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CHAPTER 1 

INTRODUCTION 

1.1 General Chapter Overview 

 This chapter will introduce the extracellular vesicle (EV), mechanisms of EV biogenesis 

and secretion from cells, EV cargoes, and EV functions, with a specific emphasis on EVs 

secreted by CD4+ T helper cells. It additionally will provide an overview of the literature 

concerning the involvement of CD4+ T helper cells in tissue inflammation and damage during 

asthma pathogenesis. Finally, it will summarize what is known about EVs in the airways during 

type 2 lung inflammation, both in terms of how EV subpopulations change during inflammatory 

reactions and potential functional consequences of EVs in pathology.  

 It is known that EVs can facilitate communication between immune cells in vitro. 

However, how EVs mediate intercellular communication in the tissue during inflammatory 

responses is not known. Understanding how immune cells use EVs as signals could offer novel 

biomarkers and therapeutics for disease. Indeed, other messages secreted by immune cells, like 

cytokines and chemokines, have become the targets of numerous medicines for all manners of 

maladies, including cancer, autoimmune disease, and allergy. The work presented in this 

dissertation seeks to use asthma as a model to understand how T cell EVs participate in tissue 

inflammation and ultimately serve as a foundation for further research on the fundamental role 

that EVs may play in communicating signals in immunity. The work presented here examines 

immunology with the fresh lens of EV biology. 

ñThe only true voyage of discoveryéwould not be to visit strange lands but to possess other 

eyes.ò  - Marcel Proust (The Captive, 1923) 
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1.2. Basic Concepts in Extracellular Vesicle Biology 

 EVs are lipid bilayer 

delimited particles secreted by cells 

into the extracellular space that 

carry biomolecule cargoes. They 

were first visualized by electron 

microscopy in 1967 by Peter Wolf, 

who described ñplatelet dust,ò 

microparticles that could be 

separated from plasma by 

ultracentrifugation.1 EVs were 

initially described to function in the 

selective shedding of 

transmembrane receptors from cells when, in 1987, Johnstone and colleagues showed that 

reticulocytes secrete EVs carrying the transferrin receptor during maturation.2 In the last four 

decades, a flurry of EV research has made it clear that in addition to this function in the removal 

of cellular waste products, EVs also play a key role in intercellular communication during 

homeostasis and disease.3 This section will provide an overview of basic concepts in EV biology, 

including biogenesis, cargoes, and interactions with target cells, with a specific focus on EVs 

secreted by CD4+ T helper cells. 

1.2.1 Extracellular Vesicle Biogenesis 

  ñExtracellular vesicleò is a simplified term that can be applied to a wide variety of 

secreted, membrane-bound particles. Although heterogeneous, EVs can be broadly grouped into 
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two categories, exosomes and ectosomes, based on their subcellular origin. Exosomes originate 

from intraluminal vesicles within multivesicular bodies that are secreted as exosomes when those 

multivesicular bodies fuse with the plasma membrane. Ectosomes, also referred to as 

microvesicles or microparticles, are released directly from the plasma membrane when the 

membrane buds outward (Fig. 1.1).4 This subsection will cover the basic mechanisms of 

exosome and ectosome biogenesis.  

1.2.1.1 Exosome Biogenesis 

The life of an exosome begins at the limiting membrane of an endosome. Endosomes are 

formed from the invagination of the plasma membrane during endocytosis. These organelles 

regulate the trafficking of internalized materials from the cell surface and proteins from the trans-

Golgi network to the plasma membrane or lysosome, depending on whether the material will be 

recycled or degraded.5 As an endosome matures, sections of its limiting membrane will bud 

inward and separate from the membrane to create internal vesicular structures called intraluminal 

vesicles that have the same topology as the cell (lumen = cytosol). The endosome is now referred 

to as a multivesicular body.6  

The formation of intraluminal vesicles can occur through the endosomal sorting complex 

required for transport (ESCRT) machinery. In this process, ESCRT-0, a complex composed of 

hepatocyte growth factor-regulated tyrosine kinase (HRS) and signal transducing adapter 

molecule (STAM), binds ubiquitylated proteins in the endosomal membrane. Clathrin binds HRS 

and allows for clustering of ESCRT-0 in microdomains on the endosomal membrane. ESCRT-0 

subsequently recruits ESCRT-I, a complex composed of tumor suppressor gene 101 (TSG101), 

vacuolar protein sorting (VPS) 28, VPS37, and ubiquitin-associated protein 1 (UBAP1). ESCRT-

I then recruits ESCRT-II, a complex composed of VPS36, VPS22, and VPS25, to form a super-
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complex that invaginates the portion of the endosomal membrane that contains the ubiquitylated 

protein. ESCRT-II triggers the assembly of ESCRT-III, a complex composed of VPS20, 

chromatin-modifying protein/charged multivesicular body protein (CHMP) 4, CHMP3, CHMP2, 

CHMP1, VPS60, and increased sodium tolerance 1 factor associated with ESCRT-III (IST1). The 

ATPase VPS4 is finally recruited and acts on ESCRT-III to mediate scission of the neck of the 

intraluminal vesicle.7,8 The ESCRT machinery can also be used to package non-ubiquitylated 

cargoes into intraluminal vesicles, as ALG-2-interacting protein X (ALIX) binds non-

ubiquitylated proteins and allows for the bypass of ESCRT-0.9  

 Intraluminal vesicles can also be formed through ESCRT-independent mechanisms. For 

example, the tetraspanin CD63 causes the accumulation of cholesterol on the membrane of the 

multivesicular body, and this may contribute to the formation of membrane buds.10 Also, the 

activation of neutral sphingomyelinase 2 and subsequent formation of ceramide in the endosomal 

membrane can lead to inward budding and the formation of intraluminal vesicles.11,12 

Additionally, phosphorylation of the small G protein RAB31 by epidermal growth factor 

receptor (EGFR) has been shown to lead to the production of intraluminal vesicles independently 

of ESCRT.13 Finally, a component of the ESCRT machinery unique to plants, FYVE domain 

protein required for endosomal sorting 1 (FREE1), can develop liquid-like condensates on 

endosomal membranes and is sufficient for the formation of intraluminal vesicles in the absence 

of other ESCRT proteins.14,15 Thus, intraluminal vesicles can be formed in a variety of ways, and 

the resulting vesicles are heterogeneous.  

 Once intraluminal vesicles are formed, the resulting multivesicular body may be sorted to 

the lysosome or plasma membrane. How this sorting occurs is still the subject of active research. 

Liu and colleagues reported that the conversion of phosphatidyl-3-phosphate to phosphatidyl-4-
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phosphate on the multivesicular body membrane leads to the recruitment of the exocyst complex, 

a protein complex involved in tethering vesicles to the plasma membrane prior to secretion, 

which then traffics the multivesicular body to the plasma membrane.16,17 DôSouza-Schorey and 

Stahl posit that the fate of the multivesicular body is sealed during the formation of the early 

endosome depending on its environment. They hypothesize that certain conditions favor the 

formation of a scaffold that includes the V0a1 subunit of the vacuolar ATPase rather than the 

V0a3 subunit. If these conditions exist at the time of endosome formation, the endosome is 

primed for maturation to a multivesicular body and trafficking to the plasma membrane.18  

Trafficking of the multivesicular body to either the lysosome or plasma membrane 

requires the microtubule components of the cytoskeleton as well as molecular motors, such as 

dynein and kinesins.19 In particular, septin-coated microtubules associate with multivesicular 

bodies and control their motility, and the small G proteins RAB4 and RAB5 recruit kinesin-2 and 

dynein or kinesin-3 and dynein, respectively, to the early endosome.20 Microtubule-associated 

proteins (MAPs) bind to microtubules and regulate the activities of dynein and kinesins to 

control the movement of endosomes in an anterograde or retrograde direction.21 Finally, the fates 

of multivesicular bodies are tied to the destinies of its protein cargoes, which are partly 

determined by posttranslational modifications. For example, conjugation of the ESCRT-I 

component TSG101 with interferon-stimulated gene 15 (ISG15, called ISGylation) or ubiquitin 

causes multivesicular bodies to traffic to the lysosome.22,23 Also, multivesicular bodies that 

recruit the GTPase-activating protein TBC1 domain family member 2B (TBC1D2B) inactivate 

RAB7, which would normally sort the multivesicular body to the lysosome.13 Although much 

work must be done to establish general rules of endosomal trafficking to the plasma membrane 

versus the lysosome, it seems that the lipid species and protein cargoes present in the limiting 
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membrane of the multivesicular body as well as external factors like cytoskeletal elements affect 

the ultimate fate of the intraluminal vesicles. 

 After the multivesicular body arrives at the plasma membrane, it must dock and fuse to 

release intraluminal vesicles as exosomes. Small GTPases in the Rab family, such as RAB35 and 

RAB27a/b function in docking of the multivesicular body to the plasma membrane.24,25 

Additionally, the ras-like (RAL) GTPases RALA and RALB are involved in fusion of the 

multivesicular body with the plasma membrane through interactions with soluble N-

ethylmaleimide-sensitive factor-activating protein receptor (SNARE) proteins in the target 

membrane.26,27 Following fusion of the multivesicular body with the plasma membrane, 

intraluminal vesicles are released as exosomes. 

 In addition to originating from the endosome, exosomes can also arise from other 

organelles. For example, multivesicular bodies can fuse with autophagosomes to produce hybrid 

amphisomes. Although amphisomes are typically defined as degradative, secretory amphisomes 

can fuse with the plasma membrane and release their internal vesicles as exosomes.28 

Additionally, exosome-like vesicles can arise from the fusion of mitochondrial-derived vesicles 

with the multivesicular body to produce intraluminal vesicles and eventually exosomes carrying 

mitochondrial proteins like translocase of outer mitochondrial membrane 20 (TOMM20) and 

mitochondrial heat shock protein 70 (HSP70) and mitochondrial DNA.29 Finally, ceramide 

generation in the inner leaflet of the nuclear envelope can lead to inward budding, and these buds 

mature into nuclear envelope-derived multivesicular bodies, which can fuse with the plasma 

membrane to release exosomes.30 Thus, although an exosome is defined as a vesicle derived 

from intraluminal vesicles of the multivesicular body, this definition encompasses a broad range 

of vesicles with different organellar origins and compositions depending on the context.  
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1.2.1.2 Ectosome Biogenesis 

 Unlike exosomes, which are released upon fusion of the multivesicular body with the 

plasma membrane, ectosomes are released directly from the plasma membrane. Apoptotic bodies 

are ectosomes released from the plasma membranes of cells undergoing apoptosis. During 

apoptosis, actomyosin contraction occurs due to caspase-mediated activation of rho-associated 

protein kinase 1 (ROCK1) and subsequent phosphorylation of myosin light chains.31 This 

contraction increases hydrostatic pressure on the plasma membrane, forcing it to bleb 

outward.32,33 

 Healthy cells also release ectosomes from the plasma membrane, although less is known 

about ectosome biogenesis compared to that of exosomes. Ectosome biogenesis likely begins 

with the clustering of cargoes at specific sites in the plasma membrane, called membrane 

microdomains. One family of protein that organizes membrane microdomains is the tetraspanin 

family, made up of four-pass transmembrane proteins.34 Specifically, tetraspanins organize 

tetraspanin-interacting proteins and lipids into 100 to 200 nm domains on membranes.35,36 

Tetraspanins can interact with many classes of membrane proteins, including extracellular 

enzymes, transmembrane adhesion molecules, members of the immunoglobulin superfamily, and 

intercellular signaling molecules.37 Tetraspanins also interact with lipids; indeed, some 

tetraspanins (including CD63, CD9, CD81, and CD82) can directly bind cholesterol.10,38ï40 This 

dual ability to interact with proteins, including other tetraspanins, and lipids allows tetraspanins 

to build tetraspanin enriched microdomains on the plasma membrane. Reflecting the role of 

tetraspanins in organizing cargoes for incorporation in ectosomes, EVs are enriched in the 

tetraspanins CD9, CD63, and CD81.41,42 Tetraspanins are considered ñhallmarksò of EVs by the 

minimal information for studies of EVs (MISEV) 2023 guidelines.43  
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 To form ectosomes, membrane microdomains must bud outward. Membranes can achieve 

curvature through modification of the local lipid composition. Sphingomyelin and 

phosphatidylcholine, the most abundant phospholipids in the membranes of eukaryotic cells, are 

cylindrical and form flat bilayers.44,45 Modification of these lipid species by enzymes changes the 

shape of the lipids and thus encourages curvature. For example, phospholipase A2 catalyzes the 

conversion of phosphatidylcholine to lysophosphatidylcholine, which has one fatty acid chain 

rather than two and is therefore cone-shaped and promotes curvature.46,47 Additionally, changes 

in membrane asymmetry can lead to curvature. The activity of phospholipid floppases, calcium-

dependent ATPases that translocate phospholipids from the inner leaflet to the outer leaflet of the 

membrane, alter phospholipid symmetry and thus contribute to membrane curvature.48  

Membrane proteins also play a role in membrane curvature. Bin-amphiphysin-rys (BAR) 

domain proteins induce curvature through a domain that is intrinsically bent, while coat proteins, 

such as clathrin and calveolin-1, bind to membranes and stabilize curvature.49 In addition to 

bending the membrane, some proteins, like epsin and amphiphysin, insert directly into the 

membrane to induce local deformation.50 Transmembrane proteins (i.e. the potassium channel 

KvAP and the aquaporin AQP0) can even induce spontaneous curvature via their insertion into 

the membrane.51 Interestingly, some proteins, including some tetraspanins like CD9, can sense 

curvature and have preferences for being sorted into curved membranes, which may also affect 

the incorporation of these proteins into EVs.52 Membrane curvature also depends on contractile 

forces generated by actin and myosin, which are mediated by the phosphorylation of the myosin 

light chain by small GTP-binding proteins like ADP-ribosylation factor (ARF) 6 and ARF1.53,54 

Ultimately, to form ectosomes, outward budding membranes undergo scission mediated by 

VPS4.55 
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 In addition to the generation of curvature at the main cell bodyôs plasma membrane as a 

mechanism of ectosome biogenesis, ectosomes are also shed from membrane protrusions (i.e. 

microvilli, retraction fibers, and cilia).56 Podocytes, neuroepithelial cells, and enterocytes 

generate ectosomes from the tips of microvilli.57ï59 In enterocytes, the production of ectosomes 

from microvilli tips is dependent on the actin-based motor protein, myosin 1a, which may 

function to create microdomains at microvilli tips.59 Migrating cells leave a trail of retraction 

fibers stuck to the extracellular matrix behind them as they move, and these retraction fibers can 

release ectosomes termed ñmigrasomes.ò60 Migrasomes are thought to form from membrane 

domains enriched in integrins, which allow the cell to attach to the extracellular matrix, 

tetraspanins, sphingomyelin, and cholesterol, with formation potentially beginning when the 

cellôs integrins contact the extracellular matrix.61ï63 Finally, ectosomes can also arise from cilia, 

hairlike structures on a cellôs surface that can help a cell move fluids across its surface. 

