniques by NFC revealed an increased presence of CFSE-CD81 

positive and CFSE-CD9 positive particles secreted by T-cells, treated for 24 hours, 

compared to the 0- and 12-hour timepoints.   

Conclusion: This work demonstrates preliminary steps and outlines methods to 

begin assessing discrete particle populations and subsets secreted by murine naïve 

T-cells. Being able to identify patterns of particle secretions by naïve T-cells, 

especially under immune-stimulated conditions, may be the solution to uncovering 

the necessary information on EV physiology, that is required to understand the roles 

EVs play in pathology and how these conserved pathways may lead conditions to 

become exacerbated.  This knowledge is essential to uncovering the roles EVs play 

in pathophysiology, and in the development of novel rapid diagnostic tests, to screen 

for cancers, infections, autoimmune disorders, and numerous other pathological 

conditions.   
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Introduction  

 

Viruses, extracellular vesicles, and endogenous retroviruses are different categories 

of biological particles secreted from a vast range of cells across many species1,2. 

The secretion of these particles enables the cell-to-cell transfer of different biological 

cargoes which can lead to the delivery of foreign and host-derived biological 

macromolecules, modulation of recipient cell behaviour, infections, disease 

progression and pathologies3. Viruses, extracellular vesicles and endogenous 

retroviruses share many similarities in biochemical/biophysical composition but vary 

vastly in their mechanisms of secretion and cellular entry/uptake4,5.  

Biological microparticles and nanoparticles such as viruses, extracellular vesicles 

and endogenous retroviruses have been well described.  However, cell-stimulated 

mechanisms of secretion, behaviour and precise differentiation remain to be 

reported, particularly in heterogenous populations of particles.  

In this proposed study, we sought to identify and categorize the heterogenous 

populations of microparticles released from murine cells under distinct immune 

stimulating condition(s). 

Through modern quantitative techniques such as Nanoscale Flow Cytometry (NFC), 

and Nanoparticle Tracking Analysis (NTA), we analyzed the observed distributions 

of cell-secreted particles following a stimulus. With this research, we hope to further 

modern medical screening techniques and practices by correlating specific 

microparticle egress patterns with identified diseases and infections, which would 
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ultimately serve as a swift diagnostic and prognostic marker of many diseases 

including immune-evasive diseases.  
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Literature Review 

 

Cell Secreted Biological Sub-micron Particles 
 

Cells are known to secrete a plethora of different biological products from metabolic 

by-products to cell-specific accessory proteins to cell derived vesicles6. Several cell-

secreted particles enable the successful cell-to-cell delivery of both foreign and host-

derived cargo which is necessary for cell survival and intercellular communication2. 

However, under certain conditions, cell-derived particle secretions may contribute to 

cellular dysfunction, pathology and disease3. Viruses are some of the most notable 

cell-secreted particles which contribute to pathology and disease7.  However, in the 

rapidly expanding fields of extracellular vesicles and endogenous retroviruses, there 

is mounting evidence correlating their secretion and efficient cellular uptake with 

many pathologies, diseases and disorders8–10.  

Viruses are a diverse and expansive taxonomic classification of obligate intracellular 

pathogens11. Viruses require host cells in order to replicate and propagate. Viral 

entry into host cells is determined by the host tropism of a virus.  The ability of a 

virus to bind to highly specific host cell receptors, or more broad conserved surface 

receptors, will determine their entry into specific hosts, host tissues and range of 

susceptible organisms12. Viral egress or secretion varies between classes of viruses. 

Viruses will take advantage of host cell machinery to replicate and will be released 

through direct lysis of the host cell or through a slower latent state in which the host 

cell is not lysed, following viral replication, and allows progressive secretion of 

viruses13. Latency is typically achieved through incorporation of the viral genome into 
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the host’s genome where it remains sheltered and protected from host-restriction 

factors, and in some cases an immune system, all while enabling viral replication to 

occur13. Some of the most notable viruses, which integrate into the host cell 

genome, are the Retroviridae and Herpesviridae families of viruses14.  

One highly conserved property of cells, across all three domains of life, is their 

inherent ability to shed and secrete particles, more specifically extracellular 

vesicles15.    In addition to metabolic by-products and cell-associated proteins, which 

comprise the secretome, cells expel small spherical lipid bodies called extracellular 

vesicles1. Extracellular vesicles (EVs) are very heterogeneous16.  The size of their 

lipid bilayer can vary which directly influences the amount and/or size of potentially 

enclosed biological cargoes, as well as the abundance of lipid-associated surface 

proteins17. The term extracellular vesicle encompasses a vast range of shed or 

secreted vesicles which are often difficult to differentiate due to their structural 

similarities and biochemical properties, thus EVs were further sub-divided into three 

classifications of cell-derived vesicles. The three main classifications of extracellular 

vesicles are apoptotic bodies, microvesicles, and exosomes18. Each classification is 

used to differentiate cell-derived vesicles based on size, cellular origin/egress 

pathway, and by enclosed biological cargoes19.  

 

Retroviruses & Endogenous Retroviruses 
 

The Retroviridae family of viruses represent an assembly of viruses which infect 

cells and integrate their genetic material into the host cell genome20. These types of 
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retroviral infections are a detriment to host cell survival, healthy cell behaviour, 

multicellular host immune systems and a quandary in modern medicine21.  

Retroviruses are spherical, positive sense single-stranded RNA viruses which are 

surrounded by a phospholipid bilayer envelope and roughly 100nm in total 

diameter22. Retroviral particles are comprised of several main components: an RNA 

genome which conserves the hereditary potential of the virus; nucleocapsid proteins 

which bind and surround the nucleic acid; a protein capsid core necessary for the 

structural integrity of the virus; matrix proteins which bind the capsid core to the 

surrounding envelope; virally encoded reverse transcriptase and integrase enzymes 

which serve to convert the RNA genome into a DNA intermediate and to physically 

fuse the DNA intermediate into the host’s DNA genome; a phospholipid bilayer 

acquired from budding from the surface of a host cell; viral surface glycoproteins 

which enable host cell binding; and, in some instances, host restriction factors which 

inhibit and cripple host defense mechanisms against viral infection23.  

Retroviridae includes three main subfamilies: (i) oncogenic retroviruses (Alpha, Beta, 

Delta, Epsilon & Gamma retrovirus); (ii) latent/longstanding viruses Lentivirus; and 

(iii) foamy viruses Spumaretrovirinae24. Some of the most notable retroviruses are 

murine leukemia virus (MLV), mouse mammary tumor virus, human 

immunodeficiency virus (HIV1/2) and human T-lymphotropic virus24.   

Successful retroviral infections begin through specific receptor mediated binding of 

their surface glycoprotein to a host-cell receptor25. Following receptor binding on the 

host cell’s surface, conformational changes to the env glycoprotein are induced 

which leads to the creation of a pore within the viral envelope to fuse the viral 



6 
 

envelope with that of the host cell membrane26,27. The resulting fusion of the host 

and viral membranes leads to the entry of the viral core and associated enclosed 

viral contents within the host cell’s cytoplasm28.  Within the cytoplasm, the retroviral 

core undergoes the uncoating process which removes and disassembles the protein 

capsid surrounding the viral genome25. The uncoating process enables the RNA- 

based viral genome to be converted into a DNA intermediate, in a process called 

reverse transcription, which is facilitated by the viral-encoded reverse transcriptase 

enzyme29. During the reverse transcription process, host proteins, accessory 

proteins, and essential proteins for retroviral integration, such as the integrase 

enzyme, amalgamate to form pre-integration complexes29.  The pre-integration 

complexes are necessary for trafficking to and within the nucleus of the cell, which 

precedes the integration process of the cDNA viral genome intermediate into the 

host genome30.  The ability of a retrovirus to permeate the nuclear membrane varies 

between retroviruses. Some retroviruses, such as HIV, can be imported into the 

nucleus through manipulation of nuclear active transport mechanisms30.  While 

others, such as MLV, require more favourable conditions during cell division, in 

which the nuclear membrane is compromised and becomes more permeable, 

enabling viral pre-integration complexes access to host chromosomes31.   

One main advantage of retroviruses is their inherent ability to integrate a copy of 

their genetic material into a susceptible host genome20. After reverse transcribing 

their RNA genome into a cDNA intermediate the integrase enzyme facilitates the 

cleavage of the 3’ ends of the cDNA forming “sticky ends” necessary for insertion in 

the host genome20.  Once pre-integration complexes are trafficked to host chromatin 
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integrase additional facilitates a “cut and paste” mechanism of strand transfer by 

inserting the viral cDNA into the host chromatin by performing compatible cleavages 

on the host DNA20. The insertion of the viral cDNA into the host genome is aided by 

host encoded proteins DNA polymerase, Flap endonuclease and DNA ligase which 

together will complete the missing regions of DNA, remove excess incongruent 5’ 

cDNA strands and bind the cDNA and host strands together20. Once the viral DNA is 

integrated into the host genome, called a provirus, it will remain within the host 

genome as a permanent addition to the host and will replicate whenever the host cell 

does, preserving its genetic material for several generations32. While integrated, the 

infection is considered latent; however, this does not mean the virus is dormant, i.e. 

transcriptionally silent, and in fact can actively transcribe encoded genes at minimal 

levels which do not trigger host cell or immune cell defenses33. The degree to which 

proviruses can replicate may vary depending on the site of integration within DNA 

chromatin as well as chromatin organization and epigenetic modifications32.  Over 

several generations of replications, integrated viruses may change through the 

accumulation of genetic mutations34. The accumulation of genetic mutations can be 

severe enough to inhibit or minimize the potential of provirus transcription which 

hinders their ability to mobilize and form fully intact and functional exogenous 

viruses35. This is how endogenous retroviruses (ERVs) are generated and will be 

discussed further35.  

Integrated proviruses mobilize to the extracellular environment following host 

transcription of the provirus DNA genome by host encoded RNA polymerase II. 

