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Abstract 

Regulation of Leukocyte Inflammation by Small Particles  
    Including Extracellular Vesicles and Viruses 

 
By 

 
Brian Dobosh 

 
Innate immune cells, which include polymorphonuclear neutrophils (PMNs) and monocytes, are 
constantly patrolling tissues such as the lung, in search of damaged or dying cells. This dissertation 
describes two cases in which innate immune cells fail to resolve airway stress and thus promote disease. 
 
In patients with cystic fibrosis (CF), the main cause of morbidity and mortality is lung disease, which 
is associated with an early, massive and chronic recruitment of PMNs into the airway lumen. Therein, 
PMNs release potent effector proteins such as neutrophil elastase, myeloperoxidase, interleukin (IL)-
1b and IL-18, which can damage the airways. Such pathological PMNs, which we have dubbed 
“GRIM” (for granule releasing, immunomodulatory, and metabolically active) are observed not only 
in the airways of CF patients, but also in those of patients with chronic obstructive pulmonary disease 
(COPD), asthma, and severe coronavirus disease of 2019 (COVID-19). Although PMNs are 
professional phagocytes, they actively restrict killing of bacteria in CF airways, leading to chronic 
infections. To date, it is unclear what factors cause PMNs to become GRIM. Work presented here 
show that extracellular vesicles (EVs) released by GRIM airway PMNs cause naïve, newly immigrated 
airway PMNs to take on the same fate. More precisely, GRIM PMN-derived EVs carrying the long 
non-coding RNA MALAT1 cause expression the enzyme HDAC11 in naïve PMNs, which drives 
them to degranulate, reduce their bacterial killing capacity, and release a new wave of MALAT1+ EVs 
that perpetuate the pathological cycle. Inhibition or knockdown of HDAC11 or MALAT1 reverses 
the GRIM phenotype and promotes killing of bacteria. 
 
COVID-19 patients are generally asymptomatic during initial severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2) replication, but may suffer severe immunopathology after the virus has 
receded and blood monocytes have infiltrated the airways. Patients that lack an early PMN response 
tend to have a monocyte response that results in cytokine release syndrome and severe COVID-19. 
Using an in vitro model, we show that airway-infiltrating monocytes acquire SARS-CoV-2 from 
infected epithelium and upregulate expression and secretion of inflammatory mediators including 
CXCL8 and IL-1b, mirroring in vivo data. Next, we characterized viral burden, gene expression and 
inflammatory mediator secretion by lung epithelial cells and infiltrating monocytes in the absence or 
presence of the antiviral remdesivir and/or immunomodulatory drug baricitinib. As expected, 
remdesivir decreased viral burden in both the epithelium and monocytes, while baricitinib enhanced 
antiviral signaling and decreased specific inflammatory mediators in monocytes. Combined use of 
baricitinib and remdesivir enhanced the rate of virus clearance from SARS-CoV-2-positive monocytes. 
 
Taken together, when monocytes and PMNs have a discordant immune response to stress, runaway 
inflammation and lung damage may occur. We have developed methods to interrogate and modulate 
in vitro how these cells behave in the context of various stressors including virus and extracellular 
vesicles and have initiated testing of novel treatment approaches including small molecule drugs and 
DNA- and RNA-based therapeutics to tackle these problems. 
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Chapter 1: INTRODUCTION TO EV BIOLOGY 

EV NOMENCLATURE 
In the late 1960s it was observed that lipid-rich particulates from platelets, termed 

“platelet dust,” could cause the coagulation of blood (Wolf, 1967; Mathieu et al., 2019). It was 

not until later that the secretions of platelets, and other cells, would be realized as extracellular 

vesicles (EVs) (Couch et al., 2021). EVs are complex particles surrounded by a lipid bilayer which 

contain a mixture of lipids, carbohydrates, proteins and nucleic acids including various RNAs 

such as messenger, micro and long non-coding RNAs (mRNAs, miRNAs and lncRNAs, 

respectively), as well as genomic and mitochondrial DNA. Since EVs contain some of the 

proteins, RNAs, and lipids of the producer cells the subsequent uptake of these signals by 

recipient cells is a method to influence proximal and distal tissue environments. The release of 

EVs appears to be a universal and evolutionally conserved cellular mechanism to maintain 

homeostasis and respond to stressors. Archaea, Prokarya and Eukarya, including plants and 

fungi, all release EVs containing proteins, RNAs, and lipids that may change in response to 

environmental cues (Gill et al., 2018).  

Over the past six decades, there have been numerous terms attributed to subcategories 

of EVs, roughly based on size and location of origin within a cell, including exosomes, 

microvesicles/microparticles, apoptotic bodies/blebs, ectosomes (Gyorgy et al., 2011) and 

exomeres (Zhang et al., 2018). Particles that originate from multivesicular bodies and are 

released after fusion with the cell membrane are termed exosomes (typically <200 nm 

diameter), while those that bud directly from the membrane are typically referred to as 

microvesicles (100 nm-1 µm) (Figure 1.1). Rarely, ectosomes may describe microvesicles 
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specifically originating from polymorphonuclear neutrophils (PMNs) or monocytes (Gasser and 

Schifferli, 2004; Gyorgy et al., 2011). More commonly, ectosomes refer to the shedding of a 

large particle, following cytoskeletal remodeling and increased cytosolic levels of Ca2+ ions. The 

equilibrium of lipids in the plasma membrane, including phosphatidylserine, cholesterol and 

phosphatidylethanolamine is disturbed by the increased Ca2+ concentration and these are shed 

from the membrane (Cocucci et al., 2009; Cocucci and Meldolesi, 2015). The term microvesicle 

can also collectively refer to ectosomes, oncosomes, and other microparticles shed directly 

from the membrane (van Niel et al., 2018). A cell undergoing apoptosis will form blebs ( 100 nm 

– 5 µm in diameter) off its membrane, resulting in the loss of ATP and the subsequent flipping 

of phosphatidylserine from the inner to the outer leaflet of the membrane, which is recognized 

by receptors, such as annexin V, lactadherin and TIM-4 on scavenger cells like macrophages and 

PMNs (Gyorgy et al., 2011). Lastly, exomere is a recently coined term for the smallest of EVs 

(~50-60 nm or less). Exomere formation has not been fully described, but preliminary evidence 

suggests they are sheared or shed directly from the plasma membrane, yet the fact that they 

lack tetraspanins indicates minimal active membrane reorganization (Zhang et al., 2018). A 

subset of exomeres, supermeres, was recently described as being able to contain, or at least be 

associated with, many glycolytic enzymes, signaling molecules, miRNAs and RNA-binding 

proteins (Zhang et al., 2021). Although the authors mark a differences in some miRNA and 

protein contents, the distinction between exomeres / “distinct nanoparticles” identified in an 

earlier paper (Zhang et al., 2018; Zhang et al., 2019a) and supermeres (Zhang et al., 2021) is still 

unclear based on other similar contents between. Outer membrane vesicles (OMV) are particles 
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secreted by bacteria that are typically gram positive and thus contains portions of the 

peptidoglycan cell wall (Jan, 2017).  

Altogether, there are many terms referring to particles actively or passively secreted by 

a cell and their size definition is not absolute. Furthermore, the sizes of each particle subtype 

overlap, resulting in erroneous or misleading nomenclature. To avoid confusion, the catchall 

term extracellular vesicle (or EV) will be used throughout this work to denote a lipidated 

particle secreted from cells unless otherwise specified. The general use of extracellular vesicle is 

the recommendation of the International Society for Extracellular Vesicles (ISEV) unless a 

particular subset of particle can be determined experimentally, which is typically quite 

challenging (Thery et al., 2018). 
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Figure 1.1. Vesicle trafficking throughout the cell and EV biogenesis. Extracellular particles such as exosomes and microvesicles 
may be taken up into a cell and trafficked via progressively more mature endosomes and contents may either be degraded or 
resorted by Golgi vesicles. Resorted cargo can be packaged within intraluminal vesicles and then multivesicular bodies. Fusion of 
the multivesicular body with the plasma membrane releases exosomes into the extracellular environment. Microvesicles are 
formed through direct budding from the plasma membrane.  

 

BIOLOGICAL EFFECTS OF EVS 
The original function of EVs was thought to be that of a recycler whereby the contents 

and nutrients of a cell that were no longer needed and could not be stored nor degraded were 

expelled. Uptake by scavenger cells such as monocytes, macrophages, and PMNs would ensue, 

with EVs then being broken down into their base components and recycled for use in other 

cellular processes (Vidal, 2019). EVs not absorbed by scavenger cells would be expelled from 

the body in urine or other bodily secretions (Erdbrugger et al., 2021). The cellular use of EVs 

was analogous to the base functions of the proteasomal and lysosomal compartments. 
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However, just as the proteasome and lysosome are necessary not just for degradation of 

intracellular material but also for core cellular processes such as antigen presentation and 

autophagy, the role of EVs has also been expanded to include their broad potential for cell-to-

cell communication. Indeed, EVs do not simply contain “obsolete membrane proteins” 

(Johnstone et al., 1991). As a result, the current in vivo functions of EVs can be observed to 

have four non-mutually exclusive facets: 1) Mediate cell-to-cell transfer of information; 2) 

Protect intra-EV cargo from degradation; 3) Reflect the current state of cells and tissues 

(“biomarkers”); and 4) Promote functional alterations to the extracellular milieu. 

Cells may modulate their extracellular environment through the release of EVs, which 

contain bioactive components. As a consequence of their biogenesis, proteases, ligands and 

receptors, and other effector proteins associated with EVs may be active prior to their uptake 

and processing by the recipient cell. For example, EVs with surface-bound, catalytically active 

neutrophil elastase (NE) derived from patients with chronic obstructive pulmonary disease 

(COPD) promoted bronchiectasis upon transfer to mouse lungs (Genschmer et al., 2019). 

Furthermore, the receptors and ligands associated with the surface of EVs may be active 

independently of EV uptake, as shown by the induction of Ca2+ influx in T regulatory cells by 

surface-bound but not internalized EVs from U937 tumor cells (Muller et al., 2017). 

EVs can also contain chemoattractants, cytokines, and inflammatory mediators to 

regulate the presence and activity of immune cells. For example, PMNs stimulated in the 

presence of endothelium released EVs that contained a2-macroglobulin, ceruloplasmid, and 

complement C3 whereas PMNs in suspension released EVs that were enriched for HSP70-1 

(Dalli et al., 2013). The former EVs were also able to produce reactive oxygen species (ROS) and 
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leukotriene B4 (LTB4) and form their own chemotactic gradient (Dalli et al., 2013). Other 

studies have identified that most cytokines and inflammatory mediators such as CXCL8 (IL-8), 

IFNg, IL-2, IL-10, and TNFa are not just present in soluble form, but also associated with EVs, 

potentially increasing the avidity of binding and enhancing their signaling potential to recipient 

cells (Fitzgerald et al., 2018; Kaur et al., 2021a). EVs can also be sampled from tissues or 

biofluids and used as a “snapshot” of the state of the cells and tissues at that time. For 

example, the presence of cancer may be reflected in the altered miRNA contents of a 

population of EVs in biofluids such as plasma (Shukuya et al., 2020; Ueta et al., 2021). Similarly, 

an increased concentration of PMNs present in the lung may show a concomitant increase in 

the amount of CD66b+ (PMN-specific) EVs in sputum or bronchoalveolar lavage fluid (BALF) 

(Genschmer et al., 2019; Margaroli et al., 2021; Margaroli et al., 2022). 

EVs are one mechanism by which cell-to-cell communication occurs, adding a layer of 

complexity to the much-touted soluble mediator/hormone release and close-proximity 

juxtacrine signaling (Mulcahy et al., 2014). EVs may contain surface molecules such as free-

associated light chains from B cells (Nazimek et al., 2020), the ‘don’t eat me signal’ CD47 (Kaur 

et al., 2021a; Kaur et al., 2021b), integrins (Fedele et al., 2015; Akbar et al., 2022; Al Faruque et 

al., 2022), heat shock proteins, major histocompatibility complex (MHC) class I and II (Buschow 

et al., 2009; Kaur et al., 2021a; Marcoux et al., 2021), cell adhesion molecules (Segura et al., 

2005), pattern recognition receptors like Toll-like receptors (TLRs) (Srinivasan et al., 2017), and 

other ligands and receptors which may influence recipient cells that receive particular subsets 

of EVs (Mulcahy et al., 2014; Swaim et al., 2020; Askenase, 2021, 2022). EV-associated 

receptors not only influence which cells receive particular subsets of EVs, but may also act as 
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decoys, as observed in the case of circulating EVs carrying the severe acute respiratory 

syndrome coronavirus-2 (SARS-CoV-2) ACE2 receptor on their surface, thereby decreasing the 

amount of virus able to infect target cells (El-Shennawy et al., 2022). This has led to the 

development of ACE2+ EVs and nanoparticles as potential therapeutics for SARS-CoV-2 

infection (Cocozza et al., 2020).  

EVs not only target particular cell populations, but also protect cargo from degradative 

enzymes such as RNAses and proteinases found in the systemic circulation (plasma) and other 

biofluids (Shelke et al., 2014; Cvjetkovic et al., 2016; O'Brien et al., 2020). In addition, EVs must 

also protect their contents from chemically harsh conditions such as those found in the 

stomach which is highly acidic and contains potent digestive enzymes (Izumi et al., 2012; 

Benmoussa et al., 2016), hypoxic environments as observed in many tissues and tumor 

microenvironments, or hyperoxic environments observed in the upper airways or during 

neonatal development (Patton et al., 2020; Askenase, 2021). EVs can be taken up by recipient 

cells via a variety of mechanisms including phagocytosis, micropinocytosis, endocytosis by both 

clathrin-dependent and -independent pathways, as well as associations with lipid rafts 

(Mulcahy et al., 2014; Mathieu et al., 2019). Prostate cancer-derived EVs labeled with a thiol-

reactive fluorophore accumulated within the lysosomes of HeLa cells and primary lung 

fibroblasts before delivering cargo (Roberts-Dalton et al., 2017). Another study showed that EV-

localized nanoluciferase can be observed within the endosome of HeLa cells for many days 

while slowly being degraded or released, although this is likely cell type-dependent (O'Brien et 

al., 2022). Thus, in addition to protection against degradation in the extracellular milieu, EVs 
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(and their cargo) can also survive the acidic and proteolytic lysosomal milieu where they tend to 

accumulate after entering recipient cells. 