Transmembrane proteins, such as G protein-coupled receptors and prominin-1 (CD133/1), can 

concentrate at the tips of cilia in cholesterol-rich microdomains and bud into ectosomes.64,65 In 

the case of G protein-coupled receptors, ectocytosis seems to be an alternative mode of removing 

the receptor from the cell.66 Thus membrane protrusions, which have unique cytoskeletal and 

membrane dynamics, are prime sites of ectosome biogenesis.  

 Although the subcellular sites at which exosomes and ectosomes are formed are different, 

much of the same membrane processing machinery is shared. For example, tetraspanins are 

enriched in both exosomal and ectosomal membranes because they are important in forming 

membrane microdomains and sorting cargo in the endosomal and plasma membranes.67 The 

ESCRT machinery has also been found to contribute to the secretion of Hedgehog protein from 

the plasma membrane, as knocking down ESCRT components, such as TSG101, ALIX, and 
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VPS4, results in reduced secretion of Hedgehog in Drosophila wing imaginal discs.68 

Additionally, interaction of the ESCRT-I subunit TSG101 with arrestin domain-containing 

protein 1 (ARRDC1) causes TSG101 to localize to the plasma membrane rather than the 

endosome to mediate the formation of ectosomes in a mechanism that depends on VPS4 for 

scission.69 Interestingly, this mechanism of ectosome biogenesis is very similar to that used by 

human immunodeficiency virus (HIV) to bud from the plasma membrane of infected cells, 

except in the case of HIV the role of ARRDC1 is fulfilled by the viral protein Gag.70  

In addition to sharing biogenesis components, exosomes and ectosomes overlap in size, 

with exosomes typically ranging between 30 nm to 150 nm and ectosomes 50 nm to 1 Õm in 

diameter.71ï73 Thus, the two are difficult to distinguish experimentally. EVs that may appear to 

have characteristics of an exosome (i.e. small and enriched in ñexosomeò markers widely used in 

the literature, such as CD63), may actually arise directly from the plasma membrane. Indeed, 

some scholars argue for more holistic definitions of exosomes and ectosomes based on the idea 

that the membranes in a cell are interconnected and vesicles are likely generated from a 

ñspectrumò of plasma membrane and intracellular membrane networks.74 In any case, without 

strong evidence, such as microscopy, that demonstrates the subcellular origin of an EV, using the 

terms ñexosomeò and ñectosomeò is inappropriate.  

In this work, I have chosen to focus on the general function of an admittedly complex 

mixture of particles rather than defining specific functions of subpopulations of exosomes or 

ectosomes, which are extremely heterogeneous even as subcategories. Thus, I will use the 

general term ñEVò in this dissertation. I argue that in the context of understanding an intricate 

biological process, such as tissue inflammation, it may be more useful to start with the entire 

mixture rather than individual components, because the entire mixture works together to cause an 
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effect, and individual components may work independently or dependently. After the behavior of 

the mixture is understood, one can start to tease apart the functions of individual components, in 

this case EV subpopulations, by removing them or adding them individually.  

Although I did not perform experiments to address EV biogenesis in my work, I believe 

that understanding the basic framework of EV biogenesis is important when hypothesizing 

about: 1) the behaviors of cells producing and receiving the EVs (What kind of stimulus would 

lead to the production of EVs? Does the cell make contacts with matrix or other cells? Is it 

actively employing endocytosis or recycling its membrane?) 2) the types of cargoes those EVs 

may carry (Could the EVs carry membrane surface cargoes, nucleic acids, endosomal sensors, 

cytoskeletal components, or even whole organelles? What is the topology of the EV, and where 

does it originate? This will dictate the types of cargoes an EV can potentially carry.), 3) whether 

the EVs are able to participate in communication over short or long distances (Are the EVs 

attached to matrix like in the case of migrasomes, or are they mobile? How stable are they? Do 

they display phosphatidylserine and thus should be phagocytosed immediately?), and 4) 

ultimately how an EV functions (What is the composition of the EVôs membrane? Does it have 

bulky components that may prevent it from interacting with targets, like glycocalyx? What is its 

size and charge, both of which may affect its ability to diffuse and interact with targets?). 

Although the work detailed here is ultimately about function, understanding how and why cells 

produce EVs is vital for understanding how they function. As the architect Frank Lloyd Wright 

said, ñForm and function should be one, joined in a spiritual union.ò  

1.2.2 T Cell Extracellular Vesicles 

 T cells orchestrate diverse immune responses, from viral and bacterial infections to 

allergies and autoimmunity. To effectively coordinate tissue inflammation, T cells communicate 
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with other cells in the local microenvironment through cell contact-mediated and secreted 

signals, including extracellular vesicles (EVs). This subsection will comprehensively summarize 

the literature concerning T cell EVs, including their biogenesis, cargoes, and purported functions. 

1.2.2.1 T cell Extracellular Vesicle Biogenesis 

 T cell EV biogenesis pathways have not been studied in detail. However, by combining 

what is known about T cell membrane dynamics and general mechanisms of EV biogenesis, as 

described previously, a potential picture of how EVs are generated by T cells emerges. T cell EV 

biogenesis has primarily been studied in the context of T cell activation by an antigen presenting 

cell (APC). APCs license T cells to participate in inflammatory responses by presenting the T 

cellôs cognate peptide in the context of major histocompatibility complex (MHC), which the T 

cell recognizes through its T cell receptor (TCR) and associated co-receptors.75 Ligation of the 

TCR by the peptide MHC complex triggers a cascade of signaling events culminating in the 

activation of the T cell.76 These events include alterations to metabolism, changes in gene 

expression, and rearrangement of the actin cytoskeleton.77 The actin cytoskeleton is vital to T cell 

activation for three reasons: 1) it forms a scaffold for signaling molecules that act downstream of 

the TCR, 2) it forms protrusions on the surfaces of T cells called microvilli, and 3) it allows for 

the development of a structure called the immunological synapse.78 

 The immunological synapse is the interface between a T cell and its cognate APC. It 

starts to form immediately following ligation of the TCR and fully matures by 30 minutes for 

naµve T cells and as quickly as 5 minutes for antigen-experienced T cells.79  The immunological 

synapse consists of three regions known collectively as supramolecular activation clusters 

(SMACs) that appear similar to a bullseye or target: 1) the distal SMAC (dSMAC) is the 

outermost edge of the immunological synapse and is enriched in actin and large transmembrane 
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proteins like CD45, 2) the peripheral SMAC (pSMAC) is central to the dSMAC and is enriched 

in the adhesion protein lymphocyte function-associated antigen 1 (LFA1), which interacts with 

intercellular adhesion molecule 1 (ICAM1) on the APC, and the actin linker talin, and 3) the 

central SMAC (cSMAC) is the most central region of the immunological synapse and is enriched 

in TCR interacting with peptide MHC complexes on the APC (Fig. 1.2A).80,81 Interestingly, TCR 

signaling is terminated in the cSMAC, and this was initially thought to be due to internalization 

and degradation of the TCR.82,83 However, in addition to being internalized, it is now recognized 

that the TCR is also shed by T cells in ectosomes. 

 The ɕ and ŭ CD3 chains of the TCR complex are ubiquitylated following TCR 

engagement, and the ESCRT components HRS and TSG101 recognize ubiquitylated TCR.84 

TSG101 is required for the sorting of ubiquitylated TCR microclusters into the cSMAC.85 HRS 

recruits clathrin.86 Engaged TCRs are known to be internalized by clathrin-mediated endocytosis; 

indeed, TCR engagement results in the phosphorylation of clathrin heavy chain, which enhances 

the recruitment of clathrin to the plasma membrane.87ï90 Clathrin is recruited to TCR 

microclusters by HRS immediately following engagement with cognate peptide MHC complex 

and ICAM1.91 Within five minutes, HRS and the other components that make up ESCRT-0 

recruit subsequent ESCRT machinery, which leads to the formation of membrane buds at the 

cSMAC.91 The release of these buds as TCR+ ectosomes requires the action of VPS4.92 As TCR 

signaling continues, the TCR complex becomes polyubiquitylated, allowing the clathrin adapter 

epsin 1, which has a low affinity for monoubiquitylated substrates, to exchange with HRS.91,93 

Epsin 1 induces inward curvature of the plasma membrane and thus endocytosis of the TCR 

complex.94 Thus, the fate of the TCR (shedding via ectosomes or endocytosis) is temporally 

regulated by the affinity of clathrin adapters for the ubiquitin state of the TCR (Fig. 1.2A).   
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 This temporal 

regulation is important, as 

shedding and endocytosis 

likely both serve a purpose 

in ensuring optimal T cell 

and APC activation. 

Synaptic ectosomes 

bearing the TCR are 

sufficient to induce 

calcium signaling 

downstream of MHC 

engagement in cognate 

APCs.92 These ectosomes also carry CD40 ligand and can induce APC maturation and cytokine 

production.95 Thus, ectosomes may be involved in activating and maturing APCs. In addition, 

TCRs internalized by endocytosis will continue to signal from within a specially regulated 

endosome containing insulin regulated aminopeptidase (IRAP).96 If the TCR cannot be 

endocytosed, it remains on the plasma membrane where it cannot signal as strongly.96 

Importantly, the production of TCR-loaded ectosomes from the cSMAC is antigen-dependent, as 

ESCRT components are not recruited to the TCR in the absence of antigen, even when adhesion 

molecules are present.91 Additionally, this mechanism of ectosome production seems to be 

independent of trogocytosis (a process in which one cell ñnibblesò at another cellôs membrane, 

often triggered by antigen signaling97), because it occurs when the T cells interact with a 

supported lipid bilayer (a planar bilayer loaded with peptide, MHC, and adhesion molecules 
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meant to mimic an APC) that is incapable of generating pulling forces required for 

trogocytosis.94  

  The immunological synapse is a temporary structure, and after a few hours, the T cell 

will separate from the APC.98 Before and after the formation of the immunological synapse, as 

the T cell searches an APC and detaches from it, respectively, the T cell and APC form a less 

stable structure called a kinapse. When a T cell is in a synapse with an APC, the region of 

membrane in contact with the APC is flat; however, when not in synapse, T cells are covered in 

microvilli.99 T cell microvilli are unique compared to microvilli of other cell types. Unlike those 

of epithelial cells for example, T cell microvilli are dynamic, continuously disintegrating and 

reforming, shrinking and growing, and are irregular in length; in fact, they display characteristics 

similar to filopodia.100  

Microvilli are important for T cell function. They allow T cells to attach to the 

endothelium despite forces generated by blood flow and thus mediate T cell extravasation into 

tissues.101 Indeed, enrichment of L-selectin (also known as CD62L), which binds sialyl Lewis X 

on endothelial cells, at the tips of T cell microvilli allows for much more efficient attachment of 

cells to ligand than when L-selectin is contained to the planar cell body.101,102 Additionally, TCR 

is enriched at the tips of microvilli, and T cells use these TCR ñfingersò to rapidly search an APC 

for cognate peptide MHC complex ï a T cell contacts nearly the entire surface area of an APC 

within one minute of first interacting with it using microvilli.103,104 T cells also use microvilli to 

solve the problem of the glycocalyx, a dense negatively charged network of carbohydrates and 

glycosylated proteins on the surface of all cells.105 Large protein components of the glycocalyx, 

like CD45 and CD43, protrude up to 45 nm from the cell surface, while the TCR only protrudes 

about 7.5 nm, creating a physical barrier against TCR interaction with peptide MHC 
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complexes.106,107 Microvilli breach the glycocalyx barrier, allowing the TCR to come into close 

contact with the peptide MHC complex.108  

In addition to these functions, T cells also use microvilli as platforms of ectosome 

production. During kinapse, ectosomes are shed from T cell microvilli in a mechanism that 

combines trogocytosis and direct budding from the plasma membrane. As T cells migrate away 

from the APC, microvilli are separated from the cell body by trogocytosis; these ñlarge T cell 

microvilli particles,ò or TMPs are then further fragmented by direct plasma membrane budding 

facilitated by ARRDC1 and VPS4 to form small ectosomes less than 100 nm in diameter (Fig. 