Transcription commences at the 5’ LTR within the R region. Several full-length RNA 
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transcripts are synthesized by encoding the entirety of the retroviral genome and 

modified at the 5’ and 3’ ends with a methylated cap and a polyadenylated tail, 

respectively36. The full-length RNA genomes, usually two copies, are encapsidated 

inside the budding virions37. Full-length RNA transcripts also serve as the template 

necessary in the translation of the gag, pro and pol genes into associated 

polyproteins by ribosomes in the cytoplasm38,39. The gag polyproteins (Gag-Pro, 

Gag-Pro-Pol) direct and assemble capsid particles, in conjunction with the additional 

virally encoded particles and copies of the genome, which are necessary functions 

for viral maturation, capsid stability and budding at the cell surface40. In addition to 

fully synthesized transcripts, transcribed provirus is alternatively spliced producing 

various transcripts of RNA which are used to generate the env proteins41. Spliced 

Env RNA transcripts are translated by ribosomes on the surface of the rough 

endoplasmic reticulum where they are additionally N- and O- glycosylated42. Env 

proteins are shuttled from the rough endoplasmic reticulum to the golgi apparatus 

and the Trans Golgi Network by vesicles42. Vesicles shuttle from the golgi apparatus 

to the plasma membrane where env proteins are inserted42. Env glycoproteins 

shuttle through the plasma membrane, through a process of lateral diffusion, from 

their insertion point in the plasma membrane to the site of budding where env 

proteins concentrate and are incorporated with gag polyproteins and copies of the 

RNA genome42. Retroviral particles preferentially bud from specific sites, within the 

plasma membrane, namely cholesterol rich lipid rafts and tetraspanin enriched 

microdomains43,44.  Here, immature retroviral particles readily bud from the surface 

of the plasma membrane and are liberated to the extracellular environment where 
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they begin to mature45. Retroviral maturation requires gag polyproteins to be cleaved 

into independent protein components catalyzed by the virally encoded protease 

which enables the gag protein to form a fully intact capsid which surrounds the 

copies of the enclosed genomes45.  

In some cases, retroviruses may also reach the extracellular environment through 

other methods other than shedding from the plasma membrane. In some cases, HIV 

is capable of being released from cells via apoptosis46.  

Endogenous retroviruses are highly conserved regions of proviral DNA sequences, 

within host genomes, which resulted from a retroviral infection and successful 

integration into a host genome or germline cell35,47. As such, ERVs are passed down 

vertically to subsequent generations of offspring, differentiated cells or subsequent 

daughter cells35,48. Since the presence of ERVs are the result of a previous retroviral 

infection, they are also classified by their sequence similarity to the retroviral families 

which may have generated them49. Most ERVs, however, are non-functional in the 

sense they are not solely capable of producing a fully functioning virus which can 

mobilize to the extracellular environment49. The transcription of ERVs is determined 

by the host cells epigenetic, stress, disease and environmental factors50,51. Some 

ERVs lose their ability to function autonomously through the inevitable accumulation 

of mutations which are non-reversible50. ERVs are subjected to the existing 

mechanisms maintaining host genomes which inevitably result in the accumulation 

of mutations as time increases. Mutations in ERVs are acquired from many 

generations of cell division, transposition in the genome (deletions), discrepancies in 

cell division and DNA repair machinery during DNA breaks52,53.  ERVs belong to the 
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retrotransposon class of transposable elements within host genomes and roughly 

constitutes ten percent of mouse and eight percent of human genomes54,55. 

Whereas in mice, many ERVs are actively transposing and transcribed, most of the 

human ERVs are inactive/extinct due to generations of acquired mutations and 

potent host restriction54. Retrotransposons are a Class I transposable element, 

containing the LINES, SINES and LTRs, which can change positions within a host 

genome, facilitated by transcription, and the reverse transcription by a reverse 

transcriptase to enable the expressed RNA to be converted into a DNA intermediate 

and inserted elsewhere in the genome56. Retroviruses are hypothesized to have 

evolved from the early LTR transposable element family called Gypsy like LTRs 

which are thought to have gained ENV glycoprotein functions enabling viral lifecycle 

functions57.  Copies of endogenized viruses become amplified, and potentially 

acquire new mutations, upon transposition into new localizations within the 

genome58. Mutations acquired may be more beneficial for ERV replication and 

production or may hinder expression and/or the production of infectious particles53.  

In addition to the classifications of transposable elements, ERVs are further sub-

classified into three different classes (Class I, Class II, and Class III) based on their 

lineage and sequence similarities to exogenous retrovirus counterparts50. Class I 

ERVs represent those which resemble the Gammaretrovirus and Epsilonretrovirus 

families of retroviruses. Class II ERVs represent a group of ERVs which closest 

resemble the Alpha, Beta, Delta and Lentivirus families. Finally, Class III ERVs 

represent those ERVs which are most similar to the Spumaretrovirinae family of 

viruses49.  



11 
 

Class I ERVs are prevalent in several mice species, including laboratory strains, and 

contain many active and infectious members in their group closely related to the 

Murine Leukemia Virus (MLV) exogenous retroviruses59. There are many active 

members of Class I ERVs, which are not only capable of producing capsid and 

nucleocapsid proteins but also produce fully infectious particles and ERVs, which 

work together to increase replicative fitness and mobility from the genome to the 

extracellular environment59. Class I ERVs are often further sub-classified into 

different ERV “families” typically differentiated using polymerase chain reaction from 

several mouse strain preparations. The Class I ERVs were differentiated by their 

ENV sequences as these were determinants of host range for each Class I ERV, 

especially those belonging to the MLV ERVs59. These subclassifications are 

xenotropic (X-MLV), polytropic (P-MLV), amphotropic (A-MLV) and ecotropic (E-

MLV)59. The X-MLVs can infect a vast range of susceptible mammalian cells, but do 

not infect lab strains of mice60. The X-MLVs require the XPR1 phosphate transporter 

to be on the host cell surface for successful viral entry61. As such, laboratory mouse 

strains are not susceptible to X-MLV infection as they possess mutations in their 

XPR1 receptor which are not conducive for X-MLV binding61. The P-MLVs have a 

less broad range of susceptible mammalian hosts, but also require the XPR1 

receptor for viral entry61. However, P-MLVs do not produce full viral particles59. The 

A-MLVs can infect several mammals including humans and are commonly found in 

wild mouse preparations26. The A-MLVs take advantage of the Pit1 and Pit2 sodium 

dependent phosphate symporters for viral entry62. Finally, the E-MLVs are capable 
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of infecting mouse and rat populations, including laboratory strains, and require the 

CAT-1 cationic amino acid transporter for viral entry26. 

ERV production and mobilization differs depending on the subclass of ERV. The 

xenotropic and ecotropic subclasses of Class I ERVs produce infectious particles59. 

The ecotropic ERVs are the least abundant in wild and laboratory strains with 

roughly one copy per genome59. The xenotropic ERVs are more abundant than 

ecotropic ERVs with approximately 20 copies per mouse genome59. As previously 

mentioned, the polytropic ERVs are not solely capable of producing infectious 

particles and are the most abundant subclass of Class I ERVs, with approximately 

30 copies per murine genome59. Polytropic ERVs, however, are capable of 

mobilizing to the extracellular environment by recombining with invading exogenous 

viruses and other ERV subclasses in a pseudo type manner 54,59,63. While the 

transcription and production of exogenous ERV particles is dependent on cellular 

transcription rather than autonomous functions of the ERVs, external stimuli have an 

impact on cellular transcription and therefore ERV production in mice.  In the work of 

Greenberger et al. 1975, the researchers demonstrate an increased production of X-

MLVs following stimulation of spleen cells harvested from the BALB/c lab strain of 

mice with known pathogen associated molecular patterns lipopolysaccharide and 

concanavalin A64. This effect is not only native to murine immune cell subsets but is 

also exemplified with the human endogenous retrovirus HERV-K65.  

While most human endogenous retroviruses are non-transcriptionally active, one 

exception is the family HERV-K which can produce a full-length transcript and 

infectious particles65. These ERVs, which are also referred to as the human MMTV-
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like subclass (HML), are the subject of a lot of research to determine their role in 

disease and disease progression66. Researchers have speculated that the env and 

accessory protein genes, comprising these HERVs, are oncogenic in nature and 

may lead to the development of tumors and autoimmune disorders10. It has been 

demonstrated that their expression also varies under different cell stimulating 

conditions, such as cancers, HIV-1 infections, and immune cell stimulants11–13.  

 

Extracellular Vesicles: Apoptotic bodies, Microvesicles & Exosomes  

 

The term extracellular vesicle (EV) is an encompassing term for the heterogenous 

populations of small lipid bodies that shed or are secreted by cells and enable the 

cell-to-cell delivery of a variety of biological contents69. These lipid bodies include 

exosomes, microvesicles and apoptotic bodies69. Conventionally, while their 

biochemical compositions are almost identical in structure, researchers have used 

diameter, biological contents, mechanism of egress and surface markers as 

variables to segregate these discrete populations8. Extracellular vesicles are the 

subject of intense research for the potential roles they play in pathology, novel 

diagnostic, and potential therapeutic strategies3,70.  

Apoptotic bodies are the largest of the extracellular vesicles varying from 800nm-

5000nm and, as the name suggests, are formed during apoptosis or programmed 

cell death when the cell membrane begins to bleb and fragment, into smaller 

fractions, in order to be efficiently cleared and removed by phagocytes of the 

immune system3,71. Apoptotic bodies are diverse, and typically house a variety of 
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host-derived biological cargoes in different densities and, due to their size, are able 

to retain larger structures such as genomic DNA, RNAs, proteins, lipids and 

mitochondrial derived contents71,72.  Depending on the cell type, cells will bleb and 

form apoptotic bodies in different patterns, but all ultimately form a diverse range of 

apoptotic body subsets that differ in size and enclosed content71. There are many 

well described stimulators of apoptosis which transduce intrinsic and extrinsic 

apoptotic pathways such as DNA damage, bacterial and viral infections, hypoxia, 

Fas receptor ligand binding and activation of TNF receptors and the TNF signalling 

pathways to name a few73. In addition to intrinsic and extrinsic pathways, apoptosis 

can be induced by the immune system via cytotoxic T-lymphocytes. Once activated, 

effector T-cells such as cytotoxic T-lymphocytes will induce cell killing through 

specialized granules perforin and granzyme74,75. Together, perforin and granzyme 

will porate the plasma membrane and facilitate the break down of cellular contents, 

including proteins and chromatin76. Similarly, to the effector functions of cytotoxic T-

lymphocytes, Natural Killer cells will also perform the same site directed cell killing 

via the release of perforin and granzyme protease77.  

One feature of apoptotic bodies, which enables their discrimination from other EVs, 

is the presence of phosphatidylserine (PS) and annexin V in conjunction with the 

size of the particle78. The presence of PS on the outer surface of the plasma 

membrane of a cell is a typical stage of apoptosis in which the asymmetry of 

lipoproteins are no longer maintained by cellular flippase, floppase and scramblase 

enzymes79,80. Annexin V is one of many annexin proteins which all bind membrane 

receptors in a calcium (Ca2+) dependent fashion81. Annexin V is well known for its 
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affinity to bind PS on the surface of apoptotic cells81. These processes precede 

individual apoptotic body formation and, therefore, maintain their presence on the 

surface of apoptotic bodies; thus, enabling their identification80.  

Microvesicles are a second classification of EV which range in sizes of 100nm-

1000nm8. Microvesicles are differentiated from other EVs by their size and their 

ability to readily shed from the plasma membrane at lipid raft junctions82. 