Damage-associated molecular patterns (DAMPs) released from injured or dying cells 

signal for the recruitment of scavenger cells (Todkar et al., 2021). Apoptotic blebs from these 

cells concentrate a variety of DAMPs into a single payload and their abnormal clearance results 

in the maturation of dendritic cells (DCs) and generation of systemic autoimmunity (Jiao et al., 

2021; Bao et al., 2022). However, just as EVs protect their cargo from degradation in the 

extracellular environment, EVs may also prevent typically immunogenic cargo from being 

recognized as a DAMP. One study described that oxidized mitochondrial proteins, which are 

normally perceived as DAMPs, were occluded from conventional DAMP-sensing when packaged 

into EVs, preventing the release of pro-inflammatory mediators such as IL-6 (Todkar et al., 

2021). Functional mitochondria, or fractions thereof, may be packaged into EVs and transferred 

to recipient cells (Amari and Germain, 2021). Conventionally, dysfunctional or damaged 

mitochondria are known to be degraded through “mitophagy” (i.e., autophagy of 

mitochondria). Thus, formation of mitochondria-encapsulated EVs by mitocytosis appears to 

functionally overlap with mitophagy (Jiao et al., 2021; Bao et al., 2022). 

Prior studies have uncovered links between EV formation (typically within multivesicular 

bodies for exosomes) and EV fate after uptake. Many EVs that are taken up by recipient cells 

pass through the phagolysosome where they are degraded (Vidal, 2019). The degraded 

products may still contain some functional molecules or promote metabolic adaptations in 

recipient cells, but in all likelihood only a few escaped EVs are able to deliver functional cargo. 

Consistently, modulation of autophagy enhances functional EV delivery. Bone marrow (BM) 
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mesenchymal stromal cells (MSC)-released EVs able to inhibit autophagy of recipient cells 

promoted delivery of packaged miRNA-144-3p to cardiomyocytes (Wang et al., 2022). Similarly, 

the inclusion of autophagy inhibitors resulted in enhanced EV delivery and increased the 

efficiency of CRISPR/Cas9 gene editing in recipient cells (Zhang et al., 2022). 

Due to the ubiquitous nature of EVs, understanding the unique aspects of each cell type, 

both in regard to the quality of EVs produced and how those EVs are handled once received, is 

challenging. Scavenger cells, which by nature consume a lot of extracellular material including 

large numbers of EVs, may be uniquely poised to degrade EVs and adapt to their environment 

by interpreting the message(s) encoded by the biomolecules within them (Akbar et al., 2022). 

One of the main functions of autophagy is to remove and recycle organelles damaged by ROS 

(Zhou et al., 2022). PMNs have a very short lifespan with a half-life of a few hours to just a few 

days, perhaps in part because of their rapid and massive generation of ROS, which is partially 

mitigated by highly efficient autophagy (Skendros et al., 2018; Dong et al., 2021). In 

inflammatory conditions, this may allow PMNs to release pathological EVs that cause them to 

recruit additional scavenger cells and components of the immune response (Dalli et al., 2013; 

Headland et al., 2014; Lorincz et al., 2015; Genschmer et al., 2019; Forrest et al., 2022).  

The repertoire of EVs released by a cell is incredibly diverse, reflecting its current state 

and exposure to stressors. Furthermore, the tissue EV population is reflective of the multiple 

cell types present of varying origin, which are, potentially, both releasing and taking up EVs at 

the same time. This leads to a complex and dynamic EV environment which will change due to 

fluctuations in cell density an, poise, tissue health, circadian rhythms and environmental factors 

(Mulcahy et al., 2014; Yanez-Mo et al., 2015; Danielson et al., 2016; Mathieu et al., 2019). In 
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addition, EVs may also be present from external sources such as ingested food. EVs from 

human breast milk colostrum and milk from other animals have garnered a lot of interest since 

they are present in large numbers and able to survive ingestion (Jiang et al., 2021).  

The contents of EVs include proteins, both cytosolic and membrane-bound, lipids, and 

RNAs, including micro RNAs (miRNA), long noncoding RNAs (lncRNA), messenger RNAs (mRNA) 

and transfer RNA (tRNA), and a variety of other small non-coding RNAs (Mulcahy et al., 2014; 

Janas et al., 2015). The membrane of EVs contains transmembrane proteins such as MHC and 

tetraspanins at the cell surface, although their density/concentration differ (Anand et al., 2019). 

Whether EVs contain ribosomal RNA (rRNA) (Lazaro-Ibanez et al., 2017; Mateescu et al., 2017; 

Sork et al., 2018) and mitochondrial (mtDNA) or genomic DNA (gDNA) is uncertain (Guescini et 

al., 2010; Shurtleff et al., 2018; Vagner et al., 2018; Yokoi et al., 2019). This likely stems from 

the types of cells from which the EVs were isolated (cancerous or not), the type of EVs analyzed 

(larger microvesicles and cancer-related EVs tended to carry larger nucleic acids such as rRNA 

and mtDNA/gDNA), and the method used to isolate the EVs (buoyant density centrifugation 

which may remove extra-EV bound material including gDNA from necrosed cells). 

 

EV CARGO 
The mechanisms by which a cell inputs its cargo into the EV package are under intense 

study. It is likely that the loading of cargo into EVs is not a passive process, nor due solely to 

passive diffusion of cellular cytosolic and membrane components since enrichment based on 

particular nucleotides (Zhang et al., 2010; Mittelbrunn et al., 2011; Nolte-'t Hoen et al., 2012; 

Villarroya-Beltri et al., 2014; Gao et al., 2018; Perez-Boza et al., 2018) and amino acids (Ghosh 

et al., 2014; Villarroya-Beltri et al., 2014; Janas et al., 2015; Rosa-Fernandes et al., 2017; 
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Whitham et al., 2018) motifs is observed. In addition to active packaging of cargo into and onto 

EVs, there can also be cross-complementation of EVs with extracellular protein or RNAs as 

shown by free miRNA-150, potentially in complex with argonaute-2 (Ago2), associating with EVs 

from B1a cells, which were then targeted directly to effector T cells (Bryniarski et al., 2015).  

It has been well demonstrated that proteins can be transferred from one cell to another 

by EVs, as exemplified by TLR4-knockout cells receiving TLR4 from DCs (Zhang et al., 2019b). In 

addition to protein, the horizontal transfer of RNA from one cell to another is likely one of the 

most important functions of EVs in vivo, but details as to how much RNA is needed, and how 

many EVs need to be taken up by a cell to then be unpackaged and deliver an effective 

concentration of their cargo remains poorly defined. As mentioned above, EVs contain a variety 

of RNAs including, but not limited to snRNA, snoRNA, piRNA, scRNA, Y-RNA, miRNAs, as well as 

fragmented and intact tRNAs, rRNAs, lncRNAs, and mRNAs. These RNAs can have many 

downstream functional implications in recipient cells (Turchinovich et al., 2019). For example, 

during immune synapse formation, when antigen on MHC-bearing cells such as DCs is 

presented to T cells, the transfer of miRNAs via EVs (from DCs to T cells) enhanced antigen 

presentation, T-cell receptor signaling, and function (Bolukbasi et al., 2012; Szostak et al., 2014; 

Temoche-Diaz et al., 2019). Engineered DC-derived EVs have also been shown to transfer 

therapeutic cargo including cytokines (Mittelbrunn et al., 2011; Montecalvo et al., 2012). 

One of the earliest studies to show the transfer of mRNA via EVs was in 2007 wherein 

human mast cells incubated with EVs from mouse mast cells were able to synthesize murine-

encoded proteins (Valadi et al., 2007). Another early study used endothelial cells that expressed 

GFP mRNA, but GFP protein was not yet at detectable levels, yet the transfer of EVs resulted in 
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the production of GFP protein in a naïve endothelial cell population (Deregibus et al., 2007). 

This study did not inhibit ribosome machinery using a drug such as cycloheximide in the 

producer cell population, but other studies went on to show that RNA can be synthesized in 

one cell followed by packaging into EV, and translated in another cell (O'Brien et al., 2020). 

EV Carrier Effects 
As argued above, EVs are a universal and evolutionally conserved cellular mechanism to 

maintain homeostasis and respond to stressors (Gill et al., 2018). As EVs have been observed to 

be released from virtually all cell across all kingdoms of life, some have suggested an early 

evolutionary origin for the generation of small particles (Woith et al., 2019). As part of the ‘RNA 

world’ hypothesis and its many iterations (Joyce, 2002; Szostak, 2012; Muller et al., 2022), EVs 

may have been selected due to the ability to protect their ribonucleotide contents from 

degradation in harsh and noxious conditions such as low pH and hypoxia present in the 

“primordial soup” (Figure 1.2). Furthermore, fusion of distinct vesicles to form more complex 

protocells is on path towards the biogenesis of the first unicellular organism (Imai et al., 2022). 

In this vein, Askenase makes a compelling argument that EVs allow for “carrier effects” which 

enhance the ability of EVs to protect and deliver their cargo to recipient cells (Askenase, 2021). 
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Figure 1.2. EVs protect cargo from degradation by harsh conditions such as pH or oxidative environments as well as from 
degradative enzymes such as RNAses and proteases. Top: RNA and protein released from cells or ingested food present 
in the stomach would get quickly degraded. However, RNAs and proteins encapsulated by EVs are stabilized and 
are less prone to degradation. The exact mechanisms of action are still not completely understood.  
Bottom: Circulating RNA and proteins in blood as well as other tissues may be degraded as a result of RNases 
and proteases. However, RNases and proteases may not cross the lipid bilayer membrane of EVs. Thus, 
molecules encapsulated by EVs are protected from enzymatic degradation. 

 

One aspect of this is that the contents of an EV are at a greater effective concentration 

due to the potentially large number of RNA species contained within an individual EV of fairly 

low volume (Figure 1.3). An EV with a 100 nm diameter has a volume of about 1e-18 L (or 1 

attoliter). If only 1 RNA molecule is present, then it is at a concentration of approximately 1 µM. 

However, with millions of potential EV subsets there may be EVs which have 100 or 1,000 

copies of a particular RNA resulting in an even greater concentration of cargo within the EVs 

(Askenase, 2021). Taking this a step further, based on Le Chatelier’s principle and simple 

constant of dissociation (Kd) and Michaelis-Menten kinetics, estimates of association between 

RNA species, peptides or small molecule interactions within EVs should be quite strong as these 

theoretical molar concentrations allow for unusual RNA structures and activities to potentially 

be realized (Krishnan and Simmel, 2011; Wee et al., 2012; Chang et al., 2014; Briskin et al., 

2020) and/or may increase the rate of a reaction. 
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Figure 1.3. EVs Increase the effective concentration of ligands and EV cargo. Top: Soluble molecules, represented in light blue are 
homogenous in solution. Cells exposed to the soluble ligand are "activated" through receptor-ligand interactions. In this case, 
the magnitude of activation is deemed medium/intermediate. Ligands concentrated on the surface of an EV have a greater local 
concentration, thereby increasing the avidity of the receptor-ligand interaction, and thus have a higher degree of activation than 
the cells exposed to the same amount of soluble ligand. Since EVs increase the local concentration of a ligand, the non-local 
concentration of an EV-bound ligand will be lessened. Bottom: Assuming that ligands are no longer being produced or removed, 
soluble ligands are distributed evenly throughout the environment whereas EVs concentrate ligands resulting in a gradient. 

There are differences in the RNA-binding properties and cleavage efficiencies of Ago2 

complexed with miRNA/siRNA and a target mRNA among fly, mouse and human homologs 

(Wee et al., 2012). Drosophila Ago2 dissociates slowly from bound RNA, whereas murine and 

human homologs (which are 99% identical) dissociate rapidly and may not completely cleave 

their targets without assistance from other proteins. This observation led the authors to 

conclude that murine and human Ago2 are optimized for miRNA regulation and not RNA 
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interference, while Drosophila Ago2 uses the latter mechanism for antiviral immunity (Wee et 

al., 2012). However, owing to the hyper-concentration of contents within EVs, murine and 

human Ago2/RISC RNP complex may be more catalytically active on any RNA within the EV. EVs 

enclose their contents within a lipid bilayer, which protects the contents from degradation by 

RNAses and proteases (Skotland et al., 2020) (Figure 1.2). Naturally, this also prevents the 

escape of intra-EV polar macromolecules by simple diffusion. Thus, there is a greater 

probability of effective reactions the longer EVs remain intact. This may lead to the presence of 

fragmented and smaller sized RNAs in EVs (Nolte-'t Hoen et al., 2012; Dellar et al., 2022). 

Single RNA replicators have recently been demonstrated to be able to lead to the 

formation of a five-RNA replicator network when RNAs present at high concentrations are used 

(Mizuuchi et al., 2022), which has fueled the argument of a likely association between lipid-

encapsulated RNA and the origin of cellular life in the pre-biotic soup (Czerniak and Saenz, 

2022). As a practical consequence, when evaluating RNAs contained within EVs, one must not 

only uncover their primary sequence (including seed sequences of miRNAs), but also their 

arrangement in three-dimensional space in order to understand RNA binding and RNAzyme-like 

function (Eliscovich et al., 2017; Ganser et al., 2019). 

EV Transfer Across Kingdoms 
Cross-kingdom transfer of EVs is evidenced by the ability of EVs of ingested food 

products to affect immune development and gastrointestinal inflammation (Zhang et al., 2012; 

Benmoussa et al., 2017). EVs from plants can be detected in human breast milk, although it 

remains to be seen if such EVs carry specific effects on breastfed children (Lukasik et al., 2017). 

While it may appear that EV biogenesis pathways have been co-opted by viral particle synthesis 

pathways, it is also possible that viruses co-evolved with host mechanisms to generate EVs and 
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communicate between cells (Gould et al., 2003; Chahar et al., 2015; Gill and Forterre, 2015). 

Perhaps as a consequence of the same pathways being used for the synthesis of both EVs and 

viruses, the physical properties of many viruses and EVs including particle size, contents and 

mechanisms of release and uptake are broadly shared (Gould et al., 2003; Nolte-'t Hoen et al., 

2016). The size range of EVs can be quite varied from 50 nm to perhaps 0.5-1 µm. However, 

many sources report a modal EV size between 90 and 150 nm in diameter, similar to that of 

many viruses including human immunodeficiency virus (HIV), influenza, SARS-CoV-2 and other 

coronaviruses, as well as Epstein-Barr virus (EBV) (Doyle and Wang, 2019; Parvez, 2020). 

Because of this similarity in size, many techniques developed to interrogate viral structure and 

function have been used for the study of EVs. These include nanoparticle tracking analysis 

(NTA), density-gradient centrifugation, and flow virometry/high resolution flow cytometry 

(Coumans et al., 2017). Nevertheless, viruses tend to be much better defined than EVs likely as 

a result of their historical importance for both the development of molecular biology 

techniques and public health. 

Similar to an enveloped virus, the contents of an EV are surrounded by a lipid bilayer. 