1.2B).109 TMPs are enriched in the adhesion molecule CD2 and TCR complex and associated 

signaling molecules, but they do not carry CD40 ligand like ectosomes produced early in the 

formation of the immunological synapse.95,109 This likely reflects differences in biogenesis 

pathways. T cell microvilli particles induce calcium signaling and the upregulation of the 

costimulatory molecules CD40, CD80, and CD86 in dendritic cells.109 Additionally, shedding of 

TCR+ microvilli from T cells during activation, but not internalization of the TCR, allows for 

metabolic reprogramming to aerobic glycolysis, allowing the cells to divide rapidly and undergo 

clonal expansion.110 In conclusion, T cells shed ectosomes containing TCR from the plasma 

membrane, during immunological synapse and kinase with APCs by clathrin and ESCRT-

mediated exocytosis, trogocytosis, and direct budding from the plasma membrane (Fig. 1.2).  

In addition to ectosomes, T cells may also produce exosome-like vesicles, although 

definitive data that convincingly show the production of exosomes from T cells is lacking. T cell 

activation induces the formation of mature multivesicular bodies and results in significant 

changes to the T cellôs secretory systems.111 The microtubule organizing center (MTOC) 

translocates to the nascent immunological synapse and with it, secretory machinery, including 



ΝΤ 
 

the Golgi apparatus and secretory vesicles, like multivesicular bodies, reorient toward the target 

APC.112,113 Because there are more multivesicular bodies closer to the plasma membrane after T 

cell activation, it is an attractive hypothesis that T cells secrete exosomes at the immunological 

synapse. Inhibition of diacylglycerol (DAG) kinase Ŭ, a negative regulator of TCR signaling, 

results in both decreased formation of multivesicular bodies and decreased EV secretion from T 

cells, correlating the formation of multivesicular bodies with EV secretion.111,114 However, to this 

authorôs knowledge, there have been no studies showing the fusion of the multivesicular body 

with the plasma membrane and subsequent release of exosomes from T cells. However, Gould 

and colleagues described that T cell membranes have discrete ñendosome-like domainsò enriched 

in the tetraspanins CD81 and CD63, the ESCRT-I protein TSG101, and VPS31, which typically 

associates with endosomes. By electron microscopy, they show that these ñendosome-like 

domainsò spontaneously bud outwards to produce small (<100 nm in diameter) vesicles with 

characteristics of exosomes but that would classically be defined as ectosomes due to their origin 

from the plasma membrane. However, the existence of ñendosome-like domainsò on the 

membranes of T cells challenges the black and white definitions of ectosome and exosome and 

suggests that membranes are dynamic and interconnected and that vesicles likely exist on a 

spectrum rather than dichotomously being one or the other. 

1.2.2.2 T cell Extracellular Vesicle Cargoes and Functions 

 Regardless of biogenesis pathway, T cell EV cargoes reflect their cell of origin.  As 

discussed above, T cell EVs carry the TCR signaling complex, including TCRɓ, the Ů and ɕ 

chains of CD3, and CD4 or CD8 plus associated downstream signaling molecules like the 

kinases FYN and lymphocyte-specific protein tyrosine kinase (LCK).115,116 However, although 

these kinases are present in T cell EVs, tyrosine phosphorylation of the TCR complex is absent, 
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indicating that TCR signaling is 

terminated in EVs.92 Nevertheless, 

TCR complexes carried as EV 

cargoes appear to remain functional, 

as they can be transferred to target 

APCs, including B cells and 

dendritic cells, where they can bind 

cognate peptide MHC complexes 

and induce calcium signaling in an 

antigen-dependent fashion. 92,109 

These original studies were carried out in models of the immunological synapse. The 

immunological synapse is an incredibly close connection between two cells; the span of the 

synaptic cleft is just 15 nm at its narrowest, which is the region at which TCR and peptide MHC 

complexes interact.117 At this distance, an EV does not need to travel at all to reach its 

destination. In fact, here the line between trogocytosis and ectocytosis is blurred, as the EV 

would physically contact the target cell as soon as it buds from the parent cell. An intriguing 

question is whether T cell EVs can act at a distance to stimulate cognate APCs. Interestingly, 

peptide MHC complexes carried by EVs have indeed been found to act at a distance. Morelli and 

colleagues have shown that allograft peptide-MHC can be delivered via EVs, recognized by B 

cells, and cross dress conventional dendritic cells in the lymph nodes.118,119 Whether or not a T 

cell EV and associated TCR can act on APCs at a distance is an important area of future research. 

 T cell EVs also carry other membrane proteins associated with immune function, 

including MHC class I and II,115 cytokine receptors and co-receptors (i.e. CD25, neuropilin-
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1),120,121 chemokine receptors (i.e. CXCR4),115 co-stimulatory receptors (i.e. CD28 and CD40 

ligand),115,116 integrins and other adhesion molecules (i.e. CD2, LFA1, CD47),115,122 apoptosis-

inducing ligands (i.e. FAS ligand),114 enzymes (i.e. CD73),123 chemokines (i.e. eotaxin, 

CCL4),124 and cytokines (i.e. IL-35, IFN-ɔ).125,126 Linking an individual EV cargo to a function is 

difficult, as EVs likely deliver multiple synergistic signals. However, in some cases, specific 

cargoes have been shown to change the behavior of target cells.  

 Thus far, one of the emerging functions of T cell EVs is to suppress the activity of 

bystander T cells. For example, following activation through the TCR, T cells secrete EVs 

carrying FAS ligand that participate in T cell activation induced cell death (AICD), an important 

mechanism for dampening T cell immune responses.114,127 In addition, regulatory T cells secrete 

EVs can that suppress conventional T cell immune functions through multiple EV cargoes. EVs 

secreted by regulatory T cells carry the immunosuppressive cytokine IL-35, and these IL-35+ 

EVs coat lymphocytes during infection to promote lymphocyte exhaustion and infection 

tolerance.125 Additionally, regulatory T cells also secrete EVs carrying the ecto-5ô-nucleotidase 

CD73, and the EV-associated CD73 can convert adenosine 5-monophosphate to adenosine, 

which suppresses the proliferation of CD4+ T cells in vitro.123 Finally, regulatory T cells secrete 

EVs carrying the cell surface glycoprotein neuropilin-1, which suppress CD4+ T cell 

proliferation in a neuropilin-1-dependent manner in vitro and promote tolerance in an in vivo 

model of skin transplantation.120 Thus, EVs produced by T cells and particularly regulatory T 

cells seem to be vital components of controlling T cell-based immunity. 

 T cell EVs have also been shown to regulate the functions of other cell types, especially 

other immune cells. For example, activated CD4+ T cells secrete EVs carrying the cytokine 
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IFNɔ, and these EVs prime 

macrophages to respond in 

vitro to the toll-like receptor 4 

(TLR4) ligand 

lipopolysaccharide (LPS) and 

the stimulator of interferon 

genes  (STING) ligand 2ô3ô-

cyclic guanosine 

monophosphate adenosine 

monophosphate (cGAMP).126 

In vivo, these T cell EVs 

increased the survival of 

tumor-bearing mice treated 

with cGAMP.126 T cells have 

also been shown to secrete EVs carrying the thrombospondin-1 receptor CD47, and these EVs 

act on endothelial cells to modulate their response to vascular endothelial growth factor 

(VEGF).122 

 In addition to acting through the protein cargoes they carry, T cell EVs may also signal to 

target cells via nucleic acid cargoes. The most well-documented nucleic acid cargo carried by T 

cell EVs is microRNA. MicroRNAs (miRNAs) are small non-coding RNAs that post-

transcriptionally regulate gene expression.128 MiRNAs were first described to be transferred 

between cells via EVs in 2007 when Lºtvall and colleagues showed that mouse mast cells can 

transfer miRNA to human mast cell through EVs.129 The miRNA content of an EV can reflect 
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that of the parent cell, or it can differ, likely due to selective sorting of specific miRNA species 

into EVs. There is evidence of sorting miRNAs into EVs through several mechanisms, including 

the selective recruitment of miRNA into phase-separated condensates that form at the limiting 

membrane of the multivesicular body and shutting of miRNAs to multivesicular bodies by RNA-

binding proteins that recognize specific sequences called ñEXO motifs.ò130ï133 There are data to 

suggest that EV-associated miRNAs promote active communication between cells. For instance, 

dendritic cells have been shown to transfer functional miR-155 and miR-146a via EVs to other 

dendritic cells, and these miRNAs modulate the response of the recipient cells to endotoxin.136  

Like other immune cell types (dendritic cells,137 B cells,138 mast cells,129 and 

macrophages,139) T cells secrete EVs containing miRNA. Packaging of at least some of these 

miRNAs is selective, as T cell activation reduces cellular expression of miR-150 but increases 

the level of miR-150 in EVs.138 Because miR-150 targets the transcription factor c-MYB which 

in turn promotes the expression of the anti-apoptotic gene Bcl2, T cells may use EVs as a 

mechanism to dispose of miRNA species that antagonize lymphocyte activation.140 Indeed, the 

miRNAs released by T cells following TCR stimulation are generally enriched for those 

targeting transcripts that are required for activation.141 Therefore, T cells may utilize EVs to 

ñresetò and rapidly change their transcriptional state to facilitate activation and during transitions 

between cellular states.  

The types of miRNAs T cell EVs carry and the functions those EV-associated miRNAs 

perform vary based on the context. The miRNA repertoire of T regulatory cell EVs is different 

than that of Th1 or Th17 cells, which may reflect the functional differences of the parent cells, as 

T regulatory cells are suppressive, while Th1 and Th17 cells are pro-inflammatory.142 T 

regulatory cells transfer the miRNA Let-7d to Th1 cells through EVs, and this contributes to 
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suppression of proliferation and secretion of IFNɔ by the Treg cells.143 T cell EV-associated 

miRNA may also activate immune cells. Indeed, activated T cell EVs carrying miR-4443 activate 

mast cells in vitro and promote mast cell secretion of the pro-inflammatory cytokine IL-8.144 

Therefore, depending on the context and the type of T cell involved in the response (regulatory T 

cell versus activated effector T cell), T cell EV-associated miRNA may be suppressive or 

activating. 

Other nucleic acid cargoes can also be carried by T cell EVs. One intriguing example is 

fragments of tRNAs. T cell activation induces the secretion of EVs containing tRNA fragments, 

and degradation of these tRNA fragments in the cell supports T cell activation, suggesting that, 

like miR-150 described above, T cells dispose of tRNA fragments in EVs to promote 

activation.145 T cell EVs have also been described to carry DNA, both genomic (gDNA) and 

mitochondrial (mtDNA).146 EVs derived from T cells transfer mtDNA to recipient dendritic cells 

and subsequently activate the cGAS/STING pathway and the expression of pro-inflammatory 

genes, such as ISGs.146 Interestingly, the mtDNA is loaded into EVs through a mechanism 

independent of autophagy, indicating that mtDNA must have an alternative pathway to be 

actively sorted.146 Membrane contact sites between the multivesicular body and the endoplasmic 

reticulum have been described to be important sites of the biogenesis of RNA-carrying EVs.147 

Mitochondria make physical contact with endosomes, and mitochondria polarize to the 

immunological synapse during T cell activation.148,149 Perhaps mitochondria-multivesicular body 

membrane contact sites at the immunological synapse are platforms for the biogenesis of these 

mtDNA-containing EVs in T cells.  

In conclusion, T cell EVs carry a variety of immune-associated cargoes that, in some 

cases, have been demonstrated to either suppress or stimulate T cells and other types of immune 
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cells. These functions have primarily been demonstrated in vitro, so more investigation is needed 

to understand the roles of T cell EVs during tissue inflammation, Please see Figures 1.3 and 1.4 

for a visual summary of the literature concerning T cell EV cargoes and functions. 