Microvesicles curve outward from the cytosol and are stimulated by the presence of 

calcium83. Increases in cellular calcium levels lead to the activation of calcium 

dependent proteases and actin binding protein gelsolin which facilitates the 

detachment of the cell membrane from the cytoskeleton network, via cleavage of 

membrane bound proteins with cytoskeletal filaments, and the disassembly of actin 

filaments respectively8. Microvesicles are smaller than apoptotic bodies. As such, 

the encapsulated cargoes are comprised of smaller molecules like proteins, RNAs 

and lipids84. Microvesicle release is stimulated under a plethora of conditions 

including: cellular activation, apoptosis, hypoxia, oxidative stress, shear stress, 

bacterial and viral infections, proinflammatory signals, cancers and many more 

conditions of pathology; however, many remain to be uncovered8,85,86.  

Exosomes are the smallest type of EV ranging from sizes of 30nm up to 100nm in 

diameter3. In addition to their small size, exosomes are differentiated from other EVs 

by their biogenesis and egress pathway. Exosomes biogenesis, trafficking and 

secretion are all affiliated with the cellular endomembrane system, endosomal 

sorting complex required for transport (ESCRT) pathways, and ESCRT independent 

pathways, including the tetraspanin family of transmembrane proteins and the 
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membrane lipid ceramide8. The endosomal system is a network of intracellular 

vesicles responsible for the recycling of cell surface proteins, the degradation of 

macromolecules such as proteins, solutes, and surface receptors through fusion with 

lysosomes, and sorting and trafficking cargo between both degradative and recycling 

pathways87. The term exosomes refers to internal vesicles called intraluminal 

vesicles (ILVs) which are secreted into the extracellular environment88. ILVs are 

externalized by cells into the extracellular space via fusion of larger encasing 

vesicles called multivesicular bodies or late endosomes (MVB/MVE/LEs), with the 

plasma membrane88. Vesicles from the plasma membrane are internalized via 

endocytic pathways (i.e., clathrin, caveolae pathways, micropinocytosis, etc.)  and 

fuse with early endosomes and late endosomes (MVBs) which are mediated by 

ESCRT protein complexes87,89,90. There are four ESCRT proteins complexes (0, I, II, 

III) and the AAA ATPase – Vsp4 complex which work sequentially to bind, 

conglomerate and sort ubiquitinated cargo on endocytosed vesicles from the plasma 

membrane and facilitate their fusion with early and late endosomes generating ILVs 

within90,91. In the degradative pathway, MVBs fuse with lysosomes where ILVs and 

enclosed cargoes can be degraded86,92.  MVBs may also fuse with the plasma 

membrane resulting in the release of exosomes and enclosed cargoes into the 

extracellular environment88. The trafficking of these vesicles, through the cytosol and 

fusion with the plasma membrane, is accomplished by a collection of proteins 

including the family of GTPases known as the Rab family of GTPases, SNAP and 

SNARE proteins, motor proteins, cytoskeletal filaments and Rab effectors or 

tethering factors3,93. Vesicles are pulled along the network of cytoskeletal 



17 
 

infrastructure, called microtubules, by motor protein family’s kinesins and dyneins 

which anchor vesicles to microtubules and hydrolyze ATP to transport vesicles 

throughout the cell94. The membrane of endosomes contains a Rab GTPase and v-

SNARE proteins which are responsible for targeting vesicles to the appropriate 

cellular compartment and fusion of the membranes, respectively95. Within the 

plasma membrane, there is a specific Rab effector which is recognized by the 

relevant Rab GTPase found within the endosome membrane and which serves in 

tethering the vesicle to the plasma membrane96. Additionally, within the plasma 

membrane, there is a t-SNARE protein which interacts with the v-SNARE protein 

embedded within the endosomal membrane97. All together, the binding of the Rab 

GTPase to the specific Rab effector within the membrane and interactions between 

the v-SNARE and t-SNARE proteins results in the formation of the trans SNARE 

complex98. Fusion of the two membranes commences following the hydrolysis of the 

GTP catalyzed by the Rab GTPase97. As discussed earlier, the fusion of a late 

endosome or MVB with the plasma membrane leads to the subsequent secretion of 

exosomes into the extracellular space, where they can proceed with downstream 

functions in recipient cells88.  
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Table 1. Medically relevant sub-micron particles known to be secreted from cells. 

  

  
Extracellular Vesicles 

  
Retroviruses 

 
ERVs 

 (Class I, II, III) 

 
Exosomes 

 
Microvesicles 

 
Apoptotic 

Bodies 

 
 
 
 

Illustration 

     

 
Size 

 
≈100nm 

 

 
≈100nm 

 

 
<100nm 

(≈30-
1000nm) 

 

 
≈50-1000nm 

 

 
≈800nm-
5000nm 

 

 
 

Egress 
Pathway 

 
 

Budding, 
Exocytosis, 
Apoptosis 

 
 

Budding, Viral 
Recombination 

 
 

Exocytosis 
of MVBs 

(Endosomal 
Trafficking) 

 
 

Shed from the 
plasma 

membrane 

 
 

Membrane 
blebbing and 
fragmentation 

 
 

Contents 

 
RNA genome, 
capsid, viral 

enzymes, host 
restriction 

factors 

 
RNA genome, 
capsid, viral 

enzymes 

 
mRNA, 

miRNA, host 
proteins 

 
DNA, mRNA, 
miRNA, host 

proteins 

 
Host DNA, 

RNAs, 
proteins 
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Exosomes are released in a regulated fashion and have found to be released under 

stimulating conditions in which exosome secretions are upregulated or even 

inhibited3,88,99. Exosome release has been demonstrated to be increased in similar 

conditions to MVs such as: activation of T-cells, increased intracellular calcium 

levels, hypoxia, low pH, presence of extracellular ATP and more3. In addition to 

physiological increases in exosome secretions, exosomes have also been 

demonstrated to be upregulated under various states of pathology such as cancers, 

cardiovascular diseases, diabetes and more3,8. Previous work in cell lines 

demonstrated that T-cell activation using CD3 and CD28 antibodies lead to the 

upregulated secretion of particles sized at 103nm (exosome-size range) and 

166nm100. Also, in addition to upregulation, some drugs and cytokines have been 

implicated in the inhibition of exosome release. For example, interferon I is 

implicated in the reduction in exosome production, through transcription and 

translation of the ISG15 gene, which leads to the degradation of the TSG101 protein 

(a subunit of the ESCRT-1 complex) involved in MVB biogenesis90,101,102. Drugs 

which block or inhibit cation transporters, like calcium channel blockers and 

hydrogen/potassium pumps, have also been demonstrated to inhibit exosome 

release by preventing increases in intracellular calcium levels, which stimulate 

exosome release and prevent acidification and maturation of endosomes 

respectively3,99,103.  

Extracellular vesicles secreted into the extracellular space, have a plethora of 

downstream effects on neighbouring cells or even distant tissues within multicellular 

organisms104. EVs have been the subject of extensive research to determine their 
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role in medicine as biomarkers of disease, pathogenicity and disease progression 

and as novel therapeutic strategies3,105–108. EVs enable intercellular communication 

through the donation of host-cell derived cargo and by the receptors and proteins 

found on their surface109. EVs are delivered to and received by recipient cells via 

fusion with the plasma membrane, endocytic pathways and binding to cell surface 

receptors110,111. The available cargoes and surface proteins vary depending on the 

source cell or tissues from which they are generated, their physiological state 

(activated, apoptotic, resting, infected, etc.), their stage of the cell cycle and, 

naturally, the compartments from which they originate85,110,111. The potentially 

enclosed cargoes, which are vast and many, can lead to changes in recipient cell 

behaviours depending on what and how much is being delivered. However, surface 

proteins and receptors may stimulate signal transduction pathways and increase the 

available receptors found on the surface of recipient cells112.  

The inherent ability of EVs to induce cellular changes in recipient cells, by directly 

depositing biological cargoes, has been a point of key interest in the field of EV 

research107,108. The surrounding host-derived membrane on EVs provides the cargo 

a sheltered environment that protects them from external degradation by 

degradative enzymes and which is necessary for cell-to-cell communication to 

function proximally or in distant tissues113,114.  Through the transfer of biological 

cargoes, such as cytokines, RNAs, viral-associated products, proinflammatory and 

oncogenic products, cells receiving these cargoes can undergo distinct changes and 

may lead to the exacerbation of disease115. Cytokine delivery alters cellular 

transcription, within sensitive cells, through activation of various immune pathways 
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such as NF-κB and JAK-STAT signalling pathways which, in turn, lead to their own 

downstream and effector functions116–118. RNAs such as miRNAs can lead to gene 

silencing effects, through degradation with complimentary mRNAs, in recipient cells 

while transported mRNA can lead to protein translation110,119.  Viruses, especially 

retroviruses, and non-enveloped viruses hijack host-cell machinery used in the 

transport of vesicles and release of EVs120. Retroviruses like HIV hijack ESCRT 

pathways in the process of acquiring a host cell derived envelope and subsequent 

release from infected cells121. This also results in the formation of virus-like-particles, 

which are EVs, that have incorporated viral-associated products but may not be 

replicatively competent or infectious5,122. Non-enveloped RNA viruses, like members 

of the hepatitis family of viruses, and some members of the Totiviridae also hijack 

host cell machinery and may also be incorporated into EVs; thus, enabling their 

dissemination, immune system evasion and exacerbation of disease5,122–125.  

In addition to the effects exerted on recipient cells by the internalization of exosome 

derived contents, EVs carry surface proteins which alter functions in receiving 

cells126,127.  EVs have the potential to carry along many host-derived surface proteins 

and receptors acquired through the method of egress from the originating cell. 