Within this lipid membrane are also membrane proteins that could span the membrane, be 

anchored to the membrane, or simply associated with the membrane. Just as the receptor-

binding domains influence which cells become infected by virus (Lakadamyali et al., 2004; 

Weston and Frieman, 2020; Nguyen et al., 2022), receptors and ligands on the surface of EVs 

may also determine which subsets of cells receive EVs thereby having targeted delivery of EV-

cargo (Figure 1.4).  
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Figure 1.4. EVs have surface molecules which may bias which cells receive cargo. The molecule of interest in this case is 
depicted as RNA. Soluble RNA (left), not already degraded, is detected by pattern recognition receptors that in this 
case is present on both neutrophils (pink) and monocytes (blue). RNA encapsulated in an EV (right) is occluded 
from sensing by pattern recognition receptors. In addition, the ligands and receptors on the surface of the EV bias 
which cells receive the RNA. In this case, neutrophils have the proper receptor and thus receive more RNA cargo 
than the monocytes. 

 
In addition to the canonical viral proteins, and viral genome, virions of several influenza 

viruses including A/WSN/33, A/PR/8/1934, and B/Brisbane/60/2008 grown in MDCK or chicken 

eggs contains host proteins such as ACTB, ANXA2, GAPDH, RPS2, ALDOA, EIF4A1. It was noted 

that many of the host proteins found associated with influenza virions were similar to that of 

EVs and that EVs and influenza virions were of a similar size, suggesting that influenza buds 

from a cell in a manner similar to EVs (Hutchinson et al., 2014). The notion that many viruses 

hijack cellular pathways essential to the biogenesis of EVs (both exosomes and microvesicles) to 

enhance formation and release of virions post-infection is termed the “Trojan Exosome 

Hypothesis.” (Gould et al., 2003). The genomes of viruses typically encode only those parts 

absolutely necessary for formation of infective virions that are not already furnished by the 



 26 

host as well as accessory factors to evade or subvert the immune response. Thus, the relative 

simplicity of viral genomes may be partly enabled by the hijacking of cellular machinery for 

synthesis of virions. 

The host protein Tsg101 is highly enriched in EVs and has been implicated in EV 

formation (Nabhan et al., 2012). It was found that HIV-1 Gag and Ebola virus matrix (EbVp40) 

interaction with Tsg101 is needed for viral budding (Garrus et al., 2001; Martin-Serrano et al., 

2001). Since HIV and Ebola virus are evolutionarily distant, their shared interaction with the 

same host protein (here Tsg101) is likely a result of convergent evolution. In line with this 

reasoning, the myelin and lymphocyte (MAL) protein has been implicated in promoting vesicle 

trafficking to the plasma membrane via interactions with membrane rearrangement proteins 

such as synaptophysins, synaptogyrins, and occludins (Sanchez-Pulido et al., 2002). MAL is 

observed in highly ordered lipid domains and thus may also be involved in EV biogenesis, as 

well as viral budding (Gamage and Fraser, 2021; Rubio-Ramos et al., 2021). The conserved C-

terminus of MAL promotes IAV HA to the apical surface (Puertollano et al., 2001). In addition, 

HIV-1 Nef changed the contents of EVs and released by infected T cells via interactions with 

MAL (Ventimiglia et al., 2015). The cooptation of MAL by HIV proteins in infected T cells may 

also impact T-cell receptor (TCR) signaling by reducing the recruitment of the TCR-associated 

kinase Lck and downstream IL-2 transcription (Antón  et al., 2008). The EBV protein BGLF2 

intercalates between the envelope and nucleocapsid of the virion and was also observed to be 

packaged within exosomes, which repressed IFNa-induced phosphorylation of the signal 

transducer and activator of transcription (STAT) 3 and downstream innate immune signaling, 

thereby enhancing infectivity of EBV (Sato et al., 2022). Further, EBV and other herpesviruses 
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complete virion formation in proximity to the Golgi bodies and by interaction with exosome 

markers Rab11, Rab27a and CD63 (Nanbo et al., 2018). 

Occurring in a space between viruses (typically assumed to be exogenous to the host) 

and EVs, are the endogenous retroviruses (ERVs), remnants of ancient infections that became 

stably integrated into the host genome. Amazingly, up to 8% of the human genome is made up 

of ERV-associated sequences with many duplication events and with the potential to still give 

rise to infectious units (Belshaw et al., 2004). Human endogenous retroviruses (HERVs) have 

been implicated in key physiological processes (e.g., placentation in mammals), as well as 

several diseases and immune reactions (Garcia-Montojo et al., 2018; Kuriyama et al., 2021; 

Rookhuizen et al., 2021; Temerozo et al., 2022), and have also been associated with EVs (Ferrari 

et al., 2019; Morozov and Morozov, 2021; Taylor et al., 2022).  

Viruses show enormous diversity, yet their genomes end up encoding very similar 

functions including specialized polymerases, structural proteins, and mechanisms to evade the 

host immune response. Even amongst highly pleiomorphic viruses, such as influenza, there is a 

high degree of structural ubiquity, with most virions being around the same size (Kramberger et 

al., 2012) and containing the same number of structural proteins. Although it is difficult to 

physically separate purified exosomes from microparticles, it is clear that EVs do not have the 

same degree of structural uniformity as viruses (Tkach et al., 2018; Verweij et al., 2021).  

Viruses serve as an extreme example of cargo sorting, with most virions including the 

same quantity of proteins. The efficient and specific cargo sorting of viruses is not limited to 

only proteins. Most virions typically only include a single genome (whether segmented or 

nonsegmented), suggesting a very specific sorting process for nucleic acids, as well. It was 
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reasoned that since the HIV genome (9.8 kb) can be packaged into a virion the size of an EV 

(~100 nm) about 500 copies of a miRNA should also be able to fit into a similarly sized particle 

(Zubarev et al., 2021). This is likely not even the maximum space that can be occupied within an 

approximately 100 nm diameter particle since the genome of SARS-CoV-2 is 30 kb. It is likely 

that as engineering of specific cargo into EVs improves, the observed cargo sorting efficiency of 

viruses, both for RNAs and proteins, will serve as a theoretical upper limit of what can be 

achieved artificially. However, the formation of HIV virions requires the packaging of only one 

genome whereas the packaging of miRNAs would actually be a 500-molar increase considering 

the number of transcripts to “drag” into a particle as it is formed. In addition, although viruses 

may be pleomorphic, their structure is much more ordered than that of EVs, which likely results 

in more orderly recruitment of cargo. It can therefore be inferred that the RNA contents of an 

EV result from active cargo sorting rather than only passive diffusion close to the membrane 

surface and/or spatial constraints. Consistently, the RNA and protein cargo of EVs show 

enrichment of nucleotide and amino acid motifs (Zhang et al., 2010; Mittelbrunn et al., 2011; 

Nolte-'t Hoen et al., 2012; Ghosh et al., 2014; Villarroya-Beltri et al., 2014; Janas et al., 2015; 

Rosa-Fernandes et al., 2017; Gao et al., 2018; Perez-Boza et al., 2018; Whitham et al., 2018). 

 

RNA Sorting 
Complexes of ribonucleoproteins (RNP) are formed through the interactions of RNA with 

RNA-binding domains (RBD)1 of RNA-binding proteins (RBP) and are important for the cytosolic 

 
1 The acronym RBD sometimes refers to the receptor-binding domain on the surface proteins of viruses. The 
distinction will be made as needed. In particular, in the SARS-CoV-2 and monocyte chapter (See Chapter 5), RBD 
refers to receptor binding domain of the SARS-CoV-2 Spike glycoprotein, which binds the ACE2 host cell surface 
receptor. 
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transfer and control of RNAs leaving the nucleus to the ribosome (Kohler and Hurt, 2007)2. RNP 

complexes are observed within EVs (Kossinova et al., 2017; Sork et al., 2018; Statello et al., 

2018; Fabbiano et al., 2020). Whether this is due to sorting of RBP cargo to the EV bringing 

bound RNA with it, or RNA first being sorted to an EV and RBPs being bound to recruit or 

stabilize the RNP complex in a second phase is unclear. Likely, it is a mix of both scenarios. 

There also appears to be a role for liquid-liquid phase condensates (LLPCs) in 

determining the cargo of EVs. For example, the RNP YBX1 (also referred to as YB-1) promotes 

loading of miRNA-223 into exosomes (Liu et al., 2021). The secondary structure of miRNA-223 

RNA is key to recruiting YBX1 to EVs (Shurtleff et al., 2016; Shurtleff et al., 2017). YBX1 

recognizes a variety of motifs depending upon its binding partners, as well as 5-methylcytosine 

modified nucleotides in some instances (Ray et al., 2009; Yanshina et al., 2018; Chen et al., 

2019), and thus may control the sorting and stability of a wide variety of RNAs. For example, 

YBX1 in complex with IGF2BP-1, HNRNPU, SYNCRIP, and DHX9 stabilized c-myc mRNA 

(Weidensdorfer et al., 2009). Although it has not been formally shown that this specific RNA 

motif and complex is relevant for loading into EVs, each of these proteins and c-myc mRNA are 

highly abundant in EVs from a variety of cell types (Hong et al., 2009; Buschow et al., 2010; 

Skogberg et al., 2013; Hurwitz et al., 2016; Kowal et al., 2016; Choi et al., 2018; Spiniello et al., 

2019). The transfer of YBX1 via EVs can have profound effects on recipient cells since it affects 

the regulation of key genes involved in DNA repair and antigen presentation at the DNA level, 

 
2 The intracellular complex of proteins and RNAs within a lipid vesicle transported from the nucleus to the cytosol 
is also called an exosome or RNA exosome (Kohler and Hurt, 2007). Confusingly, these are distinct entities from the 
exosomes that are found within multivesicular bodies that fuse to the plasma membrane upon release from cells 
(Cocucci and Meldolesi, 2015). RNA exosomes are not the subject of this review, nor mentioned elsewhere. 
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as well as RNA stability, packaging, and splicing (Prabhu et al., 2015; Suresh et al., 2018; 

Mordovkina et al., 2020). YBX1 is a known interactor of Ago2 (Hock et al., 2007; Liu et al., 2021), 

and thus may also affect processing and Ago2-dependent regulation and silencing of gene 

expression by miRNAs and siRNAs (Muller et al., 2019). Furthermore, there are many post-

translational modifications (PTMs) that can regulate the activity and localization of YBX1 

including ubiquitination, acetylation, methylation, and phosphorylation. These post-translation 

modifications are also relevant for the formation of LLPCs in general (Owen and Shewmaker, 

2019). Notably, phosphorylation of YBX1 regulates its loading into EVs (Kossinova et al., 2017), 

although the relevance of this to LLPCs is unknown. The structure of RNAs outside of the 

primary sequence is also important in determining the characteristics of LLPCs (Alberti and 

Hyman, 2021; Tejedor et al., 2021). In line with these observations, the biophysics of EV 

formation must be studied further, in addition to and beyond the characterization of lipid 

membranes (Nicolson and Ferreira de Mattos, 2021). 

Other RNA motifs and RBPs have also been observed to aid in the packaging of RNA 

cargo into EVs. For example, miRNA in B cells were found to have post-transcriptional addition 

of polyadenosines to the 3’ end of the transcripts whereas miRNAs in EVs had 3’ polyuridines 

(Koppers-Lalic et al., 2014). The heterogenous nuclear RBP A2B1 binds the EXOmotif 5’-GGAG-

3’ in miRNAs and its subsequent SUMOylation promotes the packaging of bound miRNAs into 

EVs (Villarroya-Beltri et al., 2013). The motif 5’-CUGCC-3’ was found in the 3’UTR of mRNAs 

(Bolukbasi et al., 2012) and another group used untargeted RNA-seq to validate the 

heterogenous nuclear RBP A2B1 EXOmotif and YBX1 motifs in addition to sequences that had 

not been described before (Perez-Boza et al., 2018). 
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One approach to loading custom RNA into an EV is to include these RNA loading motifs 

in a minimally functional part of the RNA such as the 3’UTR of mRNAs or the non-seed region of 

miRNAs. In addition, generation of RBPs with RBDs that can bind novel sequences of RNA or are 

permissive to PTMs that promote EV loading may also allow for loading of custom RNA 

(Fukunaga and Yokobayashi, 2022). It has been speculated that exosomes are better than 

microvesicles at transferring miRNA contents to recipient cells due to the larger number of 

documented cases (Askenase, 2021). However, due to the massive variety of cells types used in 

EV studies as well as changing nomenclature or incorrect nomenclature of EV subsets  (Thery et 

al., 2018), this claim is suspect and must likely be studied on a cell-by-cell basis (for producer 

and recipient cells) and for individual miRNAs. 

Taken together, the contents of EVs are able to impact recipient cells as a result of EV-

carrier effects. After ingestion, release by host cells, or injection, EVs containing concentrated 

biomolecules are able to survive the stomach and circulation (Nasiri Kenari et al., 2020), then 

mediate their uptake into particular populations of cells, survive the phagolysosome (O'Brien et 

al., 2018), potentially get repackaged within another population of EVs for retargeting to cells 

and tissues (Turchinovich et al., 2019), and then deliver their contents to an effector cell 

population (Valadi et al., 2007), which are often scavenger cells. As our understanding of the 

mechanisms regulating cargo sorting and offloading improves, we can harness these pathways 

to load custom cargo into EVs derived from cultured cells made to express a transgene or other 

product (Deregibus et al., 2007). Ironically, scientists have spent decades formulating lipid 

nanoparticles and viral vectors to great success, yet “Nature” already has a comparable and 

perhaps superior system of delivering material via EVs (Witwer and Wolfram, 2021). 
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EV ANALYSIS BY FLOW CYTOMETRY 
Comparison with other methods 

In order to investigate the role of EVs, it is first necessary to understand the current 

methods to analyze them and their contents. Common methods for EV analysis have been 

reviewed elsewhere (Hartjes et al., 2019), including western blot/ELISA, NTA, dynamic light 

scattering (DLS), asymmetrical flow field flow fractionation (aF4), and single particle 

interferometric reflectance imaging sensing (SP-IRIS) (Thery et al., 2018). This section will focus 

on flow cytometry, which can multiplex targeting of biomarkers and gate on subpopulations 

unlike the above methods, with the exception of SP-IRIS, which is a promising, but fledgling, 

technology and does not have the throughput of flow cytometry (Daaboul et al., 2016; Sevenler 

et al., 2018; Bachurski et al., 2019) (Table 1.1). There are various terms for the flow cytometric 

analysis of single particles including nanoflow cytometry, high-sensitivity flow cytometry, high-

resolution flow cytometry, and flow virometry (Lippe, 2018). With the exception of flow 

virometry, which is the flow cytometry of virions, these terms are fairly interchangeable in the 

literature. In this work, the term nanoflow cytometry will be used. 