1.3 T cells in Chronic Lung Inflammation  

 Human lungs process over 10,000 liters of air each day, and with it, the lungs must 

contend with a host of noxious particles ï dust, pollutants, pollen, viruses, and bacteria.150 The 

pulmonary immune system is well-equipped to cope with these invaders. The mucociliary 

system is the first line of defense. Large particles (> 10 Õm) cannot travel past the conducting 

airways due to biophysical constraints and are transported by the combined action of ciliated 

respiratory epithelial cells and mucus produced by goblet cells to the pharynx, where coughing, 

sneezing, and swallowing expels them.150,151 Mucus also contains a myriad of antimicrobial 

peptides produced by airway epithelial cells, such as ɓ-defensins and lactoferrin.152,153 Smaller 

particles may descend into the small airways and alveoli, which are surveilled by alveolar 

macrophages and coated with surfactants produced by type II alveolar cells. Pulmonary 

surfactants can bind and opsonize or even directly clear respiratory pathogens.154 During 

homeostasis, alveolar macrophages are the primary population of immune cells in the alveoli, 

and they can directly eliminate pathogens through phagocytosis and subsequent microbial killing 

or recruit additional leukocytes if they are overwhelmed.155 Under inflammatory conditions, 

alveolar macrophages also secrete arachidonic acid metabolites and IL-8, both of which recruit 

neutrophils to aid in the response to the pathogen.156,157 If the innate immune system fails to clear 

the infection, the adaptive immune system will become involved in the inflammatory response, 

and this includes T cells. 
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 Dendritic cells are the bridge between the innate and adaptive immune systems. Lung 

dendritic cells include plasmacytoid dendritic cells (pDCs), which specialize in the production of 

type I interferons, and conventional dendritic cells (cDCs), which present antigen to T cells.158 

The antigen presenting capability of pDCs in the lung is unclear, with evidence suggesting that 

pDCs are not strong antigen presenting cells except in the case of viral infection. On the other 

hand, cDCs, which extend projections into the airway lumen to sample antigen, can migrate to 

the mediastinal lymph nodes (the draining lymph nodes of the lungs) and present antigen to 

CD4+ T cells.159,160 Interestingly, T cell activation during lung infection may also occur outside 

the lymph nodes, as CCR7 knockout mice, in which dendritic cells cannot traffic to the lymph 

nodes, show CD4+ T cell activation in response to Mycobacterium tuberculosis infection.161 As 

an aside, perhaps dendritic cell-derived EVs fulfill the role of the dendritic cell in these knock-

out mice. Dendritic cells in the lung sense pathogen associated molecular patterns (i.e. LPS, 

peptidoglycan, unmethylated CpG dinucleotides), cytokines (i.e. alarmins, TNF-Ŭ, GM-CSF), 

chemokines (i.e. MIP-3Ŭ, MIP-1Ŭ, and RANTES), lipid mediators (prostaglandins, leukotrienes), 

and other inflammatory molecules secreted by lung epithelial cells, alveolar macrophages, and 

stromal cells through pattern recognition receptors (i.e. Toll-like receptors, C-type lectin 

receptors), cytokine receptors (i.e. ST2, TNF and GM-CSF receptors), chemokine receptors (i.e. 

CCR6, CCR7), and lipid receptors (prostaglandin and leukotriene receptors).162ï165 After sensing 

pathogen or inflammatory signals, dendritic cell antigen presenting capacity is increased through 

the upregulation of MHC, co-stimulatory molecules like CD80 and CD86, and chemokine 

receptors that allow the dendritic cell to migrate to the draining lymph nodes like CCR7.165 Once 

in the draining lymph node, the dendritic cell will interact with a cognate naµve T cell and license 

it to participate in the inflammatory response. Dendritic cells also secrete polarizing cytokines 
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that will cause naµve T cells to differentiate into helper T cells that can participate in type 1, 2, 

and 3 immunity to respond to intracellular pathogens, parasites and allergens, and extracellular 

pathogens, respectively.  

1.4 Type 2 Immunity 

 Type 2, or allergic, immunity is enigmatic. Unlike type 1 immunity, which is elicited in 

response to common microbial components shared by many species of microbes, such as the 

LPS that composes the outer cell walls of Gram-negative bacteria, type 2 immunity is triggered 

by diverse and seemingly unrelated stimuli. Helminths, ticks, mites, venoms, pollens, mold, 

animal dander, pollutants, chemicals, heavy metals, foods, and more provoke type 2 immune 

responses. The dogma of type 2 immunity is that it evolved to protect the body from macro-

parasites, specifically, helminths like tapeworms and roundworms. However, type 2 immunity is 

involved in homeostatic as well as inflammatory processes, and ideas about its evolution have 

themselves evolved. Theories about the function of type 2 immunity range from thermogenesis, 

the resolution of inflammation, protection of barrier tissues, immune tolerance during pregnancy, 

tissue turnover, and preventing exposure to venoms and environmental toxins.166ï169 Maladaptive 

type 2 immune reactions, such as asthma, food allergies, atopic dermatitis, and rhinosinusitis, 

cause considerable morbidity and mortality, with one third of all adults in the United States 

suffering from some form of allergy.170 Despite the high prevalence of allergy, there is much to 

learn about how allergic inflammation arises, how it is maintained, and how it can be controlled. 

1.4.1 T cells in Type 2 Immunity 

 Type 2 immune responses are orchestrated by cytokines secreted primarily by group 2 

innate lymphoid cells (ILC2s) and CD4+ T helper 2 (Th2) cells. These cytokines include IL-4, 
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IL-5, and IL-13. In vitro, ILC2s predominately produce IL-5 and IL-13, while Th2 cells 

predominantly produce IL-4 and IL-13.171,172 This seems to be due to differences in chromatin 

remodeling downstream of signaling in ILC2s versus Th2 cells, with Th2 cells being unable to 

induce IL-5 expression unless multiple rounds of TCR stimulation occur.173,174 ILC2s are 

transcriptionally very similar to Th2 cells but lack the TCR and thus are not activated by specific 

antigens. Instead, ILC2s, which are generally considered tissue-resident cells, respond to signals 

from the epithelium, such as the alarmins IL-25, IL-33, and thymic stromal lymphopoietin 

(TSLP), and neuronal factors, like neuromedin U.175,176 Th2 cells, on the other hand, are 

activated by APCs in the lymph nodes and then must migrate into the inflamed tissue. 

 Allergens differ from other types of immunostimulatory agents in that they are not 

necessarily innately immunogenic. They are not capable of directly activating APCs; therefore, 

they must provoke a damage response in the tissue to initiate immune activity. In the case of 

aeroallergens, perturbations to the respiratory epithelium can provide this first ñprimingò signal. 

For example, protease allergens, like papain from papaya and proteases found in cockroach and 

house dust mite feces, cleave tight junctions between epithelial cells, increasing the permeability 

of the barrier.177 Stressed epithelial cells secrete damage associated molecular patterns, like ATP, 

S100 proteins, and high mobility group box 1 (HMGB1), as well as cytokines, like IL-25, IL-33, 

and TSLP.178 These signals activate local dendritic cells, which take up and process antigen, 

mature, and migrate to the lymph node to interact with T cells.  

 How naµve T cells in the lymph nodes are polarized to Th2 cells is debated. Th2 cell 

polarization requires exposure to the cytokine IL-4 and resulting activation of the transcription 

factor STAT6, which enhances the expression of the transcription factor GATA3.179 GATA3 

binds at multiple sites in the Th2 cytokine locus, which includes Il4, Il5, and Il13, and is 
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necessary and sufficient for the polarization of Th2 cells.180 Dendritic cells produce the IL-12  

required to polarize Th1 cells and subsequently initiate type 1 immunity.181 However, despite 

evidence that dendritic cells are required for the initiation of Th2 immune responses, they do not 

produce IL-4.182 Some groups have shown that basophils, which are major producers of IL-4, can 

migrate to the lymph nodes, present antigen to, and polarize T cells in mouse models of protease 

allergy or ovalbumin-induced allergic airway inflammation.183ï185 In addition, T cells can 

polarize to Th2 cells in the absence of exogenous IL-4 when TCR signaling is weak or STAT5 is 

activated.186ï188 Thus, low levels of endogenous IL-4 expression may act in an autocrine manner 

to prime Th2 polarization, which is amplified as polarization progresses. Finally, some groups 

argue that T cells are polarized to ñpro-Th2 cellsò in the lymph nodes and that their polarization 

is not complete until they migrate into tissues and are exposed to signals that allow them to fully 

differentiate into bona fide Th2 cells (i.e. TSLP, which activates STAT5).189 Indeed, Th2 cells 

must interact with the tissue-derived cytokines IL-25, IL-33, and TSLP to be licensed to secrete 

IL-13 in the lungs of mice infected with hookworm despite being sufficiently primed in the 

draining lymph nodes.190 Moreover, so-called ñpathogenic Th2 cellsò that secrete high levels of 

IL-5 in allergic inflammation can be induced in vitro by co-treatment with TSLP and the 

TNFRSF family member glucocorticoid-induced TNFR family-related protein (GITR).191 Thus, 

Th2 cells may be induced through several different processes or a combination of processes 

depending on the stimulus. However, it seems likely that Th2 cell polarization begins in the 

lymph node where cells are primed and finishes in the tissue where the cellôs necessity is 

confirmed and the cell is licensed to engage in the immune response. 

 Metabolic reprogramming is also an important component of Th2 cell polarization. 

Immediately following activation, T cells increase glycolysis to support rapid cell proliferation 
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and T cell functions.192 Th2 cells seem to be the most glycolytic following activation of all the T 

helper subsets (Th1, Th2, and Th17) and express high levels of the glucose transporter 

GLUT1.193 Later, once Th2 cells are in the tissue, they seem to become more reliant on lipid 

metabolism.194 Mammalian target of rapamycin (mTOR) senses nutrient and growth factor levels 

in cells as well immune-related signals, such as TCR stimulation, and can exist as two 

multiprotein complexes, mTOR complex 1 (mTORC1) and mTORC2.195 mTORC2 is required 

for polarization of Th1 and Th2 cells. In T cells, mTORC2 induces the phosphorylation and 

activation of protein kinase C ɗ and serum and glucocorticoid-regulated kinase 1 (SGK1), both 

of which promote Th2 cell polarization.196,197 Finally, type 2 immune cells (Th2 cells, ILC2s, and 

M2 macrophages) all express peroxisome proliferator-activated receptor gamma (PPARɔ), a 

transcription factor that regulates lipid metabolism. Supporting the idea that Th2 cells become 

more reliant on lipid metabolism in the tissues, PPARɔ is required for the expression of the IL-33 

receptor, ST2, by Th2 cells in the lungs and is highly expressed by a ñpathogenicò subset of Th2 

cells that produce IL-9 (a.k.a Th9 cells) in human allergic skin disease.198,199 

 Following activation and priming in the lymph nodes, Th2 cells must migrate into the 

tissue to participate in an immune response. Th2 cells traffic to the lungs in a manner than partly 

depends on chemokines, including CCL11 and CCL22, secreted by respiratory epithelial cells, 

macrophages, eosinophils, and other lymphocytes.200ï203 The receptors for these chemokines, 

CCR3 and CCR4, respectively, are preferentially expressed by Th2 cells. Th2 cells also 

downregulate the lymph node homing receptors CD62L and CCR7, which promotes lymph node 

egress and blocks re-entry.204 In addition, Th2 cells rely on signals from other recruited immune 

cells. For example, basophils activated by IL-33 secrete IL-4 which increases surface expression 

of ICAM1 on lung endothelial cells and subsequently increases extravasation of Th2 cells into 
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the lung tissue during house dust mite-induced allergic airway inflammation.205,206 Mast cells 

also contribute to the expression of the adhesion molecules ICAM1 and vascular cell adhesion 

molecule (VCAM1) in lung tissue through secretion of TNFŬ.207 Once they arrive in the tissue 

and fully differentiate, Th2 cells provide a variety of effector functions. Here I will primarily 

discuss the role of Th2 cells in the lungs in the context of asthma.  