Typical surface proteins and receptors found on EVs are the tetraspanin family of 

proteins, integrins and MHC I molecules127,128. However, the potential list of surface 

receptors and proteins is more vast when considering tissue specific proteins and 

receptors129.  Surface proteins act as ligands which are necessary for cell 

attachment, while others mediate processes involved in signal transduction 

pathways, antigen presentation or contributing to surface cell expression upon fusion 
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with recipient cells127. ICAM1 proteins, on the surface of EVs, interact with LFA1 

found on T-cells contributing to their subsequent activation19. Intriguingly, it has been 

demonstrated that EVs incorporating CXCR4 or CCR5 receptors from lymphocytes, 

could transfer these receptors to new tissues and thereby increase the range of 

susceptible tissues to HIV infection8,19.   
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Figure 1. Particle egress pathways for EVs and Retroviruses. 1) Apoptotic bodies bleb from the plasma membrane following 
the initiation of apoptosis and fragmentation of the cell and nuclear compartments. 2) Microvesicles shed directly from the 
surface of the plasma membrane, preferentially at lipid raft junctions or tetraspanin enriched domains.  Exosomes are 
intraluminal vesicles (ILV) which have been externalized to the extracellular environment following multivesicular body (MVB) 
fusion with the plasma membrane. MVB fusion at the plasma membrane is facilitated by microtubule filaments as well as 
Rab, SNARE, motor and ESCRT proteins. ILVs are generated within endocytic pathways. ILVs bud into early endosomes and 
MVBs. Endosomes may return to the plasma membrane or mature into late endosomes like MVBs. MVBs can fuse with 
lysosomes and, in doing so, release their cargo destined for degradation. 3) Retroviruses infect susceptible cells via cell 
receptor binding. Infection progresses to the internalization and uncoating of the viral core where the viral genomes undergo 
reverse transcription (RT) forming pre-integration complexes (PIC). Pre-integration complexes are imported into the nucleus 
where they will facilitate the integration of the viral genomes within the host genome. Retroviruses and Endogenous 
retroviruses (ERV) mobilize to the extracellular environment following their transcription in the nucleus and the assembly of 
viral components and the RNA genomes within a viral capsid core. Retroviruses will bud from (virally encoded) glycoprotein 
dense regions of the plasma membrane where they acquire their envelope. Some ERVs will bud directly from the surface much 
like their exogenous counterparts. Less competent ERVs however may also mobilize to the extracellular environment following 
cellular infection by an independent exogenous retrovirus. ERVs will recombine with the invading virus and allow less mobile 
ERVs the opportunity to reach the extracellular space by providing the necessary vessel to reach the extracellular space.  
Note: Particles and cells were depicted for ease of viewing and were not developed on an accurate or proportional scale.  

Figures created with BioRender.com 
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Methods of Microparticle & Nanoparticle Acquisition and Quantification    

 

To be efficiently studied, methods must exist to separate cell secreted particles that 

are less than 1µ in diameter and free from contaminants or co-precipitating 

particulates not of interest. In addition, cell secreted particles must be correctly 

identified and quantified in some regard which can be quite difficult. Specifically, 

regarding invading viruses, EVs, Virus-like particles (VLPs), ERVs and newly 

recombinant ERVs, differentiation and characterization may prove to be exceedingly 

difficult due to overlap in many physical, biochemical and effector properties and 

functions5,130.  

 

Methods of Particle Isolation (Separation) 

  

Several methods exist to isolate small particles from various source suspensions 

such as cell cultured supernatants and biological fluids including serum, urine, 

cerebrospinal fluid, and others. Common methods of particle separation are 

differential ultracentrifugation, ultracentrifugation using density-based gradients, size 

exclusion chromatography, filtration, and immunoprecipitation techniques129.  

Centrifugation remains one of the most common techniques in separating EV 

populations, protein precipitates and concentrating particle populations129. 

Centrifugation techniques take advantage of the disparity in density between 

populations of particles which comprise the secretome, enabling them to be 

separated and concentrated in various mediums131. Ultracentrifugation, as the name 

would suggest, is centrifugation at higher speeds than general purpose laboratory 
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centrifuges and ranges in speeds of 35,000rpm – 150,000rpm and generates g-

forces just over 1 million x g131. EVs and viruses are typically sedimented from 

solutions between 100,000 x g and 200,000 x g132,133. Two centrifugation techniques 

typically used are differential ultracentrifugation and ultracentrifugation using density 

gradients which enable particle populations of interest to be separated134,135. 

Differential ultracentrifugation requires samples to be sequentially centrifuged at 

higher and higher speeds (or g forces) which allows sedimentation of the densest 

particles in a given sample progressively over time134. In addition to differential 

ultracentrifugation, researchers exploit the disparity in buoyant densities between 

proteins, EVs and viruses.   The disparity in density between particles allow the 

separation and purification from precipitating proteins.  This is accomplished using 

gradients of varying concentrations of suspensions, such as sucrose or iodixanol, 

during ultracentrifugation136,137. There are limitations with these separation 

strategies; specifically, the contribution of contaminating protein precipitates, 

disruption in EV functionality, and low input volumes, in the case of differential 

ultracentrifugation, which requires an additional purification step. In contrast, density-

based gradients enable an enrichment and higher purity of EVs to be acquired from 

a sample, but result in a lower recovery of EVs from samples129,137,138. 

Size exclusion chromatography (SEC) is a method of separating EVs from 

contaminating proteins while maintaining their functionality; unlike, ultracentrifugation 

which can shear particles during sedimentation through immense centrifugal 

forces138.  SEC functions by separating particles, on the basis of size, through 

application of a heterogeneous sample through a SEC column containing porous gel 
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beads of defined size139. Several SEC columns are available which contain beads of 

different sizes and the appropriate selection depends on the application. As the 

sample flows through the SEC column, small particles are permitted to enter the 

small pores, within the beads, impeding their flow rate through the column; while 

larger particles pass around beads and elute more readily to enable larger particles 

to be separated from particles of interest140. This enables EVs, EV subtypes, larger 

precipitating proteins, and lipoproteins to be separated from one another140. 

However, SEC is still unable to exclude all contaminating proteins and lipoproteins 

and typically results in a more dilute sample and contains a lower yield of EVs129,141.  

Filtration is a common method of separating particles and is often used, in 

conjunction with other purification methods, to isolate key particle populations of 

intrigue. Ultrafiltration is a combination of different filtration techniques all of which 

require removal of larger particles from a suspension, via pores or concentration 

gradients, which enables only small particles to traverse semipermeable pore 

junctions142.  In EV and viral preparations, dead-end filtration techniques are often 

used such as filtering a substance through various sized membranes ranging from 

0.45 microns to 0.1 microns143,144. Size and methods of filtration depend on the 

experimental setup and the populations of particles researchers seek to investigate. 

These techniques are paired with other purification techniques, like 

ultracentrifugation and SEC, to assist in clearing unwanted particulates and 

enhancing EV prepations22,145,146.  

Using EV specific biomarkers, antibodies can be used to bind, purify, and isolate 

EVs from suspensions using immunoprecipitation techniques. Commonly, general 
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EV markers and their antagonizing antibodies are used in immune-affinity capture 

techniques such as: CD9, CD63, CD81, CD82, Annexins, Alix and Rab 5 142. These 

techniques allow for highly specific isolations of EVs and EV subtypes and are 

adaptable to several experimental setups depending on the antibodies used.  While 

immunoaffinity capture techniques yield some of the highest purity preparations of 

EVs, there are some drawbacks which make it difficult, in some instances, to assess 

various properties of the purified EVs. Immunoaffinity capture techniques rely on 

antibody recognition of EV markers.  This means the quality of the isolation is 

dependent on the various isolation conditions and the affinities of the antibodies 

used142.  As a result, samples using this technique typical results in lower recovery 

of EVs from suspensions129. Due to the immense heterogeneity in EV populations, 

immunoaffinity capture isolations fall short in their ability to recognize total 

populations142.  Particularly, when a specific marker is not present or minimally 

expressed on sub populations of particles.  This also contributes to the lower 

recovery of EVs142.  In addition to lower recovery, antibody-based captures inhibit 

the functionality of EVs to be assessed post-isolation142. This is because it is not 

always possible to separate the bound antibodies from surface proteins; thereby, 

hindering downstream applications142.  
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Table 2. Comparison of Current Particle Separation Techniques. Yang et al. 2020 (142). 

Isolation  

Method 

Principle Benefits Trade-offs 

 

 

Sequential 

Ultracentrifugation 

Particles have varying 

densities and sizes; 

enables sedimentation 

under sequential 

increasing centrifugal 

forces and the analysis 

of discrete populations 

over time 

• Inexpensive  

• Low risk of co-

contamination with 

reagents 

•Suitable for larger 

sample input volumes  

• Requires a variety of 

equipment 

• Time and human     

resource intensive 

• High forces jeopardize 

structural integrity of 

precipitating particles 

• Co-sedimentation with 

proteins 

 

 

 

 

 

 

Gradient 

Ultracentrifugation 

After centrifugation in a 

medium of varying 

density, particles will 

remain suspended in 

positions of the medium 

with similar densities 

• High purity of 

suspended particles 

• Enables sub-

populations of particles 

to be separated 

• Does not 

accommodate larger 

input volumes 

• Requires a variety of 

equipment 

• Time and human 

resource intensive 

• High forces jeopardize 

structural integrity of 

precipitating particles 

 

 

 

Ultrafiltration 

Filtration using a 

membrane with defined 

size-exclusion or 

molecular weight limits 

• More efficient 

equipment cost 

• Low time cost 

 

• Moderate purity 

• Comptonization of 

particle integrity by 

shear stress 

• Loss of separation 

efficiency due 

membrane fouling 

 

 

 

Size-exclusion 

Chromatography 

Particle suspensions 

added to porous 

materials enables 

particle separation 

through the elution of 

particles by their size, 

with larger particles 

bypassing small pores 

and eluting first  

• High purity 

• Low time cost 

• Retains native state of 

eluted particles  

• Reproducible 

• Enables assessment of 

both small and large 

particles 

• Accommodates a 

variety of sample types 

• Not as cost effective 

• Requires prior particle 

concentration or 

enrichment before 

processing 

 

 

 

Immunoaffinity 

Capture 

Based on specific 

binding affinities 

between particle surface 

markers and immobilized 

antibodies  

• Enables sub-

populations of particles 

to be separated 

• High-purity 

preparations 

• Not technically 

challenging 

• Low risk of reagent 

contamination 

• Requires a variety of 

antibodies and 

optimization 

• Does not 

accommodate larger 

input volumes 

• Requires prior particle 

concentration or 

enrichment 
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Methods of Particle Acquisition and Quantification Techniques  
 

Extracellular vesicles and viruses are sub-micron structures which make them more 

difficult to identify and analyze. Researchers have developed several methods in 

order to visualize, identify, quantify and enumerate the various key constituents 

which make up the cellular secretome. Some examples include, flow cytometric 

based techniques, proteomic analyses, microscopy techniques and more biophysical 

based acquisition methods147. The methods used to purify and/or concentrate 

sample preparations will greatly influence the suitability of one technique over 

another. Typically, more than one technique is imperative to provide a well-rounded 

interpretation of the particles analyzed and answer specific research questions.  

Flow cytometry is a high-throughput method that has been used to analyze 

populations of cells and viruses over the last few decades148.  Conventionally, flow 

cytometers are useful for identifying cells and larger structures149. However, they 

lack the sensitivity necessary to efficiently resolve nanoparticles from instrumental 

background noise; as such, more sensitive cytometers and techniques were 

developed to analyze nanoparticles more effectively150.  Nanoscale Flow Cytometry 

(NFC) was developed with the goal of resolving nanosized structures from 

background signals and being able to overcome the limits of detection on 

conventional flow cytometers for this purpose22,149,150. NFC describes methods of 

flow cytometry which have been carefully fine tuned and optimized with the 

deliberate purpose of analyzing sub-micron particles like extracellular vesicles and 

viruses22. These methods make use of light scattering to enable large heterogenous 

populations of particles to be differentiated from background signals or contaminants 
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and identify selective subsets of particles, using fluorescent labelling techniques, 

under many distinct parameters150,151. In addition, NFC enables the number of 

particles per volume in a sample to be determined, as well as the size of particles 

when combined with size reference microspheres145,151,152.  