Single particle analysis of EVs by nanoflow cytometry is quite difficult due to the small 

size and subsequent small density of the target molecules. A prior study estimated that an ~8 

µm monocyte bears ~110,000 molecules of CD14, a high abundance marker, on its surface 

(Nolan, 2015). Assuming that a monocyte is spherical and scaling the antigen density based on 

the surface area, an EV that is 100 nm in diameter is expected to have ~17 molecules of CD14 

on its surface. For a lower abundance molecule such as CD16 with ~10,000 molecules on a 

monocyte and ~1.5 molecule on an EV, detection of the latter is understandably arduous. While 

there are approaches to modify the fluidics and settings of flow cytometers in order to amplify 
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signals from single EVs (Bari et al., 2021; Bordanaba-Florit et al., 2021; Gao et al., 2021; Silva et 

al., 2021; Verweij et al., 2021; Xu et al., 2021), these are pushing against the physical limits of 

this technology and are not necessarily applicable to every platform (Stoner et al., 2016; Nolan 

and Duggan, 2018; Brittain et al., 2019; Brittain et al., 2021; van der Pol et al., 2021). In practice, 

single EV analysis by nanoflow cytometry is a laborious technique for which the benefits must 

be weighed against the cost of reagents and time to conduct the experiment. 
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Population-based Analysis 
One method to get around the low antigen density of EVs is to aggregate multiple EVs 

onto a larger particle (usually 4 µm or greater in diameter) either by using latex beads which 

bind lipids via hydrophobic interactions or by tethering an antibody to beads and performing 

immunoprecipitation followed by counterstaining with an antibody of interest (Nakai et al., 

2016; Morales-Kastresana and Jones, 2017; Suarez et al., 2017; Wiklander et al., 2018) (Table 

1.2). In our own experimental work (Dobosh, unpublished), we calculated that one bead of ~9 

µm diameter coated with a certain amount of streptavidin can bind ~3,000 PMN-derived 

(CD66b+) sputum EVs from patients with cystic fibrosis (CF). Taking the above calculation 

(Nolan, 2015) this amounts to ~17 molecules *3000 EVs = 51,000 molecules of CD66b available 

for binding. Applying some rough sphere packing calculations and estimating steric hindrance 

for fluorescent antibody binding between an EV and the bead (Campos-Silva et al., 2019), 

reduces this number by about 30% resulting in ~35,700 molecules to detect for highly abundant 

antigens. This will release sufficient signal on a flow cytometer and allows for population-based 

analysis of EVs in a fluid. It should be remembered though, that this number, and therefore the 

feasibility of detection, will depend on both the density of a given marker on a given 

subpopulation of EVs and the abundance of EVs that contain the marker in the biofluid of 

interest. 
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Bead-based pulldown (hereafter referred to as immunoprecipitation since latex beads 

are not as specific as antibody-based methods) is a powerful technique to isolate particular 

populations of EVs. For example, a bead coated in streptavidin is quite versatile since the 

antibody used for immunoprecipitation only has to be biotinylated, a process for which there 

are many kits and protocols available (Mao, 2010). Immunoprecipitation is also convenient to 

analyze subpopulations of EVs, such as those that are only PMN-derived (CD66b+), epithelial-

derived (CD326+), or perhaps have effector molecules such as neutrophil elastase (NE), 

myeloperoxidase (MPO), or PD-L1 on their surface. Once a purified population of EVs is 

immunoprecipitated, RNA, proteins, or lipids can be extracted from them for transcriptomic, 

proteomic, or lipidomic analysis, respectively. It should be noted that once immunoprecipitated 

it is quite difficult to remove the EVs from the antibody for downstream functional experiments 

without destroying their integrity using denaturants such as urea or high salt buffers. 

Alternatively, a recombinant antibody or antigen may be used to outcompete antibody:EV 

binding, but this approach is not always successful. Examples of successful elution do exist, 

however. The protein Tim-4 bound to beads pulls down EVs expressing phosphatidylserine on 

the outer leaflet of the membrane. Since Tim-4 binding to phosphatidylserine is Ca2+-

dependent, adding a chelator such as EDTA can gently elute off EVs for downstream functional 

analysis without compromising their integrity (Nakai et al., 2016). We developed a similar 

method using Annexin V (Dobosh, unpublished), which exhibits reversible binding to 

phosphatidylserine based on the presence of Ca2+ ions in the medium. In addition to antibody 

staining, EVs can also be probed with cell-permeable, cleavage-sensitive dyes (Gray et al., 2015; 
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de Rond et al., 2018b), or stained for total RNA or specific RNA species using molecular beacons 

(Mateescu et al., 2017; Rhee and Jeong, 2017; Balducci et al., 2019). 

While population-based analysis of EVs may answer many questions and begin to probe 

the diversity of EVs, it falls short when investigating variations in the density of a marker among 

individual EVs. Owing to the variety in EV morphology, contents and density it is likely that no 

two EVs are completely identical, resulting in potentially millions of different EV subsets 

(Gyorgy et al., 2011; Cocucci and Meldolesi, 2015; Tkach et al., 2018; Zhang et al., 2018; Zhang 

et al., 2019a; Askenase, 2021). Such a massive variety is also observed among EVs ingested 

from milk or plant-based products (Zhang et al., 2012; Benmoussa et al., 2017). 

Coincident Events 
In addition to the low antigen density on the surface of EVs, nanoflow cytometry is 

complicated by the fact that the typical laser beam width on a cytometer is approximately 5 µm 

in diameter, yet the size of the typical EV in our system is ~0.1 µm (Welsh et al., 2017). Thus, 

high scatter and fluorescence signals may result from EVs that are physically aggregated, are 

unbound but happen to be in the laser path coincidentally, or from a single large particle. This 

phenomenon is typically referred to as a coincident event or swarming3. In cell-based digital 

flow cytometry this conundrum is resolved by a doublet gate, i.e., typically by visualizing a given 

parameter’s area against its height. This is made possible because cells passing in front of the 

laser are larger than or close to the width of the beam. Since this is not true for EVs, such 

doublet gates are not possible. Therefore, to ensure that only single EVs or physical aggregates 

 
3 Since swarming can also refer to the process of cellular transmigration, which will be discussed in other chapters, 
we will use coincident event in reference to multiple particles being detected as a single instance. However, 
although there is not a consensus, swarming appears to be the preferred term for this problem in the flow 
cytometry community.  
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of EVs, but not coinciding events, are being analyzed, samples should be serially diluted until 

the event rate decreases linearly with the dilution factor and the fluorescence of each marker 

remains constant (Libregts et al., 2018). An alternative method, inspired by flow virometry 

(Arakelyan et al., 2013; Arakelyan et al., 2015; Arakelyan et al., 2017) consists in splitting a 

population of EVs into tubes and staining each with two differently colored dyes or antibodies, 

followed by washing and remixing. The flow rate at which double positive events no longer 

appear allows for the analysis of single particles. However, one must ensure that both 

dyes/antibodies stain both particles with similar efficiency (de Rond et al., 2018b; Melling et al., 

2022) (Table 1.2). 

Optics and Hardware 
Mie theory describes the relationship between the wavelength of a laser hitting a 

particle of a particular size and the amount of scattered light at any angle (de Rond et al., 

2018a; McVey et al., 2018). For particles smaller than the wavelength of light being used this 

relationship is important to get the most signal possible from a sample. Mie theory states that 

as the particle size gets smaller the amount of scattered light dramatically decreases, 

particularly in the forward scatter (FSC)/180˚ direction. In fact, using FSC at the sizes of an EV 

has very little relevance, while SSC decreases less dramatically. Thus, using the smallest 

wavelength possible is best for detecting EVs. This is typically achieved with SSC off of the 405 

nm violet on most flow cytometers, noting that more advanced systems may include a better 

350-355 nm or even better 320 nm ultraviolet laser. Switching from the conventional 488 nm 

blue laser to the 405 nm violet laser for SSC measurement makes an appreciable difference in 

the quality of EV-generated events detected (McVey et al., 2018). In addition, capturing the 

side-scattered violet light requires a special detector making optimal nanoflow analysis of EVs 
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less accessible (Nolan, 2015; Stoner et al.; de Rond et al.; McVey et al., 2018; Nolan and 

Duggan; Chiang and Chen, 2019). Additional hardware modifications to improve the amount of 

scattered light include increasing laser power and narrowing the diameter of the laser beam. 

In flow cytometers, avalanche photodiodes or photomultiplier tubes are firing electrons 

as photons from the laser hit the detectors. This generates a constant stream of electrical 

information (called “events”) that the hardware detects even when no particle is present in 

front of the laser. This electrical noise may in some part be due to debris present within the 

fluidics system, but may also derive from the natural physical state of the lasers and detectors. 

Yet, most of the time this noise is not visualized on the computer interface. At the software 

level, an event must have a particular magnitude for at least one parameter to be recorded as a 

real event and show up on the screen. This value, for which a particular event must be greater 

than, is called the trigger threshold. On a conventional flow cytometer, the trigger threshold is 

typically at least 20,000 on FSC-H. However, due to the weak FSC signal from small particles this 

is not an appropriate trigger for nanoflow cytometry. Thus, many groups will trigger off the 

violet SSC and/or a fluorescent channel (van der Vlist et al.; Pospichalova et al.; Arraud et al.; 

Groot Kormelink et al.; Mateescu et al., 2017; Morales-Kastresana and Jones, 2017). Using 

fluorescence-based triggers removes much of the noise related to scatter-based measurements 

and improves machine sensitivity since background debris and spontaneous detector firing 

generate little autofluorescence (Table 1.2). 

Since EVs have such weak scatter properties it would be ideal to have the brightest 

fluorochromes available. In addition to detecting all EVs this fluorochrome would have to be 

conjugated to an antibody or molecule that would specifically recognize all EVs. Unfortunately, 
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there is no pan-EV marker. For some time, CD63 and phosphatidylserine were considered as 

such, but this proved to be a false assumption (Yanez-Mo et al., 2015; Thery et al., 2018). To 

date, various markers and dyes are used by research groups in the field to detect EVs. In our 

group, specific interests in EVs from CF sputum, bronchoalveolar lavage fluid (BAL) (ex vivo), 

and conditioned media from human leukocyte trans-epithelial migration setups (in vitro) led us 

to select a mixture of Di-8-ANEPPS and calcein-based dyes (Stoner et al., 2016; Welsh et al.; de 

Rond et al., 2018b). Di-8-ANEPPS is a voltage-sensitive membrane dye that is nonfluorescent in 

solution and becomes fluorescent when bound to phospholipid membranes and proteins. 

Calcein-based dyes are membrane-permeable, but when cleaved by an esterase that may be 

present inside EVs become fluorescent and are retained inside the particle. These dyes tend to 

be bright, which is beneficial for fluorescence-based triggering of EV detection. In addition, for 

antibody-based detection of EV-associated markers, the brightest fluorochromes such as PE, 

APC and Brilliant Violet dyes (BD Biosciences) perform quite well. PE and APC should be used 

with caution however as they are large proteins potentially leading to steric hindrance of 

antibody (~10 nm in length on its longest axis) binding to EVs (~100 nm in diameter). Due to 

these size constraints, it has been postulated that only up to ~2-3 surface markers can be 

analyzed via antibody binding on single EVs. Lastly, many pre-conjugated antibodies come with 

a staining index of 1 or 2 (1-2 fluorochromes/antibody). While this is adequate for cells, and 

some EV markers, increasing the staining index (up to 5 or even 10 fluorochromes/antibody) 

will yield better signal. However, fluorochrome binding close to the Fab region of the antibody 

may compromise its binding capacity. Thus, increasing the staining index is a strategy that 

requires validation on an antibody-by-antibody (and lot-to-lot) basis. 
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Imaging flow cytometry may be an alternative method to the use of conventional flow 

cytometers for the study of EVs (Elborn, 2016; Margaroli and Tirouvanziam, 2016; Farrell et al., 

2018). Once improvements to staining methods and flow cytometry hardware are made, 

advanced study of numerous subpopulations of EVs may be possible. Indeed, some have 

already begun to use spanning-tree progression analysis of density-normalized events (SPADE) 

to better understand the many populations of EVs present in biological fluids (Margaroli and 

Tirouvanziam, 2016; Chalmers et al.; Gramegna et al.; Dittrich et al.; Margaroli et al., 2019).  
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Chapter 2: INTRODUCTION TO NEUTROPHIL BIOLOGY 

NEUTROPHIL DEVELOPMENT IN THE BONE MARROW 
Polymorphonuclear neutrophils (PMNs) are the most abundant leukocyte in the bone 

marrow (BM) and circulation. PMNs are short-lived cells with an estimated half-life of just a few 

hours to at most a few days (Pillay et al., 2010). Thus, to constantly replenish the circulating 

population of PMNs, granulopoiesis is a rapid and energy-intensive process with an estimated 

1e9 PMNs/kg/day (roughly 1e11 PMNs/day) being produced in the BM of humans (Dancey et 

al., 1976; Price et al., 1996). It takes a remarkable amount of cellular division occurring in the 

BM for granulopoiesis to proceed from hematopoietic stem cells (HSCs) to the multipotent 

progenitors (MPPs) to promyelocytes all the way through to mature PMNs. This process is 

under strict regulation to prevent the emergence of cancerous cells or cells that may be 

damaging to the host. Mature PMNs released from the BM circulate in the bloodstream looking 

for damage-associated molecular patterns (DAMPs) and pathogen-associated molecular 

patterns (PAMPs) that may be present in either a sterile or infected tissue microenvironments. 

PMNs, and the other innate immune cells such as eosinophils, basophils, monocytes, 

macrophages, and myeloid-derived dendritic cells, are constantly patrolling and interacting with 

cells and their remnants to maintain homeostasis. 

The HSCs are slowly dividing cells capable of self-renewal and differentiation into MPPs 

(Orkin and Zon, 2008). MPPs differentiate into lineage-restricted, e.g., common myeloid (CMP) 

or common lymphoid (CLP), progenitors. In humans, PMNs originate primarily from CMPs. 

Granulocyte-monocyte progenitors (GMPs) are the typical intermediate population between 

CMPs and committed neutrophil progenitors in the human BM at steady-state. GMPs are a key 
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branch point between neutrophil and monocyte/macrophage production, under control of 

several transcription factors including PU.1, Gfi-1, and Irf8. However, alternative paths exist 

under stress conditions that may bypass the CMP stage and proceed via the recently discovered 

PMN-restricted precursor (NeuP) (Kwok et al., 2020; Hidalgo and Casanova-Acebes, 2021; 

McKenna et al., 2021). In addition, mature segmented PMNs may be subcategorized based 

upon their transcriptional states as recently shown using scRNA-seq data of circulating PMNs 

(Wigerblad et al., 2022). 