1.4.2 Asthma 

 Asthma is a chronic inflammatory disease of the small airways that affects 300 million 

people worldwide.208 It is characterized by airflow obstruction, shortness of breath, and 

wheezing.209 Asthma is a heterogeneous disease and can be divided into type 2 high and non-type 

2 endotypes based on pathogenesis, with type 2 high asthma characterized by lung eosinophilia 

and non-type 2 asthma characterized by non-eosinophilic, typically neutrophilic lung 

inflammation.210 Here I will focus on type 2 high asthma, which affects up to 70% of people with 

asthma.211 Type 2 high asthma can further be classified into phenotypes: 1) atopic or allergic 

asthma, which is generated through adaptive immune recognition of allergens, 2) late onset 

asthma, which is thought to be driven primarily by ILC2s, and 3) aspirin-exacerbated respiratory 

disease (AERD), which is characterized by dysregulated arachidonic acid metabolism and 

respiratory reactions in response to cyclooxygenase 1 (COX1) inhibitors.210  

1.4.2.1 T cells in Asthma Pathogenesis 

 The innate immune response, particularly the activities of ILC2s, is vital for initial 

allergen sensitization.212,213 However, once they are established, Th2 cells play a clear and key 

role in the pathogenesis of allergic asthma. Depletion of CD4+ T cells prior to allergen challenge 

reduces lung eosinophilia and airway reactivity in response to acetylcholine to baseline in a 
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mouse model of sheep red blood cell sensitization and challenge-induced airway 

inflammation.214 Airway hyperreactivity, or excessive narrowing of the airways in response to 

the muscarinic receptor agonist acetylcholine is a hallmark characteristic of asthma. Additionally, 

recombination-activating gene (RAG) deficient mice, which lack T and B cells, do not develop 

airway hyperreactivity in response to airway sensitization and challenge with Aspergillus, but 

reconstitution of RAG deficient mice with CD4+ T cells rescues airway hyperreactivity, 

suggesting that CD4+ T cells are necessary for the development of airway hyperreactivity in 

response to allergen sensitization and challenge.215 There is also some evidence for the 

importance of Th2 cells in human asthma. IL-4 producing Th2 cells are increased in the airways 

of patients with asthma compared to healthy controls.216 Although antigen-specific CD4+ T cells 

are relatively rare in the airways of patients with asthma at baseline (i.e. before challenge with an 

allergen), they increase following allergen challenges, indicating that they are recruited into the 

airways in response to allergen.217 

 In the lung tissue, Th2 cells produce the canonical type 2 cytokines IL-4, IL-5, IL-9, and 

IL-13. IL-4 signals through the IL-4 receptor (IL4R), which is composed of a specific IL-4 

receptor Ŭ chain and either the common IL2R ɔ chain, which is called the type I IL-4 receptor, or 

the IL13R Ŭ1 chain, which is called the type II IL-4 receptor.218ï220 It signals through 

Jak3/Stat6.221 IL-4 is a pleiotropic cytokine; it affects T cells, B cells, endothelial cells, 

macrophages, mast cells, basophils, and epithelial cells. IL-4 promotes polarization of naµve T 

cells to Th2 cells,222 causes isotype switching to from IgM to IgE in B cells,223,224 increases the 

permeability of endothelial cells and their surface expression of the adhesion molecule 

VCAM1,225,226 polarizes macrophages toward the M2 phenotype,227 induces the proliferation and 

survival of mast cells and basophils,228,229 and induces the expression of mucin genes in airway 



ΟΝ 
 

epithelial cells.230 Like IL-4, IL-13 binds the type II IL-4 receptor and signals through 

Jak3/Stat6, so it shares some biological functions with IL-4.221,231 IL-13 is not capable of 

polarizing T cells or inducing class switching in B cells, but it is involved in airway 

hyperresponsiveness and mucus over-production. It increases airway smooth muscle cell 

contractility and causes goblet cell hyperplasia and mucus hypersecretion.232ï234 IL-13 also 

regulates enzymes of the arachidonic acid metabolism pathway; for example, IL-13 signaling 

leads to decreased prostaglandin E2, which normally inhibits pro-inflammatory cysteinyl 

leukotriene signaling.235 IL-5 primarily acts on eosinophils and signals through IL-5R, composed 

of a specific IL5R Ŭ chain and the common ɓ chain, which it shares with IL-3 and GM-CSF, and 

Jak1/2 and Stat1/5.236 IL-5 promotes eosinophil maturation, proliferation, survival, and airway 

recruitment.237,238 Eosinophils are hypothesized to be involved in asthma pathogenesis, primarily 

due to the presence of eosinophilia in the airways of patients with asthma and the observed 

response of patients to biologics targeting IL-5 and IL-5R (decrease in asthma 
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exacerbations).239,240 In mice, but not in humans, IL-5 also activates and matures B1 B cells.241 

Finally, IL-9 is not as well-characterized as the other canonical type 2 cytokines, but it is known 

that IL-9 expression is increased in lymphocytes isolated from bronchoalveolar lavage fluid 

(BALF) in response to segmental allergen challenge.242 IL-9 signals through the IL9R composed 

of the specific IL9R Ŭ chain and the common ɔ chain via Jak1/3 and Stat1/3/5.243 IL-9 acts on 

mast cells to enhance cytokine production, progenitor proliferation, and airway recruitment244,245 

and macrophages to promote expression of arginase 1 and RANTES/CCL5, a chemokine that 

recruits T cells, monocytes, and eosinophils.246,247 These type 2 cytokines produced by Th2 cells 

synergize to drive asthma pathology ï airway constriction, inflammation, and mucus 

hypersecretion (Fig. 1.5). 

1.4.2.2 Current Clinical Management of Asthma 

 Mild to moderate type 2 high atopic asthma is normally treated with inhaled 

corticosteroids with the addition of beta-2 agonists (drugs that cause bronchodilation) and 

leukotriene receptor antagonists if the patient does not completely respond to inhaled 

corticosteroids.248 Severe asthma generally requires the addition of biologic therapies targeting 

IgE (omalizumab), IL-5 (mepolizumab and reslizumab), IL-5R (benralizumab), IL-4R 

(dupilimab), and TSLP (tezepelumab).249 Corticosteroids are generally successful in improving 

lung function, but they can cause adverse effects, especially at high doses, and up to 35% of 

patients do not respond.250,251 Additionally, around 20% of patients with severe asthma do not 

respond to biologic therapies.252 Even in patients who do respond to biologic therapies, only 

about 20% achieve remission.252 AERD patients are treated with some of the same drugs as 

patients with atopic asthma, including inhaled and intranasal corticosteroids, biologics targeting 

IgE, IL-5, and IL-4/13, and leukotriene receptor antagonists. AERD patients may additionally 
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undergo aspirin desensitization requiring daily aspirin for maintenance and often require surgical 

resection of nasal polyps.253 However, AERD tends to be resistant to treatment, and nasal polyps 

usually recur following surgery.254 Because current treatment options do not completely control 

disease in all patients, further studies into the pathogenesis of asthma are warranted to allow for 

the development of new therapies to improve patient quality of life. 

1.4.2.3 Extracellular Vesicles in Asthma 

 EVs are abundant in respiratory biofluids routinely extracted from patients, which makes 

them an attractive prospective biomarker for respiratory disease. BALF is collected by instilling 

saline into the trachea and then withdrawing it to analyze the fluid that lines the airways. The 

concentration of EVs in BALF has been measured from 108 to 109 EVs/mL, and the 

concentration of EVs in lung lining fluid is likely higher, as BAL dilutes lung lining fluid 10 to 

100 times.255,256 EVs are also present in nasal lining fluid and tracheal aspirates.257,258 The 

majority of EVs found in respiratory biofluids are derived from the respiratory epithelium with 

some contribution from alveolar macrophages at steady state.259 Inflammatory changes that occur 

during asthma are reflected by the EVs present in the lungs and airways. 

 Airway EVs in general are increased in the airways of patients with asthma compared to 

healthy controls by nanoparticle tracking analysis.260 Specifically, epithelial cell-derived EVs are 

increased in the BALF of mice with induced allergic airway inflammation, and our own work 

showed that immune cells recruited into the airways during induced allergic inflammation 

secrete EVs carrying miRNA cargoes.135,259  Additionally, EVs carrying markers of platelets and 

basophils are increased in the nasal lavage fluid of patients with AERD compared to healthy 

controls and patients with chronic rhinosinusitis without nasal polyps.261 The cargo compositions 

of EVs in the airways also changes in asthma. In in vitro models, IL-13 treatment alters miRNA 
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cargoes of EVs secreted by human bronchial epithelial cells in vitro and imbues these EVs with 

the ability to promote the proliferation and chemotaxis of monocytes.259,262 In humans, asthmatic 

airway EVs are enriched in HLA-DR and ICAM1 and depleted of phosphatidylglycerol 

compared to control airway EVs.263 Additionally, certain miRNA species, including members of 

the Let-7 and miRNA-200 families, are significantly downregulated, and other species, including 

members of the miR-34 family, are significantly upregulated in EVs from asthmatic BALF 

compared to those from control BALF.264 Little is known about how EV composition changes 

during an active inflammatory reaction, a gap that this dissertation will address. However, it is 

clear that inflammation that occurs with asthma results in a shift in EV composition that seems to 

reflect an influx of immune cells and changes in the behavior of resident cells. 

 In addition to documented broad changes in EV composition that occur in the airways in 

asthma, there is also some evidence that EVs could functionally participate in asthma 

pathogenesis. EVs secreted by B cells from patients with allergies and mouse bone marrow-

derived mast cells can both induce polarization of T cells to Th2 cells, with B cell EVs 

presenting antigen to allergen-specific T cells and mast cell EVs stimulating T cells via 

OX40L.265,266 Additionally, EVs secreted by eosinophils induce chemotaxis and adhesion and 

increase nitric oxide and reactive oxygen species production in other eosinophils.267,268 Finally, 

myeloid-derived regulatory cells isolated from the airways of patients with asthma can transfer 

mitochondria to T cells through EVs.269 Taken together, these studies suggest that inflammatory 

perturbations that occur during asthma cause changes in lung EV composition and that EVs 

produced by the types of cells involved in asthma pathogenesis can affect the behavior of target 

cells. However, as these studies were performed in vitro, the relevance of EV-based intercellular 

communication in the tissue is not known. Additionally, the EV cargoes involved in these 
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observed functions are largely unknown. The cargo involved is an important factor in developing 

potential new therapies for patients. This dissertation will address both gaps.  

1.5 Conclusion 

 The field of EV biology is relatively new. Although much has been learned in the last few 

decades about EV biogenesis, cargoes, and functions, significant gaps in knowledge still exist. 

For example, many EV biogenesis studies, even in T cells, focus on immortal cell lines, such as 

Jurkat cells, which likely do not faithfully replicate the activities of primary cells. Additionally, 

EV functional studies tend to focus on simple in vitro systems that do not account for changes to 

cell state that may occur in the tissue. Finally, specific cargoes responsible for EV functions are 

often not identified. The work presented in this dissertation seeks to address these gaps in 

knowledge using asthma as a disease model. In this work, the cargoes and functions of primary 

effector T cells in two activation states (rested or activated) were assessed in vitro and in vivo 

during active allergic airway inflammation. This work describes the discovery of a novel mode 

of EV-based communication in allergic airway inflammation that I believe can be generalized to 

virtually all immune-mediated pathologies. 
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CHAPTER 2 

TH2 CELL EXTRACELLULAR VESICLES PROMOTE EOSINOPHIL SURVIVAL AND 

PROLONG AIRWAY EOSINOPHILIA DURING TYPE 2 INFLAMMATION 

Adapted from: Bunn, KE, Giese-Byrne, BG, Blatt, AM, Newcomb, DC, and Pua, HH. (2025). 

Mouse Th2 cell extracellular vesicles promote eosinophil survival through the surface cytokine 

cargo IL-3. J Allergy Clin Immunol, 156(4), 1053-1065. 

2.1 Introduction 

 As described in Chapter 1, 

EV composition changes during 

allergic airway inflammation. 

Our own work suggests that this 

compositional change is at least 

partly due to secretion of EVs 

by immune cells recruited to the 

lungs during inflammation, as 

immune cell-derived EVs are 

increased in the airways of mice 

with induced allergic inflammation compared to non-inflamed controls.135  However, the types of 

immune cells that contribute to airway EVs and the functions of those EVs in promoting or 

controlling asthma pathogenesis are not known. Here, we utilized T cell membrane tagging in 

conjunction with mouse models of allergic airway inflammation to assess the contribution of T 

cells to EVs present in the airway during allergic inflammation. We additionally used in vitro EV 

isolation techniques from primary T cell culture to assess the effects of T cell EVs on eosinophils 

in vitro and in vivo during active allergic airway inflammation. We found that T cell EVs are 

increased in the airways of mice with induced allergic inflammation compared to controls and 
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that EVs secreted by Th2 cells activated through the TCR promote eosinophil survival in vitro 

and in vivo and prolong airway eosinophilia during type 2 lung inflammation (Fig. 2.1). 

2.2 Materials and Methods  

2.2.1 Animals   

All animal studies were performed after obtaining approval from the Vanderbilt Institutional 

Animal Care and Use Committee. mTmG (Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) 

mice (JAX 007576) were crossed with Lck-iCre (B6.Cg-Tg(Lck-icre)3779Nik/J) mice (JAX 

012837) to generate mice on a C57BL/6 background in which T cells are specifically labeled 

with mGFP. All non Lck-Cre mTmG mice used were wildtype C57BL/6J (JAX 000664). Mice 

were used between 6 and 16 weeks of age and were housed in a specific pathogen free facility. 

Allergen challenge and sensitization and retro-orbital injection were performed under isoflurane 

anesthesia. All fluid and tissue collection was performed after mice were euthanized.    

2.2.2 Isolation of murine CD4+ T cells   

Spleens and inguinal, cervical, and axillary lymph nodes were dissected from female C57BL/6 

mice between the ages of 6 and 12 weeks, and a single cell suspension was prepared by pressing 

the spleens and lymph nodes through a 70 Õm nylon cell strainer. CD4+ T cells were isolated 

from spleen and lymph node single cell suspensions by positive bead selection using the 

Dynabeads FlowComp Mouse CD4 Kit (ThermoFisher Scientific 11461D) per manufacturer 

instructions.    