Resistive pulse Sensing (RPS) and Tunable Resistive Pulse Sensing (TRPS) are 

high-throughput and efficacious ways of quantifying size, concentration, and charge 

of particles in a sample by monitoring disruptions in electrical current or electric 

impedance as individual particles pass successively through a nanopore153.  

Nanoparticle Tracking Analysis (NTA) is a bulk analysis method which validates the 

size distribution of particles in suspension, while also providing images and videos of 

particles ranging from 10-1000nm154,155. NTA instruments are comprised of a laser 

which passes through a sample cell channel where the light is refracted or scattered 

by particles in suspension and focused through a microscope156. A digital camera 

records the light scatter and computer software tracks individual particles and 

correlates their Brownian motion, directly with their size, while also providing video 

footage of recorded particles156. In addition, NTA instruments are capable of 

measuring the Zeta potential, or electrical charge on the surface of particles in 

suspension, through the application of an electric field across the cell channel and 

measuring the velocity of particles towards the oppositely charged electrode157. 

However, one setback is the NTA, as mentioned previously, is a bulk analysis 

method of analyzing particles in suspension and therefore is unable to differentiate 

particles of overlapping size/Brownian motion (i.e. a 200nm virus from a 200nm 
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EV)145. This demonstrates the importance of purification methods and isolation 

techniques to provide more reliable data.    

Transmission electron microscopy (TEM) allows individual particles such as viruses 

and EVs to be analyzed and provide insight into size, morphology, and purity of a 

sample158. As opposed to light scattering microscopes, electron microscopes use a 

beam of electrons which travel through the sample and magnify the images159. TEM 

enables incredibly high-resolution images to be viewed159. While TEM is critical to 

identify and characterize the type of particles in a sample, it is lacking in its ability to 

analyze a large number of particles in a sample efficiently, in contrast to more bulk 

or high-throughput techniques129.   

The above-mentioned techniques provide different strengths for the quantification 

and characterization of particle populations in a given sample; but a combination of 

analytic techniques is more robust and enables the limitations of individual 

techniques to be overcome.  

The field of extracellular vesicle research is vast and continues to rapidly expand. 

Much effort has been dedicated to understanding the roles ERVs and EVs play in a 

plethora of pathological conditions and as a therapeutic strategy acting as a vector 

for drug delivery3,8. The exact mechanisms and coordinated efforts of EVs, with 

additional regulatory pathways, adds a potential multi factorial combination with 

other biological systems and pathways which complicate clear/precise 

understanding of the role these particles play in regular physiology, pathological 

conditions, and drug treatment160. As such, a thorough understanding of EV 

behaviour, physiology and the “puppet-master” pathways, which modulate their 
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secretion, is essential before their role(s) can be defined under abnormal conditions.   

Particularly helpful studies on the role EVs play in host immune systems is crucial as 

the host immune system is at the critical junction between healthy physiology and 

states of pathology and disease. Obstruction, disruption, misemployment, and 

inhibition of these pathways, potentially by EVs, and systems is likely to lead 

towards sickness and disease. Extracellular vesicles and endogenous retroviruses 

may play important immunomodulatory roles and/or may lead to exaggerated or 

exacerbated conditions of disease.  Extracellular vesicles act as an intercellular 

delivery system that all cell types use.  Hijacking or improper regulation of these 

pathways, such as in states of disease, exacerbates and complicates clear 

mechanisms of actions and hinders the immune system’s ability to effectively 

suppress and remove foreign entities. As well, even though this is highly relevant 

and important, it complicates our understanding of EV behaviour and EV physiology 

which makes EV pathology difficult to study.  Here, we demonstrate preliminary work 

which begins to characterize the particles and particle subsets secreted by primary 

murine naïve CD4+ T-cells, under distinct stimulatory conditions, by nanoscale flow 

cytometry and nanoparticle tracking analysis to further our collective understanding 

of EV physiology and behaviour.  
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Study Aims, Objectives and Hypotheses 
 

Aims 

Relate patterns of EV release and key secretory pathways by murine naïve CD4+ T-

cells with immunologically relevant stimuli.  

 

Objectives 

Develop the necessary conditions to optimally stimulate murine naïve CD4+ T-cells.  

Collect, characterize, and quantify secreted particles by flow virometry and 

nanoparticle tracking analysis.   

 

Hypothesis 

Under distinct immune stimulating conditions, murine naïve CD4+ T-cells will secrete 

various particles in distinctive egress profiles. This will enable the characterized 

profiles of particles to be correlated with specific stimulated immune pathways. 

 

Goal 

Ultimately, be able to identify and relate similar patterns of EV subsets and EV 

release, with pathological conditions in humans, and use this as a rapid and efficient 

diagnostic tool.   
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Materials & Methodology 

 

 Establishing conditions to optimally stimulate murine Naïve CD4+ T-cells  
 

Murine Naïve CD4+ T-cells were acquired from the spleens of C57BL/6 N female 

mice aged eight weeks. Mice were ordered from Charles River Laboratories and 

housed in the main animal care facilities provided by the University of Ottawa at 

Roger Guindon Hall.  

Mice were euthanized using CO2 and cervical dislocation, in compliance with Animal 

Care and Veterinary Services guidelines at the University of Ottawa, and in 

accordance with the Canadian Council on Animal Care guidelines. Spleens were 

carefully extracted from three separate mice matched by sex. Spleens were 

collected and stored in cold PBS, containing one percent FBS, and placed on ice 

until splenocytes were further purified.  

In a biological cabinet, splenocytes were purified and harvested from homogenized 

mouse spleens. Following purification, naïve CD4+ T-cells were isolated using a 

CD4+ Naïve T-cell Isolation Kit provided by Miltenyi Biotec which separates cells 

through magnetic negative selection. Naïve CD4+ T-cells were subsequently plated 

on pre-coated 48-well plates containing CD3 and CD28 antibodies at a seeding 

density of 2.0x106c/mL. This activation of naïve CD4+ T-cells ensured adequate cell 

viability and proliferation required for the duration of the experiment. Cells were 

incubated for a minimum of 48 hours at 37°C with 5% CO2 to achieve necessary cell 

densities required for the number of treatment groups and conditions.  
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Following naïve CD4+ T-cell culturing, cells were harvested, counted using a Bio 

Rad TC20 cell counter, split and resuspended in media supplemented with “EV-

depleted” FBS and desired immune and pharmacological stimulants to simulate 

relevant medical and biological conditions such as: Phorbol-Myristate-Acetate (PMA) 

with Ionomycin (PMA/I). Each treatment required titration of the desired stimulant to 

maximize immune activation and particle egress while maintaining cell viability. For 

PMA treatments, PMA concentrations of 5, 10, 25 and 50ng/mL were assessed 

while maintaining a concentration of ionomycin at 1μM across all drug treatments. In 

addition to drug treatment, culturing media RPMI was supplemented with CaCl2 to a 

final concentration of 1.5mM in order to assist with the degrees of activation161.  

Following cell activation, cells and supernatants were harvested and separated by 

centrifugation at 900g for 10 minutes. Supernatants were removed and 0.45µ 

syringe-filtered using VWR Acrodisc® Syringe filters (#CA28143-352) to remove cells 

or large cellular debris from suspended particles of interest. Cells were resuspended 

in PBS and centrifuged at 500g for 10 minutes; this step was repeated two additional 

times to prepare cells for staining and labelling. Cell concentrations were counted by 

the Bio Rad TC20 Cell Counter. Cells from treatment groups viability and levels of 

activation was assessed, using a Fixable Viability Stain 450 provided by BD 

Biosciences (#562247) and a PE fluorescently conjugated CD69 antibody from 

BioLegend (#104507). Cells, with the exception of non-stained controls, were 

stained with viability stain at room temperature for 15 minutes (away from light). 

Cells were washed with PBS three times and subsequently stained with CD69 

antibodies at a final concentration of 0.25µg/mL per 1.0x106 cells at 4°C for 20 
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minutes. Cells were once again washed three times with PBS to remove unbound 

antibodies. Cells were analyzed on the BD FACSCelesta™ flow cytometer. It was 

essential to monitor the health and activated nature of cells, within treatment groups, 

as these parameters will directly affect the quantity and types of particles being 

released. Optimization of stimulatory conditions was, therefore, necessary in order to 

more precisely correlate particle egress with cell stimulants and maintain egress 

profiles between replicate experiments.  

 

Nanoparticle Tracking Analysis using Particle Metrix Zeta View® 

 

Allocated supernatants were diluted 1:40 with 0.1µ syringe-filtered D-PBS (#311-

425-CL) to a total volume of 2mL. Samples were siphoned into 1mL syringes 

compatible with the Zeta View system. The Zeta View was flushed with 10mL of 

sterilized Mili-Q water and calibrated and focused using counting beads.  The fluidics 

were flushed again with sterilized Mili-Q water until no counting beds were 

observable in any camera position. The fluidics were primed with 0.1µ syringe-

filtered D-PBS before samples were loaded. Samples were then acquired one at a 

time with a 0.1µ syringe-filtered D-PBS rinsing step in between. Analysis of particle 

suspensions by NTA enabled the concentration of total particles, within treatment 

groups, to be determined and compared to controls and other treatment groups. In 

addition to original total particle concentration, NTA enabled distinct particles to be 

categorized by size, enabling smaller particles like exosomes to be identified and 

differentiated from larger particles like microvesicles.  
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Nanoscale Flow Cytometry using the Beckman Coulter CytoFLEX Flow Cytometer 

 

By staining and labelling particle suspensions with dyes and fluorescently 

conjugated antibodies, the type and abundance of particles was further dissociated 

from the heterogenous population of particles. Samples were further split in order to 

selectively stain and label populations of interest like extracellular vesicles and 

endogenous retroviruses within the same sample.   

Samples were stained with carboxyfluorescein succinimidyl ester (CFSE), one type 

of dye which has been used to stain extracellular vesicles, at a final concentration of 

0.5µM in a total volume of 200µL. The use of fluorescent antibodies conjugated to 

known exosomes markers enabled more specific particle differentiation. Tetraspanin 

antibodies CD9 and CD81 provided by Biolegend (#124805 #104905) were used at 

a final concentration of 1.6µg/mL to enable exosome populations to be identified129. 

Both antibodies were added to CFSE stained tubes and non-CFSE stained controls 

at final concentrations of 2µg/mL. All samples were incubated at 37°C for one hour. 