PMN differentiation occurs in six stages, beginning with myeloblasts [Stage 1], which 

differentiate into promyelocytes [Stage 2] and then myelocytes [Stage 3]. These first 3 stages 

are pre-mitotic, i.e., these precursors are endowed with the ability to expand. The next three 

stages are post-mitotic, i.e., the cells differentiate without expanding, yielding metamyelocytes 

[Stage 4], then band cells [Stage 5], and finally segmented neutrophils [Stage 6], which can 

leave the BM (Borregaard, 2010). Under certain inflammatory conditions, band cells as well as 

lower density segmented PMNs are observed in circulation (Sun et al., 2022). Low density PMNs 

are also observed in certain healthy individuals at rest (Hardisty et al., 2021). Mature PMNs are 

considered terminally differentiated, and replication-incompetent as they appear arrested in 

the G0 phase and yet, contain various cyclin-dependent kinases and express the proliferating 

cell nuclear antigen (Rossi et al., 2006; Leitch et al., 2010; Witko-Sarsat et al., 2010). Despite 

this apparent arrested state, mature PMNs have been demonstrated in recent years to exhibit 

significant plasticity upon recruitment to peripheral tissues, leading to starkly different 

downstream fates and effector functions including phagocytosis, NETosis (neutrophil 
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extracellular trap formation), and hyperexocytosis, which may be affected to differing extents 

by precursor poise and tissue cues (Margaroli and Tirouvanziam, 2016; Rosales, 2018). 

PMNs compartmentalize their effector proteins into different granule and secretory 

vesicle fractions. The primary (azurophilic) granules contain the most potent effector molecules 

such as NE and other proteases and cathepsins, MPO, and a-defensins and are coated in the 

tetraspanin CD63 (Borregaard and Cowland, 1997). They are formed during the promyelocyte 

stage and are the last subset of granules to be released upon activation of a mature PMN. The 

secondary (specific) granules contain lactoferrin, lysozyme, collagenases and other proteins 

that aid in initiating an immune response against invading pathogens, as well as CD66b on the 

membrane. The tertiary (gelatinase) granules are readily mobilized upon PMN activation, and 

as their name suggests contain gelatinase as well as lysozyme and matrix metalloprotease 9 

(MMP9). The secretory vesicles, which are formed by inward pinching of the plasma membrane 

at the segmented PMN stage contain CR1, CD16 and pattern recognition receptors that can be 

rapidly mobilized to the cell membrane in the early phase of PMN priming prior to activation. 

There is no clear signal peptide sequence that target specific proteins to each type of 

PMN granule. This has led to the notion that the cargo of granules reflects the gene expression 

pattern during the differentiation stage in which they were formed (Bardoel et al., 2014). Since 

the loading is nonspecific, the classification of granules is not completely discrete. For example, 

gelatinase, which gives its name to the tertiary granules is also found in small amounts in 

secondary granules. In addition, particular amino acid motifs are enriched in granular compared 

to cytosolic proteins, as well as between granule subsets (Benson et al., 2003; Nakatsu and 

Ohno, 2003; Borregaard, 2010; Kallquist et al., 2010; Sheshachalam et al., 2014) and certain 
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post-translational modifications such as paucimannose N-glycans and N-acetyllactosamine 

(Venkatakrishnan et al., 2020; Reiding et al., 2021) may contribute to granule protein sorting. 

There is a variety of transcription factors relevant for maturation of developing PMNs 

and expression of granule proteins, however the transcription factor family of CCAAT enhancer 

binding proteins (C/EBP) is clearly central to this process (Ramji and Foka, 2002). The C/EBP 

family has six members and many including the a and b members can have multiple isoforms 

generated through alternative splicing, differential promoter use, translation initiation and/or 

proteolysis (Ramji and Foka, 2002). G-CSF is the main cytokine promoting proliferation and 

maturation of PMNs in the BM. Stimulation of the G-CSF receptor induces STAT3 

phosphorylation in BM progenitor cells, which results in C/EBPa and b expression (Akagi et al., 

2008; Iida et al., 2008). The other C/EBP members are thought to be more inhibitory due to 

lacking the transactivation domain, which is present at the N-terminus (Cloutier et al., 2009). 

During homeostatic (“steady-state”) conditions, the differentiation of PMNs is 

controlled mainly by the transcription factors C/EBPa, as well as Gfi-1 and Lef1, which quickly 

decrease upon reaching the promyelocyte stage, whereas C/EBPa is expressed in GMPs and 

myeloblasts and then decreases (Radomska et al., 1998; Yeamans et al., 2007). C/EBPb is the 

main transcription factor needed to reach the final stage of mature, segmented PMNs and is 

used during “emergency granulopoiesis” as observed during active infections (Bjerregaard et 

al., 2003; Cain et al., 2011). Other stimuli in addition to G-CSF, such as GM-CSF, IL-3, and IL-6, 

can induce the expression of C/EBPβ in myeloblasts and promyelocytes, thereby mobilizing 

PMN progenitors and increasing their rate of differentiation (Hirai et al., 2006). Understanding 

the interplay of these stimuli as well as what controls the direction and rate of differentiation of 
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the various progenitor stages in both steady state and emergency conditions remains an area of 

active study. 

There is strict control of a variety of transcription factors during granulopoiesis. To this 

point, C/EBPa and β may antagonize the activity of one another regulating the rate and poise of 

developing PMNs (Hirai et al., 2006; Lourenco and Coffer, 2017). Indeed, there are no known 

cases of “neutrophil cancer”. Despite this, approximately 9-20% of patients with acute myeloid 

leukemia exhibit a mutation in the Cebpa gene and many oncogenes have been shown to 

attenuate C/EBPa function or expression (Nerlov, 2004; Lourenco and Coffer, 2017). In line with 

these observations, C/EBP regulates steady state granulopoiesis and may serve as an early 

checkpoint for the induction of PMN differentiation and maturation (Zhang et al., 1997). 

C/EBPβ-/- mice do not show increased circulating PMN counts upon injection of G-CSF or 

challenge with Candida albicans compared to wild-type mice (Hirai et al., 2006). In addition, 

over half of mature C/EBPβ-/- PMNs are apoptotic 18 hours after injection with FBS (a negative 

control which may still be inflammatory due to a response to bovine protein), LPS, and GM-CSF, 

suggesting that C/EBPβ may also have a functional role in preventing the apoptosis of PMNs 

(Akagi et al., 2008). 

C/EBPβ was observed to be already bound to the IL-8 promoter of primary human PMNs 

and was phosphorylated after just 15 minutes of LPS stimulation (Cloutier et al., 2009). In 

addition, C/EBPβ can bind the promoter region of many other inflammatory genes including IL-

1a and b, IFNg, NE, MPO, tumor necrosis factor (TNF) a, nitric oxide synthase (NOS), lactoferrin 

and many others (Ramji and Foka, 2002). PMNs that have matured in the BM as a result of 
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C/EBPβ during a phase of emergency granulopoiesis may be predisposed towards expressing 

these inflammatory molecules once PMNs enter the stressed tissue microenvironment. 

The loss of C/EBPa, and expression of other members (mainly C/EBPβ) has been 

suggested to be a switch for differentiation towards mature PMNs (Nauseef and Borregaard, 

2014). However, it has also been observed that C/EBPa can remain level throughout the 

differentiation process only being lost upon emigration from the BM, although C/EBP family 

members such as C/EBPd and z are also increased (Bjerregaard et al., 2003). C/EBPg was 

observed to quickly decrease after the myeloblast and promyelocyte stages and is considered 

the only C/EBP member not expressed in post-mitotic PMNs (Bjerregaard et al., 2003). 

Typically, only mature PMNs are released from the BM in circulation. During 

development, the retention marker CXCR4 (which binds to its cognate ligand stromal cell 

derived factor 1 on the bone marrow stroma) is present on PMN precursors, gradually 

decreasing as the cells advance through maturation. Meanwhile, the chemokine receptor 

CXCR2 gradually increases from the myeloblast stage to the mature PMN stage, likely under 

induction by G-CSF and downstream STAT3 signaling (Nguyen-Jackson et al., 2010). During 

infection or some other stress, the circulating pool of PMNs is consumed, thus PMN progenitors 

in the BM are rapidly mobilized to replenish them and meet the increased demand for PMNs at 

the site of inflammation (Manz and Boettcher, 2014). A constant state of heightened 

granulopoiesis may result in the release of incompletely differentiated granulocytes into 

circulation such as band cells and low-density PMNs (Carmona-Rivera and Kaplan, 2013; 

Ostendorf et al., 2019). Both band cells and low-density PMNs, which are observed at increased 
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numbers in patients with chronic stress, show an increased propensity for activation than 

mature PMNs (Carmona-Rivera and Kaplan, 2013; Blanco-Camarillo et al., 2021). 

CLEARANCE OF PMNS 
To main a steady-state level of circulating PMNs, production and release of mature 

PMNs must match the rate of PMN clearance by macrophages in the BM, spleen, and liver 

(Rankin, 2010; Bratton and Henson, 2011; Gordy et al., 2011). It has been observed that 

efferocytosis of apoptotic PMNs by macrophages results in positive feedback signaling for 

inflammation resolution via induction the liver X receptor (LXR) family of cholesterol-sensing 

transcription factors suppressing the production of proinflammatory cytokines such as IL-1b, IL-

8, G-CSF, and TNFa by macrophages (Fadok et al., 1998; A. Gonzalez et al., 2009; Korns et al., 

2011). The production of the anti-inflammatory cytokine IL-10 does not appear as consistent 

and may depend on other factors such as age or microbiome (Fadok et al., 1998; A. Gonzalez et 

al., 2009; Meriwether et al., 2022). In addition, different subsets of macrophages will either 

increase or decrease production of G-CSF depending upon context. For example, BM stromal 

macrophages increase G-CSF production upon clearing senescent PMNs (Furze and Rankin, 

2008) whereas tissue macrophages decrease G-CSF production as stresses are resolved (Stark et 

al., 2005; Gordy et al., 2011). 

Notably, many of the cytokines that are inhibited as a result of macrophage 

efferocytosis of PMNs are the same ones involved in cytokine release syndrome or “cytokine 

storm” observed in cases of sepsis and severe COVID-19, pathologies which also feature 

massive tissue influx and death of PMNs (Coperchini et al., 2020; Chan et al., 2021). Since the 

early recruitment of PMNs is impaired in COVID-19 via inhibition of pro-PMN signaling in the 
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infected epithelium by SARS-CoV-2 (Dobosh et al., 2022) (See Chapter 5), alveolar 

macrophages, recruited macrophages and/or inflammatory monocytes may initiate the 

cytokine storm as a consequence of decreased efferocytosis of dying and dead PMNs (Merad 

and Martin, 2020; Subbarao and Mahanty, 2020). Recruited PMNs may then hyperexocytose 

their granules and inflammatory cytokines to deal with rampant inflammation resulting in acute 

respiratory distress syndrome (ARDS), which is a major complication of severe COVID-19 (Chan 

et al., 2021). Other pathogens have also developed methods to impair the efficacy of PMN 

efferocytosis by macrophages. For example, phagocytosis of S. aureus by PMNs prevented their 

efferocytosis by cocultured macrophages, allowing the bacterium to persist (Greenlee-Wacker 

et al., 2014). On the flipside, the association of P. aeruginosa with apoptotic PMNs and 

epithelial cells allows for their co-clearance, making efferocytosis another method of pathogen 

removal (Capasso et al., 2016; Jager et al., 2021).  

Cigarette smoke, in a model of COPD (an acquired disease which mirrors CF in terms of 

pulmonary presentation) also results in decreased efficiency of PMN efferocytosis, suggesting 

that the disease process may be driven in part by impaired airway macrophage function (Ito et 

al., 2020). Interestingly, NE released by activated PMNs can cleave the phosphatidylserine 

receptor, CD36, thereby decreasing the detection and efferocytosis of apoptotic cells (Vandivier 

et al., 2002). In addition, oxidized lipoproteins accumulating in the oxidizing conditions of the CF 

airways (Benabdeslam et al., 1999; Garrel et al., 2007) decrease the activity of c-Mer tyrosine 

kinase (MerTK), also resulting in decreased efferocytosis (Cai et al., 2017). Taken together, 

impairment of PMN clearance by tissue-resident macrophages can result in discordant immune 

responses and failure to clear invading pathogens. In the context of inflammatory airway 
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diseases, particularly CF, the failure of tissue-resident macrophages to clear apoptotic PMNs 

and debris is a major contributor to chronic inflammation (Turton et al., 2021). 

It is important to consider that the body is constantly challenged by incoming 

microorganisms. Such a continual presence of an even minimal burden of microorganisms in 

mucosal areas such as the gut or the airways provides impetus for the BM to sustain a constant 

rate of PMN production and circulation. This is supported by the observation that aseptic mice 

have lower levels of circulating PMNs than mice caged under normal conditions. Upon 

occurrence of a larger microbial load (acute infection in the lung, chronic dysbiosis in the gut), 

the release of typical inflammatory factors such as the IL-1 family of cytokines, TNFa, G-CSF, 

and GM-CSF can upregulate the production of PMNs from the BM into circulation. 

PMN ACTIVATION 
PMN activation in tissue is preceded by their diapedesis through the endothelial barrier, 

and their subsequent swarming into tissue entry and migration, which may culminate in their 

trans-epithelial migration (“transmigration”) in mucosal environments. Diapedesis of PMNs 

through the activated endothelium close to the site of stress/injury depends on b2 integrins, 

while swarming depends on PMN-to-PMN signaling via the lipid chemoattractant leukotriene 

B4 (LTB4) (Lammermann et al., 2013; Kriebel et al., 2018; Majumdar et al., 2021). PMNs may 

also enter the tissue distally from the site of injury and follow the LTB4 chemoattractant 

gradient generated by PMNs proximal to the injury site to surround the site of injury or 

infection and have additional PMNs present. Interestingly, EVs from PMNs contain both LTB4 

and leukotriene A4 hydrolase (LTA4H), the enzyme that synthesizes LTB4, and can therefore 

promote PMN chemotaxis (Dalli et al., 2013; Majumdar et al., 2021). Thus, it is possible that a 
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chemotactic gradient can be created not only by soluble mediators, but also EVs, a swarming 

mechanism that is evolutionary conserved in the social amoeba Dictyostelium discoideum via 

cAMP gradient generation (Kriebel et al., 2018). Taken together, PMNs are able to release EVs 

that allows them to both form their own chemotactic gradient as well as attract additional 

PMNs and immune cells to the site of injury. Autologous generation of chemotactic gradients 

allows cells to steer themselves through complex paths such as mazes, allowing them to 

navigate to distal and difficult to find sites of injury and stress (Insall et al., 2022). As another 

example, PMNs activated with the bacterial formyl peptide formyl methionine leucine 

phenylalanine (fMLF) release EVs that can prime and activate naïve PMNs, showing a transfer of 

information across waves of recruited PMNs (Amjadi et al., 2021), occurring in spite of their 

limited lifespan. PMNs may be thus able to sustain, or quell, inflammation via EVs, as well as 

control the recruitment of additional immune cells.  