2.2.3 Polarization and activation of Th2 cells   

Non-tissue culture treated plates were prepared by incubating with 1 Õg/ml goat anti-hamster 

IgG (ThermoFisher 31115) overnight at 4ÁC, washing, and then incubating with 1 Õg/ml anti-
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CD3 (BioXCell Clone 145-2C11) and 1 Õg/ml anti-CD28 (BioXCell Clone 37.51) at 37ÁC for 2 

hours. Isolated CD4+ T cells were stimulated with plate-bound anti-CD3 and anti-CD28, 10 

ng/ml IL-4 (Peprotech 214-14), and 10 ng/ml anti-interferon gamma (BioXCell Clone XMG1.2) 

in opTmizer serum-free, phenol-free media with added expansion supplement (ThermoFisher 

A3705001) for 3 days. On day 3, cells were removed from anti-CD3/anti-CD28 stimulation and 

rested in opTmizer media with 10 ng/ml IL-4 and 60 U/ml IL-2 (National Cancer Institute at 

Frederick) for an additional day. Media was changed and replaced with fresh opTmizer media 

with 10 ng/ml IL-4 and 60 U/ml IL-2 on day 4 and cells were rested for an additional day. On 

day 5 of culture, polarized Th2 cells were placed back onto anti-CD3/anti-CD28 plates in 

opTmizer media with 60 U/ml IL-2 and re-stimulated for 6 hours.   

2.2.4 Isolation of EVs from rested and activated mouse Th2 cell cultures   

On day 5 of culture, before restimulation, Th2 cells were centrifuged at 250xg for 10 minutes to 

pellet cells, and supernatant was collected. This supernatant was subjected to centrifugation at 

2,000xg for 30 minutes to pellet large cellular debris and was used for isolation of rested Th2 cell 

EVs. Th2 cells resulting from 250xg centrifugation were re-stimulated for 6 hours, and media 

was subsequently collected and subjected to 250xg and 2,000xg differential centrifugation and 

was used for isolation of activated Th2 cell EVs. EVs were isolated from cell culture supernatant 

by size exclusion chromatography using the Izon 35 nm qEV100 column (IC100-35) or qEV10 

column (IC10-35) per manufacturer instructions. The first 3x50 ml fractions following the void 

volume were collected for the qEV100 column, and the 2nd, 3rd, and 4th 5 ml fractions after the 

void volume were collected for the qEV10 column, as instructed by the manufacturer. Fractions 

were then concentrated using ultrafiltration with a 100 kDa filter (Millipore Sigma 

UFC710008).    
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2.2.5 T cell viability assay    

Rested and activated Th2 cell viability was assayed using the LIVE/DEAD cell imaging kit 

488/570 (Invitrogen R37601) per manufacturer instructions. After staining, cells were imaged 

with the EVOS FL fluorescent microscope (ThermoFisher). The number of red and green cells in 

the images were quantified using Fiji (https://imagej.net/software/fiji/).    

2.2.6 Nanoparticle tracking analysis   

The concentration of EVs was analyzed by nanoparticle tracking analysis using a ZetaView 

(ParticleMetrix) with a 405 nm laser in scattering mode at RT. EVs were diluted 1000 to 10,000 

times in PBS, and measurements were performed using 11 camera positions with a sensitivity 

setting of 65. Data were analyzed using ParticleMetrixôs NTA software.    

2.2.7 Transmission Electron Microscopy    

Activated and rested Th2 cell culture media was centrifuged at 250xg for 10 minutes and 

2,000xg for 30 minutes and then fractionated using Izon qEV100/35 nm Sepharose size 

exclusion columns (Izon IC100-35) per manufacturer instructions. The first 3 fractions were 

pooled and concentrated using ultrafiltration with 100 kDa pore size (Millipore Sigma 

UFC710008). Resulting concentrates were layered into an iodixanol gradient consisting of 40%, 

20%, 10%, and 5% OptiPrep (StemCell Technologies 07820) diluted with 0.25 M sucrose, 50 

mM EDTA, 10 mM Tris HCl pH 7.5 in PBS. Samples were loaded on the bottoms of the density 

gradients. Gradients were ultracentrifuged at 100,000xg for 18 hours. Gradient layers with 

buoyant density of EVs were isolated, diluted in PBS, and ultracentrifuged at 100,000xg for 4 

hours. Resulting pellets were resuspended in PBS. EVs were adhered to freshly glow discharged, 

300 mesh carbon coated grids for 10 seconds followed by 2 brief washes in ddH2O and stained 
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with 2% uranylacetate. TEM was performed with the Tecnai T12 microscope, which operates at 

100 keV using an AMT nanosprint CMOS camera.   

2.2.8 Induction of allergic airway inflammation with ovalbumin sensitization and challenge   

A solution of 10 mg/ml ovalbumin protein (OVA) from chicken egg white (Millipore Sigma 

A5503) was prepared by resuspending 50 mg OVA in 5 ml pharmaceutical-grade PBS (VWR 

K812). For sensitization, 5 Õl of 10 mg/ml OVA was combined with 95 Õl pharmaceutical-grade 

PBS and 100 Õl Imject Alum (ThermoFisher 77161) per mouse (50 Õg OVA per mouse), and this 

solution was mixed by gentle rocking at RT for at least 30 minutes prior to injection. Male and 

female C57BL/6 Lck-Cre mTmG mice between the ages of 6 and 12 weeks were injected 

intraperitoneally with 200 Õl OVA+alum solution. For challenge, 5 Õl of 10 mg/ml OVA was 

combined with 15 Õl pharmaceutical-grade PBS per mouse (50 Õg OVA per mouse). Mice were 

challenged by oropharyngeal aspiration of 20 Õl OVA for allergic airway mice or 20 Õl PBS 

vehicle control on days 7, 8, and 9 following sensitization. Mice were euthanized on day 10 

following sensitization.    

2.2.9 Induction of allergic airway inflammation with house dust mite challenge   

A solution of 100 mg/ml house dust mite extract (HDM) from Dermatophagoides Pteronyssinus 

(Greer Laboratories Inc. XPB82D3A2.5 Lot 348717, Derp1 1449 mcg/vial, Dry weight 159.7 

mg/vial, protein bradford 29 mg/vial, endotoxin 11400 EU/vial) was prepared by resuspending 

159.7 mg HDM in 1.597 ml pharmaceutical-grade PBS (VWR K812). Single-use working stocks 

of 10 mg/ml HDM were prepared by diluting 100 mg/ml HDM in pharmaceutical-grade PBS. 

For challenge, 4 ul 10 mg/ml HDM was combined with 16 Õl pharmaceutical-grade PBS per 

mouse (40 Õg per mouse). Male and female C57BL/6 Lck-Cre mTmG mice between the ages of 
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6 and 12 weeks were challenged by oropharyngeal aspiration of 20 Õl HDM for allergic airway 

mice or 20 Õl PBS vehicle control on days 0, 2, 4, 7, 9, 11, 14, 15, and 16. Mice were euthanized 

on day 17.  

2.2.10 Induction of type 2 airway inflammation with papain challenge   

A solution of 5 mg/ml papain from papaya latex (Millipore Sigma P4762) was prepared by 

resuspending 50 mg papain in 10 ml pharmaceutical-grade PBS. For challenge, 3.5 Õg papain in 

40 Õl pharmaceutical-grade PBS was administered by oropharyngeal aspiration to wildtype 

C57BL/6 mice between the ages of 6 and 12 weeks. Mice were euthanized 24 to 72 hours 

following challenge.    

2.2.11 Collection of bronchoalveolar lavage fluid cells and EVs   

Mice were euthanized by CO2 inhalation. The diaphragm was punctured with a 23-guage needle, 

and a 0.5 cm incision was made in the trachea. A 23-guage catheter was inserted into the incision 

in the trachea, and 1 ml 0.22 Õm filtered ice-cold PBS was flushed in and out of the airways 4 

times to collect a total of ~3.5 ml BALF. BALF was centrifuged at 250xg for 10 minutes to pellet 

cells, which were used in subsequent flow cytometry assays. The resulting supernatant was 

centrifuged at 2,000xg for 30 minutes to pellet large cellular debris, and the resulting supernatant 

was used in EV studies.    

2.2.12 Collection of lung tissue for flow cytometry   

To distinguish circulating immune cells from tissue-resident immune cells in the lung, circulating 

immune cells were labeled with anti-CD45 PE (Tonbo Biosciences, clone 30-F11, 50-0451) via 

retro-orbital injection of anti-CD45 PE. Mice were anesthetized and injected with 150 Õl of anti-

CD45 PE diluted 1:6 in pharmaceutical grade PBS using a 30G insulin syringe into the retro-
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orbital sinus. Mice were allowed to recover for 5 minutes and were then euthanized by CO2 

inhalation. Following BALF collection, the lungs and heart were removed en bloc and placed 

into complete media on ice. The right lobe was dissected away from the heart and left lobe, 

minced using a razor blade, and digested by rocking at 37ÁC in complete media with 0.5 mg/ml 

collagenase from Clostridium histolyticum (Sigma C2674) and 5 U/ml DNase I (Qiagen 79254) 

for 45 minutes. A single cell suspension was then prepared by pressing the digested tissue 

through a 100 Õm nylon cell strainer.    

2.2.13 Single Vesicle Flow Cytometry    

Single vesicle flow cytometry was performed using a CellStream (Luminex) flow cytometer with 

456/51, 528/46, 583/24, 611/31, 792/87, and 773/56 lasers. Calibration was performed using 

CellStream Calibration Reagent (Luminex CS-400104) per manufacturer instructions prior to 

every experiment. Samples were acquired using small particle detection mode with FSC and SSC 

laser intensities set to 1% and all other laser intensities set to 100%. Samples were acquired for 2 

minutes.   

2.2.14 Cell Flow Cytometry    

Cells isolated from BALF or lung tissue were counted using a hemocytometer, divided, and then 

stained with two panels of antibodies: (1) Lymphoid panel ï anti-CD4 FITC (eBioscience, clone 

RM4-5, 35-0042), anti-CD8 PE-Cy7 (Invitrogen, clone 53-6.7, 25-0081-82), and anti-CD45 APC 

(Invitrogen, clone 30-F11, 17-0451-82) (2) Myeloid panel ï anti-F4/80 PE-Cy7 (Tonbo 

Biosciences, clone BM8.1, 60-4801-4100), anti-Siglec F PerCP-Cy5.5 (BD Pharmingen, clone 

E50-2440, 565526), anti-CD11b Pacific Blue (Tonbo Biosciences, clone M1170, 75-0112-4100), 

anti-CD11c FITC (eBioscience, clone N418, 11-0114-85), and anti-CD45 APC (Invitrogen, clone 
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30-F11, 17-0451-82). All antibodies were diluted 1:8. Both panels also included the viability dye 

eFluor 780 (eBioscience 65-0865) at a dilution of 1:500 to distinguish between live and dead 

cells. Compensation controls were prepared from lymphocytes collected from mouse lymph 

nodes at the time of the experiments. Flow cytometry was performed using BD Biosciences 

FACSCanto II flow cytometer with three excitation lasers (488 nm, 633 nm, and 405 nm) and 10 

fluorescence channels. Flow cytometry data were analyzed using FlowJo software (FlowJo LLC, 

Ashland, OR).     

2.2.15 Airway hyperresponsiveness  

Mice were anesthetized with 85 mg/kg pentobarbital sodium, and an 18-guage tracheostomy tube 

was placed in the trachea. Mice were then mechanically ventilated at 150 breaths/min and a tidal 

volume of 2 ml using the Sci-Req FlexiVent machine (SCIREQ Inc., Montreal, Quebec). Airway 

resistance (Rrs) was measured with increasing concentrations of nebulized acetyl-ɓ-

methacholine (0-100 mg/ml; Sigma-Aldrich) for each mouse. The maximal Rrs was determined 

and reported for each concentration of methacholine.   

2.2.16 Bone marrow-derived eosinophil (BMD-Eo) differentiation   

Femurs and tibias were dissected from C57BL/6 mice between the ages of 6 and 12 weeks old. 

The bones were cut, and 10 ml Iscoveôs Modified Dulbeccoôs Medium (Gibco 12440053) was 

flushed through the bone cavity to dislodge the bone marrow. The bone marrow was pressed 

through a 100 Õm nylon cell strainer to create a single cell suspension. Red blood cells were 

lysed by incubating the cells in Ack lysing buffer (ThermoFisher A1049201), and cells were 

washed. Resulting bone marrow cells were incubated in RPMI 1640 (ThermoFisher 11875119) 

supplemented with penicillin/streptomycin, HEPES (ThermoFisher 15630080), sodium pyruvate, 
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L-glutamine, betamercaptoethanol, non-essential amino acids (ThermoFisher 11140050), and 

20% FBS (Gibco). Cells were cultured with 100 ng/ml Flt3-ligand (Peprotech 250-31L) and 100 

ng/ml stem cell factor (Peprotech 250-03) for four days and then switched to media containing 

10 ng/ml IL-5 (Peprotech 215-15) for 8 days with media change every other day. Eosinophils 

were used in experiments on day 12 of culture.    

2.2.17 Eosinophil functional studies  

2.2.17a Microscopy  

Day 12 BMD-Eos were deposited onto a glass slide by cytocentrifugation at 800 RPM for 2 

minutes. Slides were stained using HARLECO hemacolor stain set (Millipore Sigma 65044) per 

manufacturer instructions.  