Following staining, all samples were diluted 1:100 with 0.1µ syringe-filtered D-PBS 

to a total of 1mL. The Cytoflex instrument was cleaned for 15 minutes and rinsed 

with sterile Mili-Q water for an additional 15 minutes before use. Samples were run 

one at a time and the fluidics were rinsed with sterile Mili-Q water in between each 

sample.  
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Methods of Data & Statistical Analysis 

 

 

Assessing Statistical Significance for PMA Titration Experiment 

 

Data acquired from nanoparticle tracking analysis was used to assess statistical 

significance via Welch’s T-test and Welch’s ANOVA Test where applicable using 

GraphPad Prism 8 Software. Each T-cell PMA treatment group (PMA 5, 10 & 

25ng/mL) was compared to both DMSO and RPMI T-cell groups for statistical 

significance by Welch’s T-test. The varying dosages of PMA T-cell treatments were 

assessed for statistical significance by Welch’s ANOVA test. In all cases, normality 

was assumed following the central limit theorem as all supernatants contained 

greater than 30 particles per sample (i.e. n=30<). A Games-Howell post hoc multiple 

comparisons test was additionally performed, post ANOVA testing, to avoid bias and 

assess the combinatorial impact of one-way ANOVA testing between treatment 

groups. This enabled the effect of PMA dosage on secreted particle size to be 

determined. This experiment was not performed in replicate.  

 

Assessing Statistical Significance for PMA Time Course 

Similar methods to the previous experiment were performed to assess statistical 

significance between distinct treatment groups using GraphPad Prism 8 Software. 

Again, normality of each distribution was assumed as the number of particles per 

sample was well above n=30 following the Central Limit Theorem. Treatments from 

the 12-hour incubation period were grouped together and the 24-hour incubation 
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treatments were grouped separately.  Analysis of both the 12- and 24-hour 

treatments involved statistical analysis using the Welch’s T-test between the PMA 

treated group and the RPMI and DMSO groups individually. As, in this experiment, 

the concentration of PMA was fixed, no ANOVA test was performed. Instead, the 12- 

and 24-hour PMA treated groups were compared using a Welch’s T-test to 

determine statistical significance between incubation period and particle size. This 

experiment was not performed in replicate. 

Gating strategies, Controls and Software Analyses for PMA Titration & Time Course 

By using flow cytometry, cells’ viability and surface expression of CD69 was able to 

be monitored to assess the degree of T-cell activation by PMA while ensuring cell 

viability was not jeopardized.  In FlowJo software cells were gated on by isolating 

single cell populations by FSC-A vs. FSC-H channels and then analyzing gated cells 

within the fluorescent BV421-H and FITC-H channels. A quadrant gate was set 

relative to the unstained control and the positively stained sample, to discriminate 

between positively and negatively stained cells for both channels.  

By NFC, supernatants were split and stained with CFSE dye as well as CD81 and 

CD9 fluorescently conjugated antibodies or combinations of CFSE and one of the 

mentioned antibodies. Controls consisted of preparations of PBS and the culturing 

media used. For each given sample and controls there was an unstained control, 

CFSE stained, CFSE + CD81 and CFSE + CD9 samples. The PBS samples 

controlled for background noise of the Cytoflex and unspecific fluorescence, 

produced by either the CFSE, CD81 or CD9 antibodies. The culturing media 

samples controlled for background instrument noise or interactions with signals 
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provided by the culturing media and any shifts in fluorescence due to staining the 

culturing media. The culturing media also served as an isotype control for unspecific 

fluorescence, resulting from the fluorescently conjugated antibodies. As the 

antibodies used were Rat monoclonal antibodies and were not demonstrated to 

cross-react with CD81 on bovine EVs (acquiring from the FBS supplemented within 

the culturing media), the media served as an appropriate isotype control. To 

ascertain the MFI produced within successfully stained populations samples were 

gated on as follows. First, the background signal which appears high in the VSSC-H 

channel was gated out. Next, the population was analyzed by VSSC-H versus the 

relevant staining channel (FITC-H for CFSE, PE-H for CD81 and CD9). A 

rectangular gate was created above the background signal (positive on the PE or 

FITC axes) representing positively stained particles. For a given sample the gate 

was created relative to both the unstained and stained controls, enabling 

successfully stained particles to be identified. The mean fluorescent intensity and 

standard deviation was calculated for all particles found within the positively labelled 

gates by FlowJo software. MFI produced within the background media control was 

removed from samples MFI. This enabled fluorescence solely produced by the 

labelling of particles within treated samples to be quantified. Differences between 

samples MFI was assessed by Welsch’s ANOVA and Welsch’s T-test.   
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Results 
 

Optimization of PMA/I Activating Conditions in Naïve CD4+ T-cells 
 

To begin characterizing and quantifying particle secretions under distinct immune 

stimulating conditions, we first attempted to simulate T-cell activating conditions 

using PMA and Ionomycin. To mimic activating conditions, the dosage of PMA 

necessary to activate T-cells sufficiently, needed to be determined. PMA activates 

protein kinase signalling pathways promoting transcription without the need of T-cell 

receptor binding. Both the concentration and incubation length of PMA/I applied to 

Naïve T-cells required investigation before secreted particle populations could be 

assessed to ensure representative data collection. The optimal dosage and 

incubation period of PMA and Ionomycin needed to achieve maximal particle output 

while very minimally jeopardizing cell viability. Dosage was assessed first in primary 

CD4+ mouse T-cells extracted and isolated from the spleens of 3 separate female 

C57BL6/N mice. Naïve CD4+ T-cells were isolated using the Milentyi Biotec kit and 

the purity of the isolation was assessed by flow cytometry using viability staining as 

well as CD3, CD4 and CD62L selective antibodies (Figure 2) Naïve T-cells were 

activated under conditions of 5, 10 and 25ng/mL of PMA including 1μM Ionomycin 

for each condition containing PMA for 12-hours at 37°C.  
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Figure 2. Purity Assessment of Naïve CD4+ T-cell Preparations using Miltenyi Biotec’s Naïve CD4+ T-cell Isolation Kit.  
Homogenized mouse spleens were purified and isolated for Naïve CD4+ T-cells via magnetic separation using an 
isolation kit. A) Post-isolation, cells were stained with viability dye. The live population (negatively stained 
population) was gated on. B) Cells stained with viability dye post-gating not stained with labelling antibodies. C) 
Cells stained with viability dye, CD3 (PE) and CD4 (APC) antibodies following Live/Dead gating. D) Following 
gating in part C, CD3 and CD4 positive cells were further gated on. E) Cells stained with viability dye, CD3, CD4 
and CD62L antibodies. Demonstration of the percentage of CD4+ and CD62L+ (FITC) cells, following magnetic 
bead separation, using the isolation kit. 
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Post-activation, cell viability and levels of activation were assessed and monitored 

by cell staining and surface expression of CD69 (Figure 3). Flow cytometry unveiled 

that PMA treatments reported lower percentages of cell death than non-activated 

treatments and T-cells treated with 25ng/mL PMA reported the highest CD69 

expression compared to other PMA treatment groups. NFC analysis of activated 

supernatants stained with CFSE demonstrated that the percentage of EV 

contribution to the total number of events increased with PMA treatment (Figure 4). 

Staining the supernatants with CFSE, and either exosome marker CD81 or CD9, 

demonstrated a similar pattern in increased presence with increasing PMA 

treatment.   However, very few CFSE positive and exosome marker positive subsets 

were observed (Figures 5 & 6). The differences in PMA dosage yielded significant 

differences in the number of particles susceptible to CFSE staining (Figures 5, 6, & 

7).  Nanoparticle tracking analysis demonstrated an increase in particle 

concentration within supernatants harvested compared to non-PMA treated 

samples, suggesting an increased frequency of smaller particles in treated samples 

(Figures 8 & 9). Treating the T-cells with 25ng/mL PMA and 1µM Ionomycin for 12 

hours at 37°C, provided the largest output of particles and reported the least cell 

death across treatments (Figures 3 & 8). 
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Figure 3. Naïve CD4+ T-cells Post-Activation Treated with PMA/I. Following activation, the health and 

level of activation of T-cells was monitored by cell staining with viability dye and CD69 surface 
labelling and analyzed by flow cytometry. Comparing the groups activated with PMA/I (bottom row) 
with the non-treated Naïve T-cells (Top middle) and the Naïve T-cells treated with media and equal 
dosage of DMSO (Top right), there is an apparent shift in the presence of CD69 on the surface of 
cells. The Naïve T-cells treated with 25ng/ml PMA reported the highest labelling with the CD69 
antibody and the highest viability across all treatments. 
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Figure 4. T-cell Supernatants Post-Activation (Stained with CFSE) NFC. The PBS (Top Left) stained with CFSE 

provides insight into the background provided by the cytometer as well as the contribution of the CFSE to the 
background signal. Comparing the media control (Top Middle) to the PBS control there is a positive shift in the 
FITC channel when CFSE is added and EVs are detectable. Supernatants harvested from Naïve T-cells are 
denoted with “Tn”. Naïve T-cells treated with PMA/I (Bottom Row) present increasing EV contribution with 
increasing dosages. 
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 Figure 5. T-cell Supernatants Labelled with CFSE and CD81 exosome specific marker. In the PMA treated groups, the 

percentage of CFSE positive particles increases with dosage but minimal differences in the percentage of CD81 
and double positive particles are observed. Supernatants harvested from Naïve T-cells are denoted with “Tn”. The 
stained media control (Top Middle) reported fewer total events than cell treated groups but still demonstrates 
positive CFSE and CD81 labelling due to the FBS. The PBS control (Top Left) demonstrates significant 
background signal provided by the antibody and CFSE dye. 
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Figure 6. T-cell Supernatants labeled with CFSE and CD9 exosome specific marker. In the PMA treated groups, the 

percentage of CFSE-positive particles increases with dosage but minimal differences in the percentage of CD9 
and double positive particles are observed. Supernatants harvested from Naïve T-cells are denoted with “Tn”. The 
stained media control (Top Middle) reported fewer total events than cell treated groups but demonstrates a high 
percentage of positive CFSE particles from the FBS and few CD9 particles. The PBS control (Top Left) 
demonstrates significant background signal provided by the antibody and CFSE dye. 
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* * 