In yet another example, human whole blood incubated with the supernatant of S. 

aureus resulted in PMN activation, as evidenced by increased CD66b, CD11a, CD11b, and 

CD11c, which likely reflect secondary granule release (Schmidt et al., 2012). The increase of 

CD66b was closely associated with the amount of PMN aggregation observed and PMN 

aggregation itself was reduced upon replacement of the activating stimulus (plasma and S. 

aureus secreted products) with cell culture media. This suggests that PMN aggregation is 

directly correlated with immune stimulation, which may play a role in PMNs forming cast-like 

aggregates around bacteria in the CF airways, particularly P. aeruginosa (Kragh et al., 2014; 

Rada, 2017; Jennings et al., 2021). Both injury and infection can result in swarms of PMNs. 

However, recruited PMNs are cleared away upon healing of the wound or pathogen 
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destruction, perhaps as a result of short PMN half-life and tight regulation of tissue entry 

(Bratton and Henson, 2011). PMN clearance allows for a return to homeostatic conditions. 

The primary granules of PMNs, which are mobilized last upon activation, may fuse with 

one of three compartments: a) the phagosome to enable intracellular killing [Fate 1]; b) the 

nucleus to initiate complexation of cationic granule effectors with anionic DNA for NETosis 

[Fate 2]; or c) the plasma membrane resulting in exocytosis [Fate 3] (Mollinedo et al., 2006; 

Margaroli and Tirouvanziam, 2016). These different fates of the primary granules and resulting 

pattern of PMN activation may or may not be mutually exclusive (Margaroli and Tirouvanziam, 

2016). During NETosis [Fate 2], the chromatin is decondensed, followed by rapid cell death and 

extracellular release of DNA and citrullinated histones complexed with NE, MPO and other 

primary granule cationic proteins. Such NETs may serve as bacteriostatic meshes (Brinkmann 

and Zychlinsky, 2012; Thiam et al., 2020). Fusion of the primary granules with the PMN plasma 

membrane [Fate 3] results in an increase of CD63 at the PMN surface and the release of 

contained cargo (NE, MPO) into the extracellular environment. This latter fate of PMNs is not 

associated with rapidly ensuing cell death as phagocytosis and NETosis, and has now been 

observed in many diseases, although it has been best characterized by our group in the context 

of CF airway disease. 

PMNS IN CF LUNG DISEASE 
Progressive lung disease is the leading cause of mortality in CF, a chronic condition 

characterized by impaired mucociliary clearance, mucus plugging, bacterial and fungal 

colonization of the lungs, and chronic recruitment of PMNs to the airways (Elborn, 2016; 

Margaroli and Tirouvanziam, 2016; Farrell et al., 2018). Despite the large numbers of PMNs 
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present in CF airways, opportunistic microbes like P. aeruginosa and S. aureus persist therein. 

The number of PMNs in expectorated CF sputum correlates strongly with the severity of airway 

disease. Additionally, the concentration and activity of the PMN primary granule effectors NE 

and MPO strongly correlate with disease severity in infants, preschool and school-age children, 

as well as adolescents and adults, emphasizing the pathogenic role for PMN exocytosis 

throughout the course of CF airway disease (Brown et al., 1996; Margaroli and Tirouvanziam, 

2016; Chalmers et al., 2017; Gramegna et al., 2017; Dittrich et al., 2018; Margaroli et al., 2019).  

Our group showed previously that a large fraction of PMNs in CF airways is alive and 

non-apoptotic, and actively fuses primary granules to the membrane (Tirouvanziam et al., 

2008). In addition, these PMNs downregulate the activity of T-cells and airway macrophages 

through the secretion of arginase-1 (Ingersoll et al., 2015). These cells are metabolically active, 

as evidenced by high rates of glucose uptake and glycolysis and anabolic signaling downstream 

of the mechanistic target of rapamycin (mTOR) and cAMP-response element binding protein 

(CREB), yet actively repress their bacterial killing activity (Makam et al., 2009; Laval et al., 2013; 

Margaroli et al., 2021). These activated, tissue-differentiated, PMNs have been named based on 

core phenotypic traits which include excessive granule release, immunoregulatory activities 

toward T-cells and macrophages and metabolic licensing (GRIM) (Forrest et al., 2018; Mitchell, 

2018). Beyond CF, PMNs with similar features to GRIM cells have also been observed in COPD, 

severe asthma, COVID-19, and arguably some cancers (Bergin et al., 2013; Stockley et al., 2013; 

Fine et al., 2020; Bost et al., 2021; Grant et al., 2021; Wang et al., 2021; Quail et al., 2022). 

The best-studied consequence of PMN hyperexocytosis in diseased environments such 

as the CF airways is the release of NE in the extracellular milieu, which results in activation or 
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inhibition of an array of epithelial/PMN/macrophage/T-cell proteins (Margaroli and 

Tirouvanziam, 2016). In healthy individuals, the amount and subsequent activity of NE is kept in 

check by a range of antiproteases secreted in high amounts at baseline, and by the 

compartmentalization of NE within PMN primary granules and phagosomes. However, in 

inflammatory airway diseases, such as CF and COPD, the concentration of NE is so high that the 

antiprotease shield is inefficient at limiting its activity, resulting in bronchiectasis (Chalmers et 

al., 2017; Gramegna et al., 2017; Dittrich et al., 2018; Genschmer et al., 2019). 

In addition, the PMN tertiary granule protease MMP9 may be activated by NE directly or 

via NE-mediated degradation of the MMP9 inhibitor, TIMP-1, which also leads to collagen 

degradation, tissue damage, and bronchiectasis in patients with CF (Jackson et al., 2010; Garratt 

et al., 2015). An isoform of IL-8 secreted by PMNs was shown to enhance its potency after 

cleavage by NE and other PMN-derived proteases (Padrines et al., 1994), although this may be 

mitigated by further cleavage (Leavell et al., 1997). NE can also mediate proteolytic activation 

of the epithelial sodium channel (ENaC), exacerbating the ionic imbalance of airway milieu in CF 

and COPD (Caldwell et al., 2005; Harris et al., 2007). NE is also able to cleave antibodies and 

CD2, CD4, CD8 and CD25 surface receptors on T cells, thereby disarming the adaptive immune 

system (Korkmaz et al.; Gramegna et al., 2017). This may play a role in the localization of T-cells 

in the submucosa rather than the PMN-rich lumen within the CF lung (Ingersoll et al., 2015). 

Finally, NE may also epigenetically control transcription of key genes in various airway cells. 
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ASSOCIATION OF NE AND OTHER EFFECTOR MOLECULES WITH EVS 
The resistance of NE to antiprotease inhibition in CF and COPD airways results not only 

from its high concentrations (Delacourt et al., 2002) but also from its binding to cellular and EV 

membranes, masking its regulatory region. Indeed, NE associated with PMNs and PMN-derived 

EVs had a greater specific activity and were less prone to inhibition by antiproteases such as a1-

antitrypsin than its free form (Owen et al., 1995; Genschmer et al., 2019). The packaging of 

effector molecules on PMN-derived EVs seems to be relevant in a number of inflammatory 

contexts, beyond NE and CF/COPD. For example, it was observed that PMNs with high plasmin 

generation capacity and urokinase could promote coagulation and fibrinolysis and enhance 

host survival in a murine model of sepsis. While the injection of soluble urokinase did not show 

benefits (Cointe et al., 2022), EVs from pneumolysin-exposed PMNs efficiently promoted 

activation of platelets and mediated host protection (Letsiou et al., 2021). 

The exocytosis of PMN primary granules appear to overlap with EV formation, 

particularly exosomes, via secretory autophagy (Sheshachalam et al., 2014; Anand et al., 2019). 

CD63 is essential for EV biogenesis and enriched in lysosomal compartments of many cells 

(Hurwitz et al., 2016a; Hurwitz et al., 2016b; Hurwitz et al., 2018). Interestingly, knockout of 

CD63 results in signaling via the mTOR pathway in HEK293 cells (Hurwitz et al., 2018). However, 

whether the removal of CD63 from PMNs via mobilization to the plasma membrane (following 

primary granule exocytosis) or release of CD63+ EVs is able to induce mTOR signaling in PMNs, 

as we described previously in CF (Tirouvanziam et al., 2008), is currently unknown. In addition, 

CD63 appears to promote the sorting of cargo into both PMN primary granules, which bear 

many similarities to lysosomal vesicles, and EV cargo via routing from the trans-Golgi network 

into multivesicular bodies/late endosome (Rous et al., 2002; Pols and Klumperman, 2009). 
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Moreover, CD63 and NE are binding partners and their co-expression results in the 

concentration of NE in the lysosome of COS and HL-60 cells (Kallquist et al., 2008). Conversely, 

CD63 depletion results in decreased maturation of NE and secretion of granule contents 

(Kallquist et al., 2008), consistent with the observation that CD63 is necessary for multivesicular 

body/late endosome maturation during exosome generation (Mathieu et al., 2021).  

As shown for NE, secreted proteins may be soluble, present as part of plaques or 

aggregates, crosslinked with other proteins (e.g., mucins), electrostatically bound to 

extracellular DNA (NETs) or functionalized on the surface of particles such as EVs, which affects 

their activity (Fitzgerald et al., 2018). A prominent example is that of cytokines and other 

signaling molecules that are typically thought of as free, unbound molecules functioning in an 

autocrine and/or paracrine fashion. Binding of such mediators to EVs may increase effective 

molarity and deliver concentrated payloads to recipient cells. In addition, such mediators could 

be delivered more rapidly to a particular location as bound or tethered to a scaffold, such as an 

EV decorated with targeting molecules, than if released in a soluble form (Figure 1.2). For 

example, EV-bound rather than soluble PD-L1 was more effective at inhibiting CD8 T cells in a 

mouse model of lymphoma (Chen et al., 2018) and correlated with decreased patient survival 

while soluble PD-L1 did not (Fan et al., 2019). Taken together, association of proteins with EVs 

may alter their physical properties, causing differences in activity profile as demonstrated for 

NE (Genschmer et al., 2019). Furthermore, the packaging of such proteins, along with other 

membrane-bound receptors and ligands able to interact with specific cell membranes with high 

affinity, may enable preferential targeting of EVs toward certain recipient cells over others. 
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IN VITRO MODELING OF PMN EV SIGNALING 
A limitation of most human PMN studies to date is that they rely on the stimulation of 

blood PMNs with various ligands, which fail to recapitulate transcriptional, metabolic and 

functional changes these cells undergo upon recruitment to tissue microenvironments in vivo. 

To tackle this problem in the context of human airway inflammation as it occurs in patients with 

CF, COPD and other debilitating lung diseases, we developed an organotypic model that relies 

on primary human blood neutrophils recruited through a differentiated human airway 

epithelium into patient airway fluid. When using CF patient sputum supernatant as the apical 

fluid, this model recapitulates the main hallmarks of GRIM PMNs described above including, but 

not limited to, primary granule exocytosis, T-cell blockade, metabolic licensing, and active 

inhibition of their bactericidal capacity (Forrest et al., 2018; Dobosh et al., 2021).  

GRIM PMNs undergo a transcriptional program that results in a high rate of release of EVs 

(Margaroli et al., 2021). GRIM PMN EVs are in part characterized by a high content of active 

caspase-1 promoting inflammasome signaling in neighboring PMNs and epithelial cells via 

paracrine signaling (Forrest et al., 2022) (See Chapter 3). Additional work presented in Chapter 

4 generated with our transmigration model suggest that EVs (isolated by 300 kDa molecular 

weight cutoff tangential flow filtration) are the necessary and sufficient component in CF 

patient sputum supernatant for induction of the GRIM phenotype in recruited PMNs, following 

rapid expression of the histone deacetylase HDAC11. HDAC11+ CD63hi GRIM PMNs release EVs 

that contain the lncRNA MALAT1. In turn, MALAT1+ PMN EVs cause naïve PMNs to become 

GRIM, thus delineating a feed-forward, EV-driven, PMN-to-PMN cycle of inflammation. In fact, 

such a PMN-centric axis of communication may an essential driving force in tissue homeostasis 

and inflammation (Table 2.1), including but not limited to CF airway disease. 
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 To start with, it is well established that a major fraction of PMN-derived EVs presents the 

granulocyte-specific marker CD66b on their surface (Dalli et al., 2013; Headland et al., 2014; 

Lorincz et al., 2015; Genschmer et al., 2019; Letsiou et al., 2021; Forrest et al., 2022). CD66b 

(also referred to as CEACAM8/CGM6/W272 in older literature) (Zhao et al., 2002) can bind to 

the more broadly expressed CD66a and CD66c (referred to as CEACAM6/NCA in older 

literature) (Zhou et al., 1993; Kuroki et al., 2001). CD66c is expressed only on granulocytes, 

epithelial cells and endothelial cells (Blumenthal et al., 2007) and also shows homotypic 

adhesion properties and heterotypic binding to CD66b (Kuroki et al., 2001; Shikotra et al., 

2017), thus potentially allowing CD66c+ and CD66b+ EVs to mediate communications within a 

“private network” of PMNs, epithelial cells and endothelial cells. CD66b and CD66c on the EV 

surface may bind to CD66c on the surface of recipient PMNs, thereby increasing the likelihood 

of processing of PMN-derived EVs by PMNs. In a related example, it was recently shown that 

fMLF-primed PMNs release EVs that can, in turn, activate naïve PMNs without concomitant 

fMLF exposure (Amjadi et al., 2021). Thus, our data suggest that GRIM PMN EVs are able to 

activate and drive GRIM fate acquisition in newly recruited PMNs via similar mechanisms. 

 As PMNs roll along activated endothelium, they release elongated neutrophil-derived 

structures (ENDS) which contain DAMPs and can activate nearby cells (Marki et al., 2021). 

Activated PMNs release EVs with surface-exposed phosphatidylserine and intra-EV proteins 

associated with granules including CD16, CD66b, NE, MMP9, proteinase 3, and bioactive MPO. 

In addition, these EVs were found to bind to complement proteins, endothelial cells, and 

monocytes (Gasser et al., 2003). Furthermore, activated PMN EVs contain various miRNAs 

including miRNA-223, miRNA-142-3p, and miRNA-451, which, upon delivery to endothelial cells, 
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affected their migration, proliferation and expression of the inflammatory cytokines IL-6, CXCL8 

(IL-8), CXCL10, and CXCL11 (Glemain et al., 2022). It is important to note that CF sputum 

contains a heterogenous population of EVs derived not only from PMNs, but also from airway 

epithelial cells, macrophages, monocytes, T-cells and even microorganisms. EVs (termed OMVs) 

from S. aureus present in CF sputum can inhibit blood PMN killing of this particular bacteria in 

vitro (Fantone et al., 2021). EVs may also use surface integrins and lipids such as 

phosphatidylserine (Solomon et al., 2015) for preferential uptake by scavenger cells, such as 

PMNs, allowing them to modulate the activity of these cells (Askenase, 2022). 