2.2.17b Chemotaxis assay  

500 Õl BMD-Eo media was added to wells of a 24-well 0.4 Õm pore size transwell plate 

(ThermoFisher 140620) and the transwell inserts were inserted into the wells and allowed to 

equilibrate at 37ÁC for 2 hours. Recombinant murine CCL11 (Peprotech 250) was loaded into the 

bottom or top well at concentrations of 0, 20, or 200 ng/ml. 250,000 day 12 BMD-Eos were 

loaded into the top well and incubated overnight at 37ÁC. Cell migration was quantified by flow 

cytometry using the Luminex CellStream.   

2.2.17c Eosinophil peroxidase assay  

Day 12 BMD-Eos were washed and resuspended in phenol-free RPMI with L-glutamine, 25 mM 

HEPES, and 0.1% BSA at a concentration of 500,000 cells/ml. 50 Õl cells were added in 

triplicate to the wells of a non-tissue culture treated 96-well plate, and the plate was incubated at 
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37ÁC for 1 hour. The calcium ionophore A23187 (Millipore Sigma C7522) was added to the 

wells along a dose titration, and BMD-Eos were incubated at 37ÁC for 30 minutes. The 

peroxidase substrate was prepared by adding o-Phenylenediamine (OPD) (Millipore Sigma 

P9029) to 400 mM Tris-HCl, pH 8.0 (Corning 46-031-CM) in distilled water such that the final 

concentration of OPD was 400 ÕM. Right before use, H2O2 was added for a final concentration 

of 1.1 ÕM. 100 Õl peroxidase substrate was added to the BMD-Eos and incubated for 4 minutes. 

100 Õl H2SO4 was added to stop the reaction, and absorbance was measured using a BioTek 

Synergy HTX microplate reader at 490 nm. Total eosinophil peroxidase was measured by lysing 

the cells with 0.2% Triton X-100 prior to addition of peroxidase substrate.   

2.2.18 EV treatment of bone marrow-derived eosinophils   

EVs were purified from rested and activated Th2 cell culture by SEC and ultrafiltration as 

described previously. Samples were sterile 0.22 Õm filtered. EV concentration was measured 

using nanoparticle tracking analysis. On day 12 of culture, 200,000 BMDEs were plated in 200 

Õl complete RPMI in 96-well plates and were treated with 5x109 EVs/ml for 6 or 24 hours.    

2.2.19 Administration of EVs in vivo   

EVs were purified from activated Th2 cell culture by SEC and ultrafiltration as described 

previously. Media not conditioned with cells was subjected to parallel processing as a control. 

Samples were sterile 0.22 Õm filtered. EV concentration was measured using nanoparticle 

tracking analysis, and the concentration of EVs in the sample was adjusted to 2x109 EVs/40 Õl 

using pharmaceutical grade PBS. Mice were anesthetized and administered 40 Õl EVs or media 

control by oropharyngeal aspiration.    

2.2.20 Eosinophil death assays   
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2.2.20a Eosinophil membrane permeability assay   

EVs were purified from rested and activated Th2 cell culture media as described previously. 

BMD-Eos on day 12 of culture were treated with 5x109 EVs/ml for 24 hours. Following 

treatment, cells were washed and stained with Fixable Viability Dye eFluor 780 (eBioscience 65-

0865) at a 1:500 dilution per manufacturer instructions. Cell death as measured by membrane 

permeability to the dye was assayed by flow cytometry.    

2.2.20b Eosinophil caspase 3 activity assay   

EVs were purified from rested and activated Th2 cell culture media as described previously. 

BMD-Eos on day 12 of culture were treated with 5x109 EVs/ml for 6 hours. Following 

treatment, caspase 3 activity was assayed using the EnzChek Caspase 3 Assay Kit (Invitrogen 

E13183) per manufacturer instructions. Caspase 3 activity as measured by substrate cleavage by 

caspase 3 was assayed by flow cytometry.    

2.2.20c Eosinophil Annexin V binding assay   

EVs were purified from rested and activated Th2 cell culture media as described previously. 

BMD-Eos on day 12 of culture were treated with 5x109 EVs/ml for 6 hours. Following treatment, 

the presence of phosphatidyl serine on eosinophil membranes was measured via Annexin V 

binding using the Dead Cell Apoptosis Kit Annexin V FITC for flow cytometry (Invitrogen 

V13242). The cells were also stained with Fixable Viability Dye eFluor 780 as described 

previously, and apoptotic cells were defined as cells positive for Annexin V and negative for 

eFluor 780 by flow cytometry.   

2.2.21 Detergent treatment and proteinase K treatment of EVs   
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Cell culture media or BALF was centrifuged at 250xg and then 2,000xg, and the resulting 

supernatant was treated with either Triton X-100 detergent (Sigma T8787) or proteinase K 

(Fisher Bioreagents BP-1700-100, lot #230139) at varying dilutions and mixed thoroughly. 

Proteinase K-treated EVs were incubated at 37ÁC for 1 hour. Treated samples were then 

subjected to single vesicle flow cytometry 

2.2.22 Ruxolitinib treatments  

For ruxolitinib dose titration, ruxolitinib at 10 mM in DMSO (APExBIO A3012) and DMSO as a 

vehicle control were diluted in sterile PBS to form a 5-fold dilution series. Day 12 BMD-Eos 

were treated with ruxolitinib or DMSO for 30 minutes at 37ÁC. BMD-Eos were then treated with 

either 10 ng/ml IL-5 or 5x109 Th2 cell EVs/ml purified by SEC and incubated at 37ÁC for 24 

hours after which viability was assayed by membrane permeability assay.   

2.2.23 Bulk RNA-sequencing   

Day 12 BMD-Eos treated with either EVs purified from activated Th2 cell culture or parallelly 

processed cell culture media for 24 hours were homogenized with TRIzol Reagent (Invitrogen 

15596026). Total RNA was isolated using the RNeasy Mini Kit (Qiagen 74104) with yields of 

106-160ng/Õl (1.4-1.9Õg total RNA) and submitted to the Vanderbilt Technologies for Advanced 

Genomics Core for sequencing on the NovaSeq 6000 (Illumina). Data were processed on the 

Vanderbilt computing cluster (ACCRE) using the labôs RNA-seq pipeline 

(https://github.com/parkdj1/RNASeq-Pipeline). Briefly, FastQC was used to evaluate data 

quality, adapters were trimmed using Cutadapt, and alignment with quantification was performed 

using Salmon. Primary data was deposited in the Gene Expression Omnibus 

(https://www.ncbi.nlm.nih.gov/geo/). Raw and processed data can be accessed using the 
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accession number GSE253180. Downstream analysis included differential expression using the 

R package DESeq2 (https://www.r-project.org/) and gene set enrichment 

(www.broadinstitute.org/gsea). Heatmaps were made using the R package pheatmap, and 

volcano plots were made using GraphPad Prism 10 software (GraphPad Software, La Jolla, 

CA).   

2.2.24 Statistical analyses   

Data were expressed as mean values plus or minus standard errors of the mean or as median and 

interquartile range depending on the normality of the data. Statistical significance was 

determined through tests denoted in the figure legends performed by GraphPad Prism 10 

software (GraphPad Software, La Jolla, CA). P-value of < 0.05 was considered statistically 

significant.  

2.3 Results  

2.3.1 T cell EVs are increased in type 2 lung inflammation.  

 To test whether T cell EVs are produced in mouse models of type 2 airway inflammation, 

we utilized a strategy previously developed in the lab to trace the cellular origins of EVs in 

vivo.135 We crossed mTmG mice270 with Lck-Cre mice271 to switch the expression of membrane-

targeted Tomato (mTomato) for membrane-targeted GFP (mGFP) in T cells expressing Cre 

recombinase (Fig. 2.2A). As expected, GFP uniquely labeled T cells in these mice (Fig. 2.2B). 

By single vesicle flow cytometry, we detected mGFP+ EVs from in vitro cultured Lck-Cre mTmG 

CD4+ T cells, and these mGFP+ EVs could be degraded by the detergent Triton X-100 but not 

proteinase K (Fig. 2.2C-D). GFP in EVs purified by SEC also co-fractionated with the EV 

marker ALIX and the T cell membrane markers CD11a and CD71, without contaminating 

subcellular membranes (Lamin B1 ï nucleus, TOMM20 ï mitochondria) (Fig. 2.2E).  
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Having 

confirmed that 

EVs secreted by 

Lck-Cre mTmG T 

cells are labeled 

with mGFP, we 

next induced 

airway 

inflammation in 

Lck-Cre mTmG 

mice by 

ovalbumin (OVA) 

or house dust mite 

(HDM) sensitization and challenge (Fig. 2.3A, J). Cellular flow cytometry on BALF showed a 

significant increase in airway T cells and eosinophils in OVA- and HDM-challenged mice, 

indicating the development of type 2 inflammation (Fig. 2.3B-E, K-N), with around 50% of 

airway T cells labeled with mGFP (Fig. 2.3F, O). To quantify mGFP labeled EVs in the airway, 

we performed single vesicle flow cytometry on BALF. We detected a mean of 4.62x106 and 

3.31x106 mGFP+ EVs/airway in OVA- and HDM-challenged mice, respectively, which was 

significantly higher than in control mice (Fig. 2.3G-H, P-Q). The linear range of detection of 

mGFP+ EVs from BALF was established by serial dilution studies, and the limit of detection was 

defined by running filtered PBS blanks (Fig. 2.4A). Loss of mGFP after Triton X-100 treatment 

supported that mGFP in BALF of Lck-Cre mTmG mice was carried by membrane-bound EVs 
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(Fig. 2.4B).When the number of T cell EVs were compared relative to the number of T cells in 

the airway, there were on average 67 and 69 mGFP+ EVs/mGFP+ T cell in OVA- and HDM-

challenged mice, respectively (Fig. 2.3I, R). The number of mGFP+ T cell EVs in the BALF of 

challenged mice positively correlated with the number of eosinophils in the BALF and airway 

resistance in response to methacholine challenge, suggesting that T cell EVs correlate with the 

severity of airway inflammation (Fig. 2.3S,T). Together, these data show that T cells secrete EVs 

in the airway during active type 2 lung inflammation.  
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2.3.2 Th2 cell EVs promote eosinophil survival in vitro.  

 Given the critical role of T cells in driving type 2 airway inflammation, we next 

investigated EV secretion from in vitro polarized Th2 cells that were either re-stimulated through 

the TCR (ñactivatedò) or not (ñrestedò) following polarization (Fig. 2.5A). To avoid 

contamination from serum-derived EVs, T 

cells were polarized in serum-free media 

with Th2 polarization confirmed by 

cytokine secretion (Fig. 2.5B). By single 

vesicle flow cytometry, mGFP+ T cell EV 

secretion did not differ between rested and 

activated Th2 cells from Lck-Cre mTmG 

mice until 24 hours of culture (Fig. 2.5C), at which point activated Th2 cells showed increased 

cell death (Fig. 2.5D,E). Increased EV secretion by activated Th2 cells at 24 hours may be due to 

increased debris associated with cell death; thus, we used a 6-hour activation timepoint for our 

studies. Nanoparticle tracking analysis confirmed there was no difference in the quantity of EVs 

secreted by rested and activated Th2 cells at 6 hours of culture (Fig. 2.5F). By nanoparticle 

tracking analysis and transmission electron microscopy, there were also no size or morphological 

differences between rested and activated Th2 cell EVs (Fig. 2.5G-J). 

The hallmark of type 2 airway inflammation is lung eosinophilia. Therefore, we asked if 

Th2 cell EVs affect eosinophils. After EVs were purified by SEC from rested and activated Th2 

cell culture media, mouse eosinophils differentiated from bone marrow (Fig. 2.6A-D) were 

treated with 5x109 EVs/ml, and viability was assessed with a membrane permeable dye (Fig. 

2.7A). Treatment with rested EVs did not change survival from the non-treated condition; 
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however, treatment with activated Th2 cell EVs increased eosinophil survival 2.5x, equivalent to 

the survival benefit conferred by exogenous dosing of the canonical pro-survival cytokine IL-5 

(Fig. 2.7B-C). Activated Th2 cell EVs promoted eosinophil survival through the inhibition of 

apoptosis, with decreased levels of Annexin V binding and decreased caspase 3 activity in treated 

eosinophils (Fig. 2.7D-F). This effect on viability was dose dependent, with a half maximal 

effective concentration (EC50) of 1.2x109 EVs/ml (Fig. 2.7G), which was similar to the 

estimated physiological concentration of T cell EVs in airway lining fluid (Fig. 2.7H). No effects 
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of rested Th2 cell EVs were seen after treating eosinophils with increasing doses, suggesting a 

qualitative rather than quantitative difference in EVs secreted following Th2 cell activation 

through the TCR. 

2.3.3 Th2 cell EVs prolong eosinophilia and promote eosinophil survival in vivo. 

 After establishing that activated Th2 cell EVs increase eosinophil viability in vitro, we 

hypothesized that activated Th2 cell EVs would prolong eosinophilia during airway 

inflammation in vivo. To minimize the contribution of endogenous T cell derived EVs, we 

employed the papain model of airway inflammation, in which damage to the airway epithelium 

caused by papainôs protease activity leads to the recruitment of eosinophils in the absence of an 

endogenous T cell response.272 In our papain model, eosinophil numbers peaked at 48 hours 

following papain challenge and largely resolved by 72 hours (Fig. 2.8A-B). We found that 

administration of 2x109 activated Th2 cell EVs at 48 hours after papain administration resulted in 

significantly increased SiglecF+CD11b+SSChigh eosinophils at 72 hours in the airways when 
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compared to mice treated with parallelly processed unconditioned media as a sham control (Fig. 