* 
* * 

Figure 7. Analysis of Mean Fluorescent Intensities of Positively Labelled Secreted for Various T-cell Treatments. 
Particles secreted from treated T-cells were stained with CFSE and CD81 or CD9 fluorescent antibodies. The 
various T-cell treatments are listed on the x-axis. RPMI represents T-cells cultured in RPMI media containing “EV-
depleted” FBS, DMSO represents T-cells treated in RPMI media containing “EV-depleted” FBS and a comparable 
concentration of DMSO to the highest PMA/I treated T-cells (25ng/mL). Mean fluorescent intensity for the 
respective channel for each labelling method is listed on the y-axis. Positively labelled particles, as compared to 
controls, were gated on and the levels of fluorescent intensities assessed by FlowJo Software. One-way ANOVA 
analyses (and their permutations) were performed for all treatments, statistical significance is denoted by an 
asterisk representing an obtained P value <0.0001. Experiment was not performed in replicate (n=1). A) One-way 
Brown’s-Forsythe & Welch’s ANOVA analyses on CFSE-positive particles secreted under varying titrations of 
PMA/I was performed. Treatments mean fluorescent intensities in the FITC-H channel were found to be 
significant P <0.0001. B) One-way Browns-Forsythe & Welch’s ANOVA analyses on CD9-positive secreted 
particles were performed. Mean fluorescent intensities across all treatments did not demonstrate statistical 
significance. C) One-way ANOVA analyses on CD81-positive secreted particles were performed. Treatments 
were not found to be significantly different. 
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Figure 8. T-cell Supernatants Quantified by Nanoparticle Tracking Analysis. Particle size distributions, median 

particle size and total particle concentration, per treatment group, are listed here.  Where x-tilde represents the 
median particle size in a given sample and the particle concentration listed includes the dilution factor of the 
sample run on the instrument. Supernatants harvested from Naïve T-cells are denoted with “Tn”. A) Contribution 
of particles provided by growth media only. B) Supernatant from untreated Naïve T-cells left in growth media 
only. C) Supernatant from untreated Naïve T-cells with the same concentration of DMSO as would be found in 
PMA treated groups. D) Supernatant from Naïve T-cells activated with 5ng/mL PMA and 1µM ionomycin. A 
difference in particle count is observed as well as a disparity in median particle size compared to untreated 
controls. E) Supernatant from Naïve T-cells activated with 10ng/mL PMA and 1µM ionomycin. No significant 
increase in particle count is observed compared to the 5ng/mL PMA treated group but an apparent shift in 
median particle size is observed. F) Supernatant from Naïve T-cells activated with 25ng/mL PMA and 1µM 
ionomycin. Reported the highest number of particles and the largest negative shift in median particle size when 
compared to untreated groups. All PMA treatment groups were found to be significant when compared to both 
RPMI and DMSO control groups by Welch’s T-test (p<0.0001). All PMA treatment groups were found to be 
significant by Welch’s ANOVA (p<0.0001) and by Games-Howell’s multiple comparison test (p<0.0001). This 
experiment was not performed in replicate (n=1). 
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Figure 9. T-cell Supernatants Sorted by Particle Type by Size. Treatment groups sorted by biological particle 

size. Exosomes were defined by particles ranging from 40-100nm in size while microparticles were defined as 
particles ranging from 100nm-1000nm. There is an increase in exosome-sized particles in PMA treated groups 
(D, E, F) when compared to untreated controls in B and C. Supernatants from Naïve T-cells activated with 
25ng/mL PMA and 1µM ionomycin displayed the highest percentage of exosome-sized particles compared to 
other PMA treatment groups. 
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Following the assessment of PMA concentration, the length of activation was 

assessed. The concentration of PMA was fixed at 10ng/mL across each time point. 

Activations were monitored at 0, 12 and 24 hours of activation or treatment. Naïve T- 

cell viability was 91% assessed at time point 0 by trypan blue staining and counted 

using a hemocytometer by the TC20 cell counter. Viability and level of activation, at 

12- and 24-hour time points, were assessed by cell staining and surface labelling 

with a CD69 antibody conjugated to PE. It is clear, between the 12- and 24-hour 

time points, that there was a decrease in viability and that cell death increased with 

prolonged PMA/I incubation (Figure. 10). The supernatants from treatment groups 

were then analyzed by NFC for zero, twelve and twenty-four-timepoints (Figures 11 

through 15). The 0-hour timepoint sample controls for stimulated particle release as 

a result of application of the suspension to the cells. CFSE was used to label 

particles, alongside conjugated antibodies, against EV makers (CD9-PE and CD81-

PE) in an attempt to pull out population subsets of interest from the total. CFSE and 

CFSE-antibody combined labelling techniques proved to be successful in labelling 

particle subsets. By NFC, 24-hour treatments reported higher numbers of CFSE, 

CD9 and CD81 positive particles compared to 12-hour treatments apart from the 

DMSO treatment labelled with CFSE and CD81-PE. By NFC there was significant 

difference in fluorescence intensity produced by labelled supernatants harvested at 

12- and 24-hour timepoints (Figure 16). In addition to NFC, supernatants were 

analyzed by NTA (Figures 17 & 18).  

Overall, the effect of increased incubation period resulted in higher concentrations of 

released particles as well as a decrease in median particle size.  
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Figure 10. Viability of T-cells at 12- and 24-hour time points post activation. Cells’ viability was assessed by 

viability dye staining and activation was monitored via labelling with a CD69 specific antibody. T-cells incubated 
with PMA/I for 12 hours (Top Row) reported higher levels of viability than those cultured for 24 hours (Bottom 
Row). Treatment with PMA led to a positive shift in the PE channel indicating a greater surface expression of 
CD69 in treated groups compared to non-PMA-treated groups. 
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Figure 11. NFC Controls for supernatants harvest at 0- and 12-hour time points. The top row consists of PBS 

controls, with and without individual and dual staining, representing the background provided by the instrument 
under these specific conditions. The bottom row consists of culturing media controls, with and without individual 
and dual staining, representing the apparent background provided by the staining in these conditions. Dual 
stainings with CFSE and either CD81 or CD9 provided very minimal background signals in PBS and in the 
culturing media used. 
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Figure 12. Naïve T-cell Supernatants at 0 hours of activation. Treated and untreated culture media was applied to 

Naïve T-cell isolates and harvested immediately following its application to control for EV release resulting from 
the application of each suspension to the cells. NSM presents non-serum media (media lacking FBS) applied to 
T-cells. The top row consists of non-serum media applied to cells and immediately removed; while the bottom row 
consists of the same non-serum media supplemented with ultracentrifuged fetal bovine serum (FBS) media 
applied to cells and immediately removed. Across all stainings, it is apparent that some EVs are secreted just by 
the physical application of the media and that FBS associated EVs contribute to the population of secreted 
particles. 
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Figure 13. T-cell Supernatants 12-hours post activation. Naïve T-cell treatments RPMI (Top), DMSO (Middle) and 

PMA 10ng/mL (Bottom) following 12 hours of incubation are arranged by row, while staining conditions are 
organized by column. The DMSO-treated cells report the highest percentage of CFSE-positive particles in column 
2 (from the left). The RPMI untreated group had the highest percentage of CD81-positive particles in column 3. 
The DMSO treatment had the highest percentage of CD9 positive particles in column 4. 
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Figure 14. NFC Controls for 24-hour time point. Staining controls for samples acquired at the 24-hour time point. A 

PBS control (Top Left) represents instrument background signal. Bottom row represents staining controls in 
media supplemented with ultracentrifuged FBS. Gating strategies follow the type of staining used for each 
treatment. 
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Figure 15. T-cell Supernatants 24 hours post activation. Naïve T-cell treatments RPMI (Top), DMSO (Middle) and 

PMA 10ng/mL (Bottom) following 24 hours of incubation are arranged by row, while staining conditions are 
organized by column. The DMSO-treated cells report the highest percentages of CFSE-positive particles and 
CD81-positive particles in both columns 2 and 3 (from the left). In column 4, the PMA treated cells have a higher 
percentage of both CFSE-positive and CD9-positive particles. 
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Figure 17. Nanoparticle Tracking Analysis of T-cell Supernatants at 0-, 12- and 24-hour time points. Particle size distributions, 

median particle size and total particle concentration per treatment group where x-tilde represents the median particle size in a 
given sample and the particle count includes the dilution factor of the sample run on the instrument. Controls, treatment groups 
at the 12-hour time point and treatment groups at the 24-hour time point are arranged by row respectively. Supernatants 
harvested from Naïve T-cells are denoted with “Tn”.  In the 12-hour treatment, groups’ median particle size appears to decrease 
with PMA treatment. While in the 24-hour treatment groups, median particle size appears to increase with treatment. Treatment 
groups in the bottom row, cultured for 24 hours, have larger concentrations of total particles than those of the 12-hour time point 
groups. Both PMA treatments were found to be statistically significant by Welsh’s T-test (p<0.0001) compared to their respective 
time point, untreated RPMI and DMSO controls. Additionally, 24-Hr and 12Hr time point PMA treatments were found to be 
statistically significant by Welsh’s T-test (p<0.0001). This experiment was not performed in replicate (n=1). 
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Figure 18. T-cell Supernatants from 0-, 12- and 24-hour time points Sorted by Particle Type by Size. Treatment groups 

stored by biological particle size. Exosomes were defined by particles ranging from 40-100nm in size; while 
microparticles were defined as particles ranging from 100nm-1000nm. Controls, treatment groups at the 12-hour time 
point and treatment groups at the 24-hour time point are arranged by row, respectively. Supernatants harvested from 
Naïve T-cells are denoted with “Tn”. In the 12-hour treatment groups, PMA treatment stimulated an increase in 
exosome-sized particles while, in the 24-hour treatment groups, the inverse was observed. 
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Discussion 

In this study, we sought to identify and quantify secreted particle populations from 

stimulated murine naïve CD4+ T-cells. While further experiments are required to fully 

characterize EV secretions from T-cells under various stimulating conditions, many 

preliminary data presented here provide proof of concept with a strong likelihood of 

success. With this early work, the necessary conditions to optimally activate murine 

naïve CD4+ T-cells with PMA was tested.  While the concentration of PMA was 

determined, more experimentation is required to determine the optimal activation 

duration in order to achieve maximal particle output, minimize cell death, and 

minimize particle degradation before acquisitions. Additionally, NFC proved to be an 

effective tool in distinguishing between EV subsets.  However, further optimization of 

acquisition parameters and fluorescent labelling are required.  

The hypothesis of this study was that murine naïve CD4+ T-cells would secrete 

specific EV patterns/profiles under immune stimulating conditions, and this was 

demonstrated by immune simulating PMA activations and quantification by NTA. 

Treatment of murine naïve CD4+ T-cells with PMA almost always resulted in an 

increase in total particles and a negative shift in median particle size when 

compared to non-treated cells (Figures. 8, 9, 17 & 18). The exception was the PMA 

10ng/mL group in Figure.10 which reported a higher median particle size than the 

non-treated cells.  However, this observation is not found in Figure.16; thus, 

suggesting replicate experiments are needed to ascertain the nature of this result. 