THERAPEUTIC POTENTIAL OF EV-BASED APPROACHES 
Patients with CF receive ever-improving care, in part through the use of various drugs 

including antibiotics, inhaled mucolytic therapies, and CFTR modulators (tackling the basic 

molecular defect underlying the disease), resulting in an improved quality of life with greater 

longevity (Solomon et al., 2015; Hudock and Clancy, 2017; Strug et al., 2018). Despite the 

effectiveness of CFTR-directed therapies in improving lung function, their use is limited to 

patients with particular CFTR mutations, and patients continue to experience a steady decline, 

albeit delayed, in health (Ramsey et al., 2011; Jones and Barry, 2015). For example, adult CF 

patients with the G551D mutation eligible for treatment with the CFTR modulator ivacaftor saw 

an increase in lung function in the first three years post-treatment inception, but then displayed 

lung function decline at the same rate as the control, untreated group (Volkova et al., 2020). 

The ivacaftor-treatment group showed an initial reduction and then a rebound in P. aeruginosa 

burden in the lung. In addition, although sputum IL-8 and NE were substantially decreased by 

the treatment, they still remained at pathologically high levels (Hisert et al., 2017). Although we 
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are awaiting cohort data from the novel generation of CFTR modulator therapy (triple 

combination), data to date suggest that even the most advanced CF treatment plans are not 

sufficient to completely curb inflammatory airway disease. Thus, additional therapies must be 

developed, particularly with regards to PMN activation, since this aspect is central to the 

progression of the disease (Giacalone et al., 2020) yet remains unaddressed. Beyond our work 

described in Chapters 3 and 4, it is unknown what subtypes and molecular components of EVs 

drive PMN pathological features in CF. The mechanisms by which these disease-inducing EVs 

are made remain to be elucidated. Understanding these processes will allow targeting of 

therapeutics toward the EV compartment, which in turn could enable development of more 

efficacious drugs for CF and other intractable inflammatory airway diseases such as COPD, 

asthma, and COVID-19. 

Concomitantly with therapeutic development, it has become increasingly important to 

identify patients which may be at a greater risk of rapid decline in lung function, infections, 

increased frequency of pulmonary exacerbations, or even onset of other complications such as 

CF-related diabetes. Unfortunately, current CF biomarkers do not fully predict the course of 

disease. Thus, it is necessary to develop a cadre of novel biomarkers to form a more complete 

picture of CF disease throughout the lifespan of people with CF. EVs are released by all cells and 

thus are always present in biofluids such as plasma, urine, bronchoalveolar lavage fluid (BALF), 

as well as induced or spontaneously expectorated sputum, and retain long-term stability in 

standard freezers. Thus, EVs are well situated to track and predict the course of disease in CF. 

The protein and RNA contents of EVs are typically used as biomarkers for the diagnosis of 

various cancers. While some groups have begun to analyze EVs in the context of CF, a 
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longitudinal study on the presence and stability of EV-associated molecules from multiple 

patient cohorts has yet to be implemented. Understanding the burden of EVs in CF will allow 

for the discovery and characterization of novel biomarkers. This will ultimately enable: 1) finer 

tracking of early CF disease when many of the current biomarkers are not yet present or do not 

demonstrate large enough variation to allow for patient-to-patient comparison or treatment 

evaluation; and 2) better subcategorization of late-stage CF disease when many current 

biomarkers are highly saturated. Based on the work presented herein, we propose that EVs, 

carrying the biomolecules of the cells from which they were derived, constitute rich and stable 

sources of biomarkers for CF.  
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This chapter has been published in the Journal of Leukocyte Biology (Forrest et al., 2022) 

Chapter 3: NEUTROPHIL-DERIVED EXTRACELLULAR VESICLES PROMOTE 
FEED-FORWARD INFLAMMASOME SIGNALING IN CYSTIC FIBROSIS 
AIRWAYS 

ABSTRACT 
Cystic fibrosis (CF) airways feature high extracellular levels of the interleukin-1 (IL-1) 

family of pro-inflammatory mediators. These mediators are cleavage products of caspase-1, the 

final protease in the inflammasome cascade. Due to the proven chronic presence of 

reprogrammed neutrophils in the CF airway lumen, understanding inflammasome signaling in 

these cells is of great importance to understand how disease is perpetuated in this milieu. Here, 

we hypothesized that CF airway neutrophils contribute to chronic inflammation, in part, via the 

packaging of inflammasome-inducing signals in extracellular vesicles (EVs). We confirmed that 

CF airway fluid is enriched in IL-1a, IL-1β and IL-18, and that CF airway neutrophils upregulate 

the activating receptor IL-1R1. Meanwhile, down-modulatory signals such as IL-1R2 and IL-1RA 

are unchanged. Active caspase-1 itself is present in CF airway fluid EVs, with neutrophil derived-

EVs being most enriched. Using a transmigration model of CF airway inflammation, we show 

that CF airway fluid EVs are necessary and sufficient to induce primary granule exocytosis by 

naïve neutrophils (hallmark of reprogramming), and concomitantly activate caspase-1 and IL-1b 

production by these cells and the addition of triple combination highly effective modulator 

therapy does not abrogate these effects. Finally, EVs from activated neutrophils can deliver 

active caspase-1 to naïve primary tracheal epithelial cells and induce their release of IL-1a. 

These findings support the existence of a feed-forward inflammatory process by which 
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reprogrammed CF airway neutrophils bypass normal two-step control of inflammasome 

activation in neighboring cells (naïve neutrophils and epithelial cells) via the transfer of 

bioactive EVs.  
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INTRODUCTION  
Mediators of the interleukin-1 (IL-1) family, including IL-1a, IL1β and IL-18, are key to 

the induction of sterile and infection-induced inflammatory responses (dos Santos et al., 2012; 

Lukens et al., 2012). IL-1a / β signal by binding to the activating IL-1 receptor, IL-1R1 (Besnard 

et al., 2012; Lukens et al., 2012; Mahmutovic Persson et al., 2018), while IL-18 binds to IL-18R. 

Both IL-1R1 and IL-18R are expressed broadly and can lead to production of IL-1a, IL1β and IL-

18 by target cells, emphasizing the potential for feed-forward IL-1 signaling. To mitigate this 

risk, IL-1 signaling is countered at the target cell level by IL-1a / β binding to the decoy receptor, 

IL-R2 and competitive binding of IL-1 receptor antagonist (IL-1RA) to IL-1R1 (Sims and Smith, 

2010; Nold et al., 2013). In addition, IL-1 mediator production is under two-step control: signal 

#1 induces transcription and translation of pro-forms of IL-1 mediators, and signal #2 regulates 

their cleavage into bioactive forms (Iula et al., 2018; Gritsenko et al., 2020). 

Cleavage of the IL-1 mediator pro-forms follows the assembly of multimolecular 

intracellular scaffolds named “inflammasomes”. Inflammasome assembly is initiated by binding 

of stress stimuli (signal #1) to NOD-like receptors (NLRs). This in turn recruits the adaptor 

molecule apoptosis-associated speck-like protein (ASC), which contains a caspase activation and 

recruitment domain (CARD) able to proteolytically activate the effector protease caspase-1. In 

the last step of the cascade, active caspase-1 activation cleaves pro-forms of IL-1 IL-1a, IL1β and 

IL-18 (Sutterwala et al., 2007). Pro-forms of IL-1a / β may also be activated in neutrophils in a 

caspase 1-independent manner through serine proteases such as neutrophil elastase (NE), 

although there is conflicting evidence on this (Alfaidi et al., 2015; Clancy et al., 2018). NE is 

stored within primary granules (Karmakar et al., 2015; Johnson et al., 2017) and can be released 
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upon neutrophil exocytosis, leading to its presence in the extracellular fluid and its recapture at 

the surface of cells and on extracellular vesicles (EVs) (Genschmer et al., 2019). Key 

components of the inflammasome (ASC, caspase-1) normally induced by signal #2 can also be 

released by activated cells for uptake by bystander cells to perpetuate inflammasome 

activation (Baroja-Mazo et al., 2014; Venegas et al., 2017). 

Inflammasome activation is not only critical to myeloid cell-mediated immunity, but it is 

also a central innate response in epithelial cells (Schroder and Tschopp, 2010; Thinwa et al., 

2014; Venegas et al., 2017). In macrophages, inflammasome activation is followed by 

pyroptotic cell death, which leads to the mass release of IL-1b and perpetuation of 

inflammation (Brennan and Cookson, 2000). In neutrophils and epithelial cells, however, IL-1 

secretion can occur without concomitant cell death (Chen et al., 2014; Gaidt and Hornung, 

2017). Notably, one of the final effectors of pyroptosis is gasdermin D, which upon cleavage of 

its pro-form will oligomerize and generate pores in the plasma membrane. However, in 

neutrophils gasdermin D can associate with the primary granules and facilitate release of IL-1b 

without cell death (Karmakar et al., 2020). Although incompletely understood, another 

mechanism of release for these mediators is through packaging within EVs, which are then 

released extracellularly by viable cells and endocytosed by target cells (MacKenzie et al., 2001; 

Exline et al., 2014). 

In cystic fibrosis (CF), progressive lung disease is caused by a pathological triad of airway 

obstruction, bacterial infection, and sustained recruitment of neutrophils. This results in 

neutrophils being the dominant leukocyte subset in CF airways starting in infancy (Cohen and 

Prince, 2012; Margaroli and Tirouvanziam, 2016), with characteristic reprogramming marked by 
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rapid transcription, primary granule exocytosis, immunomodulatory activity toward T-cells, 

metabolic licensing, and loss of bacterial killing (Margaroli et al., 2021). Inflammasome 

activation is thought to contribute to the chronic recruitment of neutrophils to CF airways, via 

both IL-1a from the stressed epithelium and IL-1β from activated leukocytes (Sutterwala et al., 

2007; Fritzsching et al., 2015; Rimessi et al., 2015). In leukocytes, activation of caspase-1 (signal 

#2) may be initiated, in part, by the gram-negative bacterium P. aeruginosa, which infects a 

majority of CF patients (Reiniger et al., 2007; Cohen and Prince, 2013). However, it remains 

unclear how much inflammasome activation within activated CF airway neutrophils themselves 

contributes to perpetuating IL-1 signaling and chronic inflammation in patients. 

In this study, we focused on the role of inflammasome activation in neutrophils as a 

potential driving force in CF airway pathogenesis. We show that the inflammasome pathway is 

activated in CF airway neutrophils, while inhibitory signals are unchanged. Moreover, we show 

that CF airway fluid EVs, and predominantly the neutrophil-derived EVs therein, carry active 

caspase-1 and directly induce inflammasome signaling in naïve neutrophils and epithelial cells, 

resulting in a feed-forward inflammatory process.  
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MATERIALS AND METHODS 
Human subjects and samples. Samples were accrued per Emory University IRB-

approved protocols. Informed consent was obtained before sample collection from a total of 76 

adults with CF (Supplementary Table 1) and 10 HC adults. CF was diagnosed using a 

quantitative iontophoresis test and/or documentation of two identifiable CFTR mutations. 

Neutrophils were purified from whole blood from healthy control (HC) and CF donors as 

previously described(Tirouvanziam et al., 2008)and used for transmigration experiments 

(below) or flow cytometry (Supplementary Methods). Sputum was collected from HC subjects 

by induction, and from CF patients by expectoration and processed as previously described 

(Tirouvanziam et al., 2008) to yield live neutrophils and airway supernatant (ASN). Airway 

neutrophils were analyzed by flow and image cytometry (Supplementary Methods). ASN was 

stored at -80˚C until use for EV purification (below), transmigration experiments (below), or 

ELISA (Supplementary Methods).  

 

Primary airway epithelial cell culture. Primary healthy control tracheal epithelial cells 

(NhTE) were grown on semi-permeable Transwell supports (Corning, Herndon, VA, USA) in 

conditionally reprogrammed cell (CRC) culture medium by the Emory Experimental Models 

Core, as previously described (Liu et al., 2012). In brief, NhTE cells were first plated on human 

type IV placental collagen-coated 12 mm plates in CRC culture medium and fed every other day 

basolaterally for differentiation at ALI. Experiments were performed between 2 and 4 weeks of 

ALI culture and epithelial cells analyzed by confocal microscopy (Supplementary Methods). 
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In vitro transmigration model of CF airway inflammation. The model was set up as 

described (Forrest et al., 2018; Dobosh et al., 2021). In brief, the H441 human club-like cell line 

was seeded on Alvetex scaffolds (Reprocell, Glasgow, UK) and grown at air-liquid interface (ALI) 

over two weeks. Subsequently, 0.5-1 x 106 purified blood neutrophils (either from healthy 

controls or from patients diagnosed with cystic fibrosis not currently on highly effective 

modulator therapy) per scaffold were transmigrated at 37˚C under 5% CO2 for 2 or 18 hours 

toward apical CFASN, or fractions thereof (e.g., flow-through of 300 kDa MWCO column devoid 

of EVs, and reconstituted flow-through plus retentate adding back EVs). For experiments 

utilizing CF neutrophils highly effective modulator therapy (HEMT; 5 µM VX445, 18 µM VX661, 1 

µM VX770) was added to the apical CFASN. Transmigrated neutrophils were used for media 

conditioning (below), flow cytometry and western blot analyses (Supplementary Methods). 

 

As a control for the act of transmigration being necessary to activate the neutrophils, 

blood neutrophils were incubated in either DMEM + 10% FBS or the CFASN for 2 or 18 hours. 

The same downstream assays were then conducted.  

In vitro inflammasome activation. Transmigrated neutrophils were stimulated with LPS 

(10 ng/mL, Gibco Life Technologies Inc, Waltham MA, USA) in RPMI at 37˚C and 5% CO2 for 4 

hours followed by nigericin (10 µM, Sigma Aldrich, St. Louis MO, USA) treatment for 2 

additional hours.  

 

Generation of EVs from conditioned media. Blood neutrophils activated by LPS (10 

ng/mL for 4 hours) and nigericin (10 µM for an additional 2 hours) or neutrophils transmigrated 
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towards CFASN for 8 hours were incubated in RPMI at a density of 1e6 cells/mL for 12 hours 

and then EVs were purified as described below.  

Purification of EVs. EVs were isolated from ASN or conditioned media by taking the 

supernatant from sequential centrifugations at 800, 3,000, and 20,000 x g, applying to a 300 

kDa MWCO (Vivaspin 500, Sartorius, Germany) followed by a 3,000 x g spin. Characterization of 

EVs was by nanoparticle tracking analysis (NTA), flow cytometry and transmission electron 

microscopy (Supplementary Methods). 