2.8C-D). Interestingly, there was also a trend towards increased tissue eosinophils in the lung in 

EV treated mice, whereas there was no difference in the number of eosinophils in the blood 
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vessels in the lungs 

distinguished from 

tissue by intravascular 

anti-CD45 labeling 

(Fig. 2.8E,F). Total 

airway and lung 

tissue F4/80+CD11c+ 

macrophages and 

TCRɓ+CD4+ T cells 

did not change with 

EV treatment, 

indicating a selective 

effect on eosinophils 

(Fig. 2.8G-J). 

Eosinophils from the 

BALF of EV treated 

mice had reduced 

Annexin V+ apoptotic 

eosinophils (Fig. 

2.8K-M). Together 

these data demonstrate that EVs produced from TCR-activated Th2 cells can promote eosinophil 

survival and prolong eosinophil-rich inflammation in the lung.  
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2.3.4 Th2 cell EVs induce survival and activation pathways in eosinophils. 

 To determine how Th2 cell EVs affect eosinophil viability, we assessed eosinophil gene 

expression by bulk RNA sequencing following treatment of cultured eosinophils with activated 

Th2 cell EVs or parallelly processed unconditioned media as a sham control. Principal 

component analysis showed that 96% of variance was due to EV treatment (Fig. 2.9A). In EV vs 

sham treated eosinophils, 369 genes were significantly (adjusted p-value < 0.01) upregulated 

(Log2FC Ó 1), and 667 genes were significantly downregulated (Log2FC Ò -1) (Fig. 2.9B, 

Supplemental Tables 1, 2). Consistent with protection of eosinophils from apoptosis with 

activated Th2 cell EV treatment, the intrinsic anti-apoptotic genes Bcl2 and Bcl2l1 (Bcl-xL) 

showed increased expression, and the intrinsic pro-apoptotic gene Bcl2l11 (Bim) showed 
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decreased expression in EV vs sham treated eosinophils (Fig. 2.9C). These genes are known to 

be regulated downstream of eosinophil survival pathways, including cytokine signaling, 

Fas/FasL signaling, CD40/CD40L signaling, TNF-Ŭ/fibronectin signaling, and Siglec-F 

crosslinking.273ï275 We observed fewer significant changes in the extrinsic apoptosis pathway 

(Fig. 2.9D).  

 Gene set enrichment analysis identified enrichment of gene sets involved in Jak/Stat 

signaling in EV vs sham treated eosinophils (Fig. 2.10A). Consistent with this observation, we 
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saw upregulation of many genes downstream of Jak/Stat signaling, including the pro-survival 

factors Mcl1, Pim1, and Myc and the negative regulators of cytokine signaling Socs1, Socs2, and 

Socs3 (Fig. 2.10B). To test whether Jak/Stat signaling was required for eosinophil survival in 

response to activated Th2 cell EVs, we used the small molecule Jak1/2 inhibitor ruxolitinib (Fig. 

2.10C). Eosinophils cultured with activated Th2 cell EVs demonstrated a dose-dependent 

inhibition of survival with ruxolitinib treatment (Fig. 2.10D). Treatment with ruxolitinib 

completely abrogated the survival benefit of activated Th2 cell EVs (Fig. 2.10E-F), indicating 

that activated Th2 cell EVs mediate eosinophil survival through Jak1/2 signaling. Additional 

gene sets enriched in EV vs sham treated eosinophils included inflammatory/immunity-related 

sets ï TNF-Ŭ, interferon, inflammatory response, and allograft rejection (Fig. 2.10A). Several 

metabolism pathways were also regulated by EV treatment, with mTORC1 signaling genes 

increased and glycolysis genes decreased in EV treated cells (Fig. 2.10A,G). Together, these data 

support that coordinated regulation of apoptosis in addition to inflammatory and metabolism 

pathways may allow eosinophils to both survive and participate in inflammatory responses after 

EV-mediated signaling from activated Th2 cells. 

2.4 Conclusions 

 In this section, we used membrane tracing strategies to identify that T cell EVs are 

increased >10-fold in OVA and HDM models of allergic airway inflammation. Furthermore, our 

results support that activated Th2 cell EVs are sufficient to promote eosinophil survival in vitro 

and in vivo and prolong eosinophilia in the lung through paracrine signaling. Our data also raise 

the possibility that EVs administered into the airspace may affect eosinophil numbers beyond the 

airway lumen in the lung parenchyma, which may be important for the therapeutic application of 

EVs. These findings together with our observations that Th2 cell EVs are sufficient to induce 
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robust pro-survival, pro-inflammatory, and metabolic gene expression programs in eosinophils 

support the hypothesis that Th2 cell EVs participate as a signaling axis and a part of the unique 

local microenvironment in type 2 lung inflammation. 

 This work also highlights how changes in EV cargo are linked to cellular state and affect 

EV functions. Here, we found that although activation of Th2 cells through the TCR does not 

change the basic physical characteristics (i.e. size, number, morphology) of secreted EVs, only 

EVs from re-activated Th2 cell EVs are capable of promoting eosinophil survival. These data 

suggest that polarized effector T cells in the tissues may need to encounter antigen to license EVs 

to promote inflammation. Future work is needed to test the function of EVs from other polarized 

effector cell populations (i.e. Th1 and Th17) in airway inflammation, how cues from the 

environment may change EV secretion in allergen-driven airway inflammation, and whether the 

function of T cell EVs changes in patients with asthma.   
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CHAPTER 3 

SURFACE INTERLEUKIN-3 CARRIED BY TH2 CELL EXTRACELLULAR VESICLES 

POTENTLY PROMOTES THE SURVIVAL OF EOSINOPHILS 

 

Adapted from: Bunn, KE, Giese-Byrne, BG, Blatt, AM, Newcomb, DC, and Pua, HH. (2025). 

Mouse Th2 cell extracellular vesicles promote eosinophil survival through the surface cytokine 

cargo IL-3. J Allergy Clin Immunol, 156(4), 1053-1065.  

3.1 Introduction 

 In Chapter 2, we found that EVs secreted by Th2 

cells stimulated through the TCR promote eosinophil 

survival and that eosinophils treated with activated Th2 

cell EVs are enriched in gene sets involved in Jak/Stat 

signaling compared to eosinophils treated with sham 

control (Fig. 2.10A). We additionally found that 

activated Th2 cell EV-mediated promotion of eosinophil 

survival depends on Jak/Stat signaling and can be 

abrogated by the Jak1/2 inhibiting drug ruxolitinib (Fig. 

2.10E). Jak/Stat signaling is typically initiated when 

cytokines bind to their receptors and Jak tyrosine kinases are subsequently activated and 

phosphorylate Stats.276 Stats then translocate to the nucleus to affect gene transcription. Jak1 can 

be activated by common ɔ chain cytokines (i.e. IL-2, IL-4, IL-9, etc.), class II cytokines (i.e. IL-

10, INF-ɔ, etc.), gp130 subunit receptor cytokines (IL-6, IL-11, oncostatin M, etc.), and common 

ɓ chain cytokines (IL-3, IL-5, GM-CSF).276 Jak2 can also be activated by gp130 subunit receptor 

cytokines, class II cytokines, and common ɓ chain cytokines and can be additionally activated by 

single-chain receptor cytokines (i.e. erythropoietin, prolactin, etc.).276 Because the common ɓ 
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chain family of cytokines, comprised of IL-3, IL-5, and GM-CSF, has critical roles in eosinophil 

survival and function, we chose to investigate the hypothesis that EVs secreted by activated Th2 

cells carry a common ɓ chain cytokine on their surface that signals through Jak/Stat to promote 

survival in target eosinophils (Fig. 3.1).277ï279 

3.2 Materials and Methods 

3.2.1 Proteinase K treatment of EVs   

EVs were treated with proteinase K (PK) (Fisher Bioreagents BP-1700-100, lot #230139) at 

varying dilutions, mixed thoroughly, and incubated at 37ÁC for 1 hour. Non-conditioned cell 

culture media processed parallelly with EV-containing cell culture media was also treated with 

PK and used as a sham control. Following the incubation, EVs were loaded into a 100 kDa pore 

size centrifugal filter (Amicon UFC5100) and centrifuged at 14,000xg for 15 minutes. The flow-

through containing PK was discarded, and the retentate containing EVs was used for 

experiments.    

3.2.2 Cytokine Arrays  

EVs were purified from activated or rested Th2 cell culture media by SEC using the Izon 

qEV100 35 nm columns. Fractions 1-4 were concentrated and pooled for EV analysis and 

fractions 9-12 were pooled for free protein analysis. Samples were lysed with RIPA buffer 

(Millipore Sigma R0278) and 1 Õl HALT proteinase & phosphatase inhibitor cocktail 

(ThermoFisher 78442) on ice for 10 mins. Samples were then shipped to Eve Technologies 

where a Mouse Cytokine/Chemokine 44-plex Discovery Assay Array (MD44) was performed.  

3.2.3 EV IL-3 Enzyme Linked Immunosorbent Assay (ELISA)  
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EVs and free proteins were purified from activated and rested Th2 cell culture media by SEC 

according to manufacturer instructions. The mouse IL-3 Quantikine ELISA kit (R&D Systems 

M3000) was used to detect IL-3 in EV samples. ELISA plates were prepared per manufacturer 

instructions, and concentrated EV samples were added to the plate in duplicate. IL-3 detection 

was performed per manufacturer instructions, and absorbance was measured using a BioTek 

Synergy HTX microplate reader at 450 nm and 540 nm wavelengths. A standard curve was 

prepared per manufacturer instructions and used to determine concentrations for absorbance 

values. Absorbance values at 540 nm were subtracted from values at 450 nm per manufacturer 

instructions.   

3.2.4 IL-3 Blocking   

EVs purified from rested and activated Th2 cell culture media by SEC were incubated with 1, 10, 

or 100 Õg/ml anti-mouse IL-3 (BioXcell BE0282, clone MP2-8F8) or isotype control (BioXcell 

BE0083, clone MOPC-21) for 30 minutes at 37ÁC. Sterile PBS was also incubated with anti-IL-3 

or isotype control for use as a vehicle control. EVs at a concentration of 5x109 EVs/ml or equal 

volume of vehicle were then administered to day 12 BMDEs, and BMDEs were incubated for 24 

hours at 37ÁC. Viability was then assessed using membrane permeability assay.  

3.2.5 EV vs free protein assays  

SEC fractions 1-4 (EV fractions) and 9-12 (free protein fractions) were collected from activated 

Th2 cell culture media using the Izon qEV100 35 nm SEC column as described previously. EV 

fractions were concentrated using 100 kDa ultrafiltration, and the concentration of IL-3 in the 

concentrated EV fractions and the free protein fractions was measured by ELISA as outlined 

above. BMDEs were treated with increasing concentrations of recombinant murine IL-3 



ΣΟ 
 

(Peprotech 213-13), EV-associated IL-3, or free IL-3 and incubated for 24, 48, or 72 hours at 

37ÁC. Viability was assessed using membrane permeability assay.  

3.2.6 Statistical analyses   

Data were expressed as mean values plus or minus standard errors of the mean or as median and 

interquartile range depending on the normality of the data. Statistical significance was 

determined through tests denoted in the figure legends performed by GraphPad Prism 10 

software (GraphPad Software, La Jolla, CA). P-value of < 0.05 was considered statistically 

significant.  
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3.3 Results  

3.3.1 IL-3 is a surface cargo carried on activated Th2 cell EVs. 

 In our culture system, IL-3 

was ~40x more abundant than the 

other beta chain family members 

IL-5 and GM-CSF in preparations 

of purified EVs from Th2 cell 

cultures (Fig. 3.2A). Activated 

Th2 cell EVs carried an average 

of 6.9 pg IL-3 per 109 EVs (min = 

1.73, max = 21.3, SEM = 4.8) 

(Fig. 3.2B). The amount of EV-

associated IL-3 significantly 

increased upon activation through 

the TCR (Fig. 3.2A,B). Consistent 

with published data, T cells 

require TCR stimulation to 

produce large quantities of IL-3 

(Fig. 3.2C,D).280 In activated Th2 

cell cultures, IL-3 was enriched in fractions containing the highest EV particle counts by 

nanoparticle tracking analysis (Fig. 3.2E,F). Cytokines can be carried both on the surface and 

within EVs.124,126,281 IL-3 was degraded by proteinase K in EV preparations, demonstrating that 

this cytokine is carried as a surface cargo (Fig. 3.3A, B). In further support of IL-3 being a 
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surface cargo, equal amounts of IL-3 were detected by ELISA in lysed and unlysed samples (Fig. 

3.3C,D). Finally, following surface shaving of EVs by proteinase K, activated Th2 cell EVs did 

not support eosinophil survival, indicating that a surface protein cargo was required for EV 

function (Fig. 3.3E-I). 