While the observation that increasing internal Ca2+ stimulates exosome secretion 

pathways is not a new observation162, the question remains why there is a selective 

negative shift in particle size that are released as opposed to a uniform increase in 

all particles released. This is likely due to the fact that exosome secretion pathway is 

a tightly controlled Ca2+-dependent mechanism and increasing internal calcium 

levels is absolutely necessary in order to establish MVB fusion and exosome 

secretion, whereas microvesicle release is not as tightly regulated. The fact that 

there is a response in 100 – 149nm particle secretions to the calcium flux also adds 

to this point. In addition to negative shifts in particle size, increases in CD81+ and 
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CD9+ particles by NFC were also observed supporting the increase in exosomes 

secretion upon PMA/I stimulation (Figure. 13). These two tests were successful in 

identifying a trend that PMA/I stimulation leads to increases in total particle output 

and specific increases in exosome release on the basis of size and surface marker 

profiles.  

The most significant limitation of these experiments is the statistical robustness of 

the analyses performed. For our experiments, the spleens from three separate 

female C57BL6/N mice were extracted and the isolated cells were pooled together 

and assessed once indicating an n of 1 (although 3 separate mice were used). It 

should be stated, however, that the nature of the project was exploratory as we 

sought to push the detection limits of NFC to see whether it would be possible to 

accurately discriminate particle subsets through surface antigen labelling.  It is clear 

that the observable differences in surface antigen expression, following activation 

and in other experiments performed in our lab, were near or below the detection 

threshold of our flow cytometer.  As such, the obtained results had very narrow 

dynamic range given their low abundance on the surface of our viral particles. An 

instrument with greater sensitivity, capable of detecting these minor changes in 

fluorescence while distinguishing background noise is therefore required for such 

small particle analyses to become mainstream. 

While this work demonstrates a successful strategy, in order to correlate relevant 

stimuli with secreted particle populations, many considerations remain. 

Optimizations and further experimentation are needed to address these concerns 

and considerations. These experiments need to be repeated at least in triplicate to 

ensure the reliability of the observed “trends” and overcome the minor variabilities in 

secreted particles profiles, even though these results appear to follow previous 

observations162. Secondly, the amount of EVs being contributed from the culturing 

media need to be minimized. In some cases, media controls contributed roughly 30-

35% of the total particles when comparing the media control to activated samples 

(Figures. 8 & 17). This is further demonstrated in the controls taken on the day of 

activation (t=0).  In Figure. 16, the culturing medium containing EV depleted FBS 
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and immediately removed reported a total particle concentration of 4.64x108 

particles/mL while the RPMI non-serum media, placed on top of the cells and 

removed and diluted to the same factor, did not yield significant enough particle 

concentrations to be quantified by the ZetaView. This suggests that the FBS EV 

depletion protocol is not rigorous enough to eliminate a significant amount of 

contributing EVs.  While ideally the culturing serum would not contribute to the total 

particles, this goal is unrealistic and other options should be considered. In the EV 

depletion of FBS, there is a reduction in total EV concentration.  However, there is 

also a reduction in the beneficial proteins and growth factors needed to maintain cell 

viability. The use of EV depleted FBS will not favour healthy culturing conditions or 

cellular metabolic demands and will correlate to higher rates of cell death and 

increased particle release (microvesicles and apoptotic bodies). Instead, synthetic 

medias/serums should be considered and assessed for their impact on cell viability 

and levels of EV secretion as this will eliminate the possibility of contributing FBS-

derived EVs, which overlap with secreted EVs of interest. Staining antibody 

concentration requires further optimization as populations of interest were not fully 

distinct or resolved. At the optimal antibody staining concentration, population 

subsets of interest would be fully separated (minimal overlap) from the background 

while not contributing significantly to the background or result in unspecific 

fluorescence.  

With regards to activation length, more time points need to be observed to monitor 

particle secretions over time and observe cells and supernatants at peak activation 

and particle production.  The length of activation and incubations requires 

optimization in order to observe the effect of activation on particle secretion in a 

timely manner and avoid EV degradation before acquisitions. There appears to be 

an “acceleration effect” in EV production by naïve CD4+ T-cells. Observed in Figure. 

17, all treatments at the 24-hour time point appear to have very similar particle 

concentrations.  Whereas, the 12-hour time point treatments demonstrate more 

disparity in the concentration of particles. When comparing treatment groups and 

analyzing secreted particle concentrations over time, for example the PMA 10ng/mL 

treated T-cells, by the 12-hour time point cells have produced 7.73x107 
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particles/hour and by the 24-hour time point cells have produced 5.67x107 

particles/hour. Analyzing particle production in this fashion suggests that particle 

production is not a linear trend but more likely logarithmic where particle production 

drops off over time. This observation is easily explained by the principles of T-cell 

exhaustion in which cells lose their effector functions such as cytokine production 

and maintaining homeostasis, usually resulting in cell death. This also explains, in 

addition to the toxicity of PMA/I, why treated cells’ produced particle concentrations 

are slightly lower compared to non-treated and control treatments as fewer viable 

cells means fewer secreted particles (Figures. 8 & 17)163. To truly be sure, cell 

cultures could be stained with known exhausted T-cell markers (CD43, CD69 and 

CD62L) and/or cytokine capture assays (IL-2, TNFα) and run by flow cytometry to 

assess the proportion of live/dead, activated/non-activated and exhausted T-cells 

post activation. Additional time points around the 12-hour time point need to be 

assessed for peak particle production.  

While this work demonstrates some preliminary steps in identifying patterns in 

particle secretions from immune cells, further work is necessary to characterize the 

heterogeneity of the secreted particle populations under immunologically relevant 

conditions. Endogenous retrovirus presence in activated and control supernatants 

needs to be addressed and assessed using the same quantification techniques. As 

demonstrated by Kwon et al. 2011 stimulating primary lymphoid cells (T- and B-

cells) using lipopolysaccharide lead to increased secretion of Moloney murine 

leukemia ERVs164.  As such, these particle subsets need to be quantified effectively 

in conjunction with EVs as they contribute to the total particles secreted by murine 

naïve CD4+ T-cells.  Typically, murine viruses (including ERVs) can be seen by side 

scatter by NFC/flow virometry as previously demonstrated by our lab and in 

unpublished results. Unfortunately, results shown here do not effectively 

demonstrate ERVs by side scatter. This may be a result of the 1:100 dilution used to 

run samples by NFC as this would make discrimination of the discrete population 

perhaps too dilute, to overcome the typical background signals observed by side 

scatter. As these are uninfected samples, what should be expected is a dense 

homogenous population located within the background noise in non-CFSE stained 
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control samples which would resemble the scatter profile of an infected sample; 

however, this population would have to be of endogenous origin and likely to be 

ERVs. One potential solution would be to increase the concentration used during 

acquisitions. However, this does not play to the strengths of NFC as some 

disadvantages of NFC are coincidental events during acquisitions (two or more 

particles travelling past the point of measurement at a given time) and the limits of 

detection with regards to the size of particles18. With this in mind, increasing the 

concentration of particles for acquisition will lead to increased coincidental events, 

increased background signals and therefore skew results which would 

underestimate the true result and make distinguishing distinct populations (EVs from 

VLPs, ERVs and background signals) very difficult.  If methods existed to label the 

gag protein of the capsid internally, ERV populations could be further discriminated 

from background signals. This would be an exceptionally invaluable technique to 

characterize ERV populations and test and separate exogenous MLV infection, from 

ERVs, in future immunological assays in conjunction with additional testing methods. 

An additional level/dimension of ERV secretion, which can be explored and requires 

consideration, is the type of murine model used.  For the purposes of the 

experiments detailed here, female C57BL6 mice were acquired from Charles River 

Laboratories formally denoted as C57BL6/N. Future experiments, in addition to 

including replicate experiments, should include male along side female C57BL6/N 

mice to enable comparisons to be made and avoid sex-based bias165. Recent 

studies revealed that non-ecotropic ERVs were not repressed in C57BL6/N strains 

resulting in increased expression of ERVs and ERV-related products compared to 

Jackson Laboratory mouse strain C57BL6/J166.  This finding suggests special 

consideration is necessary in the selection of murine models for ERV-related 

research.  This is an important point of interest for further investigation to determine 

ERV secretion profiles under stimulatory conditions in both strains, used as a 

reduced ERV control in the case of C57BL6/J and ascertain the validity of the 

C57BL6/N and /J strains in ERV experiments and research.  
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Following optimization of culturing conditions, activation conditions and staining and 

acquisition techniques, the next steps for this project are to explore other 

immunologically relevant stimuli, assess and correlate secreted particle profiles with 

specific T-helper cell subset responses (Th1, Th2 and Th17), and identifying the 

surface markers presented by EVs and ERVs through staining assays. Uncovering 

and relating specific secreted particle profiles to specifically stimulated immune 

pathways such as JAK-STAT and NFκB pathways is at the core of this project. This 

work would help clarify the roles immune stimulation plays on EV secretion, the 

additional roles EVs play in immunologically relevant microenvironments, and serve 

as a reference when using EVs as a swift clinical diagnostic tool or biomarker of 

disease.   

 

Conclusion 

 

Herein, we demonstrated early steps into the analysis of discrete particle 

populations secreted by murine immune cells. Nanoscale Flow Cytometry and 

Nanoparticle Tracking Analysis are both incredibly useful tools which enable studies 

of the heterogenous microscopic particles secreted under various stimulatory 

conditions to be assessed.  Using both NFC and NTA to analyze particles secreted 

by murine naïve CD4+ T-cells, some preliminary trends were observed.  We showed 

that mimicking a naïve T-cell activation using PMA and Ionomycin upregulated the 

total number of particles secreted and specifically favoured the secretion of smaller 

particles carrying known exosome biomarkers.  This means perhaps the exosome 

pathway is being specifically upregulated. This project outlines a workflow which can 

be followed to assess other types of stimulatory conditions which represent 

important immune responses to begin profiling secretion patterns and potentially 

creating a library of known particle profiles. Documenting and categorizing known 

secretion profiles from different cell types and stimulants would be extremely 

invaluable in the potential development of novel screening, diagnostic and targeted 

therapies. The likelihood of the project’s success is exciting.  However, there are 
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some challenges to be overcome to fully address all the secreted particle subsets.  

Specifically, discriminating ERVs from other particles like VLPs and EVs and 

invading viruses from relevant assays is currently not available using current staining 

and acquisition techniques by NFC. While this work demonstrates many preliminary 

steps and results, there is still much work required to fully achieve the initial scope 

defined in this project. The potential implications of this work would unlock and 

reveal crucial information into EV behaviour, physiology, immune responses, and the 

development of novel diagnostic tools.  This knowledge would help in developing 

strategies to understand the roles EVs play in pathology which, in turn, would enable 

cancers, infections, and autoimmune disorders to be better understood and rapidly 

identified.   
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