Data Analysis. Statistical analyses were preformed using Prism 9.0.0 (GraphPad, La Jolla, 

CA, USA). Comparisons between two groups was performed with a Mann-Whitney U-test 

(unpaired) with a threshold of * for p<0.05, ** for p<0.01, and *** for p<0.001, and between 

two or more groups with a Kruskal-Wallis test and Dunn’s multiple comparisons, * p<0.0332, ** 

p<0.0021, ***p<0.0002. For analysis of the difference in discontinuous distribution of FLICA 

puncta (Figure 3.2B) the Kolmogorov-Smirnov test was used. 

 

Supplementary Methods  
Characterization of EVs by nanoparticle tracking analysis, flow cytometry, and electron 

microscopy. Concentration and size of EVs was determined using the Nanosight NS3000 

(Malvern Panalytical, Westborough, MA, USA). For flow cytometry, 30 µL of magnetic beads 

coated with streptavidin (SVM-80-5 Spherotech, Lake Forest, IL, USA) and washed with PBS + 

2.5 mM EDTA then incubated with 10 µL of biotinylated antibody (0.5 mg/mL, Biolegend for 2 

hours rotating at 4 ˚C brought to a final volume of 200 µL with PBS + EDTA. Biotinylated 

antibodies were CD63: 353018, CD66b: 305120, CD326: 324216. CD63 is expressed on many 

EVs. CD66b is to immunoprecipitate neutrophil-derived EVs, and CD326 is to 
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immunoprecipitate epithelial-derived EVs.(Takao et al., 2018; Genschmer et al., 2019)Beads 

were washed 3 times with PBS + EDTA and then approximately 2x109 EVs were applied to the 

beads and rotated overnight at 4˚C. Bead:EV conjugates were washed 3 times with PBS + EDTA 

then stained with FLICA and run on a Cytoflex S flow cytometer (Beckman Coulter, Pasadena, 

CA, USA).  

For electron microscopy, EVs were applied to a discharged formvar-carbon coated grid. 

Excess liquid was wicked away and 1% uranyl acetate stain was added, then wicked away. The 

samples were air-dried at room temperature. Grids were visualized on a Hitachi 7700 TEM at 80 

kV.  

 

ELISA of CFASN and culture supernatants. IL1a, IL-1b, IL-1RA (Cat# DY200, DY201 and 

DY280, respectively, from R&D Systems, Minneapolis, MN, USA), and IL-18 (ELH-IL18-1, 

RayBiotech, Peachtree Corners, GA, USA) were measured in CFASN and culture supernatants 

per manufacturer guidelines. 

 

Flow cytometry analysis of neutrophils. Blood and airway cells from CF and HC subjects, 

and from the in vitro transmigration model, were stained with fluorescently labeled antibodies: 

CD63 (H5C6), CD66b (G10F5), EpCAM (9C4), and ICAM (HA58) (Biolegend, San Diego CA, USA), 

IL-1R1 (FAB269P), IL-1R2 (FAB663A), and IL-1B (IC201) (R&D Systems, Minneapolis, MN, USA). 

Cells were also stained with the Zombie Aqua or NIR probe (Biolegend) to determine viability. 

The caspase-1 probe (FAM-YVAD-FMK, Immunochemistry Technologies, Bloomington, MN, 

USA) was used to assess active caspase-1 activity. Data were acquired on a LSRII cytometer (BD 
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biosciences) or Cytoflex S and compensation and analysis were performed using FlowJo 

software 10.6.1 (Becton Dickinson and Company, Franklin Lakes, NJ, USA). The voltages across 

all acquisitions were calibrated using Spherotech Rainbow Calibration Particles (RCP-30-5) to 

ensure that all samples were acquired under the same conditions and the cytometer was 

performing as expected.  

 

Image cytometry analysis of neutrophils. Cells were fixed in Lyse/Fix Phosflow (BD 

Biosciences), were washed with PBS-EDTA, permeabilized with Perm Buffer I (BD Biosciences) 

and stained for active caspase-1 (FAM-FLICA-YVAD-FMK), and Hoechst 3334 (nuclear stain). 

Cells were acquired on the Amnis Imagestream X Mark II (EMD Millipore), with 40x 

magnification and low flow rate/high sensitivity on the INSPIRE software. Brightfield was set on 

channels 01 and 09, while scattering was set in channel 06. Data were analyzed using the IDEAS 

software v6.2 (EMD Millipore). 

 

Lactate Dehydrogenase Assay. To normalize the assay conditions, after each 

conditioning, which can take varying amounts of time, cells were washed once in PBS, then 

resuspended in RPMI for 1 hour. Cells were removed and an aliquot of the conditioned media 

was taken and frozen at -20 ˚C for up to 3 days and then extracellular LDH was measured using 

the CyQUANT LDH cytotoxicity assay following the manufacturer’s instructions. All 

measurements were normalized to the equivalent number of purified blood neutrophils lysed 

with 1% TritonX-100. 
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Western Blot analysis of neutrophils and EVs. 106 neutrophils were pelleted and then 

resuspended in RIPA + HALT protease inhibitor cocktail (Thermo Fisher Scientific, Waltham MA, 

USA). EVs (~2x109) were concentrated on the 300 kDa MWCO column and then lysed in RIPA + 

protease inhibitor cocktail. Primary antibodies diluted in TBST+BSA were TSG101 (1:1000, 4A10, 

Abcam, Cambridge, UK), calnexin (1:1000, ab10286, Abcam) anti-CD63 (1:15000 System 

Biosciences EXOAB-CD63A-1), anti-GAPDH (1:400, sc-47724, Santa Cruz), anti-caspase-1 (1:400, 

NBP1-45433, Novus), and anti-gasdermin D (1:500, #96458, Cell Signaling Technologies). 

Secondary antibodies were goat anti-rabbit IRdye 800 CW and goat anti-mouse IRdye 680RD 

(both 1:15000, LICOR, Lincoln NE, USA). Images were taken on a LICOR ODYSSEY per 

manufacturer guidelines. Images were analyzed in ImageJ 1.52.  

 

Confocal microscopy analysis of epithelial cells. NhTE cells were stimulated for 24 

hours with either isolated EVs or LPS + nigericin and stained with FLICA for 1 hour at 37 ˚C, after 

which the Transwells were washed twice with PBS, and fixed with 4% paraformaldehyde. Fixed 

Transwells were washed, permeabilized with 0.5% Tween-20 in PBS, followed by two washes 

with PBS + tween supplemented with 2% goat serum. After the last wash, Transwells were 

incubated overnight at 4 ˚C with anti-ZO-1 antibody (ZMD.437, Thermo Fisher Scientific, 

Waltham MA, USA) diluted 1:250 in PBS + 2% goat serum. Transwells were then washed three 

times with PBS + 2 % goat serum, then incubated for 1 hour at room temperature with a 

secondary goat anti-rabbit antibody (A27039, Thermo Fisher Scientific, Waltham MA, USA), and 

0.5 µg/mL DAPI (Biolegend, San Diego CA, USA) as a nuclear counterstain. Transwells were then 

washed dried and mounted and stored for confocal imaging. Z-stack images were acquired 
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using an inverted FV1000 confocal microscope (Olympus Tokyo, Japan), and analyzed using the 

Fiji image analysis software (National Institutes of Health, Bethesda MD, USA). 

 

Generation of caspase-1 knockout H441 epithelial cells. Two plasmids, pBD245 and 

pBD246 were cloned, which each express a gRNA (Supplementary Table 2) that targets a 

different portion of the human caspase-1 loci with purported minimal off-target effects. gRNA 

sequences were designed by Synthego. pSpCas9(BB)-2A-Puro (PX459) V2.0 was acquired from 

Addgene (Plasmid #62988, Feng Zhang). The plasmid was digested with Bbs1 (New England 

Biolabs), and purified with a PCR clean up kit. Complementary oligos, with overhangs 

complementary to the sticky ends of the Bbs1 plasmid digestion (Supplementary Table 2), were 

annealed together by heating to 95 ˚C and slowly cooled to room temperature. Oligos were 

diluted 1:100 and ligated to the digested plasmid in the presence of T4 PNK, T4 DNA Ligase and 

Bbs1 in T4 DNA Ligase Buffer at 37 ˚C. Samples were heat inactivated at 80 ˚C, and then fresh 

Bbs1 was added to cleave any rejoined plasmid. Ligation reactions were cloned into STBL3 cells 

plasmids and verified for the correct insertion by Sanger sequencing (Genewiz).  

  

 H441 cells were cultured in 50/50 DMEM/F12 media supplemented with antibiotics and 

10% FBS. To generate a polyclonal caspase-1 knockout line, the cells were grown to ~80% 

confluency in a T-25 flask then transfected with both plasmids (pBD245 and pBD246) in one 

reaction using Lipofectamine 3000 (Invitrogen) in media without serum for 6 hours. The 

transfection media was replaced with the typical growth media containing serum. After 24 

hours, puromycin was added at a concentration of 5 µg/mL and replaced every day for a total 
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of 6 days. A non-transfected flask was used as a negative control for complete cell death. A 

standard protocol can be found here (Ran et al., 2013).  
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RESULTS AND DISCUSSION 
Inflammasome pathway mediators IL-1β, IL-1α and IL-18, and activating receptor IL-

1R1 are upregulated in CF airways. We first sought to validate previous work linking soluble 

mediators of the inflammasome pathway to CF airways (Osika et al.) in a large cohort of 

patients. We found that IL-1α, IL-1β, and IL-18, were elevated in the sputum of patients with CF 

compared to that of healthy control (HC) subjects (Figure 3.1A-C). However, commensurate 

changes in IL-1RA levels were not observed (Figure 3.1D). Next, we assessed if inflammasome 

activation in CF airways also involved altered receptor expression on neutrophils by flow 

cytometry (Supplementary Figure 3.1A,B). We found increased surface expression of activating 

IL-1R1 receptor on CF airway compared to blood neutrophils in both inpatient (exacerbation) 

and outpatient (stable) settings (Figure 3.1E, Supplementary Figure 3.1C), while surface 

expression of decoy IL-1R2 receptor remained unchanged (Figure 3.1F, Supplementary Figure 

3.1D). Together, our data establish a strong baseline inflammasome signaling in CF airways with 

high levels of IL-1α, IL-1β, IL-18 and IL-1R1, and no evidence for compensatory increases in IL-

1RA and IL-1R2. 
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Figure 3.1. Upregulated IL-1 pathway effectors in CF airway fluid and neutrophils. (A) IL-1β (HC: n= 9, CF: n=60), (B) IL-1a (HC: 
n=10, CF: n=43), (C) IL-18 (HC: n=9, CF: n=64), and (D) IL-1RA (HC: n=9 CF: n= 55) measured in sputum supernatant by ELISA. (E) 
Surface expression of the activating IL-1R1 receptor, and (F) surface expression of the decoy IL-1R2 receptor, measured by flow 
cytometry on whole blood (WB, white) and airway (gray) neutrophils from CF patients at inpatient (WB: n=17, AW: n=16) and 
outpatient (WB: n=15, AW: n=14) visits. Inpatient visits were conducted 1-4 days after an acute pulmonary exacerbation and 
outpatient visits were conducted in stable condition at least 3 months from an exacerbation. All statistics were calculated using 
the Mann-Whitney U-test. * p<0.05, ** p<0.01, ***p<0.001. 

 

Neutrophils recruited to CF airways in vivo and in vitro contain active caspase-1. Next, 

we assessed neutrophils recruited to CF airways for the intracellular presence of active caspase-

1, a key step in inflammasome activation, using the caspase 1-specific probe, FAM-FLICA-YVAD-

FMK (FLICA). We observed increased intracellular caspase-1 activity in live CF airway 

neutrophils compared to blood neutrophils in both inpatient and outpatient settings (Figure 

3.2A, Supplementary Figure 3.2A). By image cytometry, we confirmed a large number of 

intracellular nucleation of caspase-1 in typical specks within CF airway neutrophils, while blood 

neutrophils predominantly had none, or very few puncta (Figure 3.2B, Supplementary Figure 

3.2B, C.). To expand beyond these in vivo findings, we used an in vitro transmigration (TM) 
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model that we developed to recapitulate the recruitment and reprogramming of neutrophils in 

CF airways (Forrest et al., 2018). Unstimulated whole blood (WB) neutrophils from HCs did not 

show strong staining with the FLICA probe in contrast to WB neutrophils activated by signal #1 

LPS (10 ng/µL, 4 hours) followed by signal #2 nigericin (10 µM, additional 2 hours). We observed 

that neutrophils recruited to CF sputum airway supernatant (CFASN), but not the control 

chemoattractant leukotriene B4 (LTB4), had increased intracellular caspase-1 activity 2 hours 

post-TM, which was further increased 18 hours post-TM compared to WB neutrophils (Figure 

3.3A). Furthermore, we confirmed live CF airway-like neutrophils showed increased production 

of IL-1β compared to WB and LTB4 TM neutrophils by intracellular cytokine staining (Figure 

3.3B). Increased cleavage of caspase-1 in the 18-hour CFASN TM neutrophils compared to the 

LTB4 TM and WB neutrophils was confirmed by western blot (Supplementary Figure 3.3A). We 

also noted that the caspase-1 bands in CFASN TM neutrophils ran at a slightly lower molecular 

weight (~7 kDa), which to our knowledge has not been previously described. Finally, addition of 

a NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome-specific inhibitor 

prevented activation of caspase-1 in neutrophils upon a 2-hour TM, but not at the longer 

timepoint (Supplementary Figure 3.3B). Thus, inflammasome signaling is activated and 

inhibitable in live neutrophils recently immigrated into CF airways, resulting in IL-1β production.  
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Figure 3.2. Active caspase-1 and IL-1β in CF airway neutrophils in vivo and in vitro. (A) Intracellular staining with the FAM-
FLICA-YVAD-FMK probe specific for active caspase-1 measured by flow cytometry on whole blood (WB, white) and airway (gray) 
neutrophils from CF patients at inpatient (WB: n=17, AW: n=20) and outpatient (WB: n=15, AW: n=14) visits. Statistics were 
calculated with Mann-Whitney U-test. * p<0.05, ** p<0.01, ***p<0.001 (B) Blood and airway neutrophils from CF patients were 
analyzed by image cytometry with brightfield (BF), active caspase-1 (FAM-FLICA-YVAD-FMK), and DNA (Hoechst 33342) 
channels shown. Airway, but not blood neutrophils (paired n=5), show punctate FLICA staining reflecting multiple caspase 1-
positive aggregates. The difference in the distribution was calculated using the Kolmogorov-Smirnov test; p= 0.0001. 

After a 2-hour TM, ~75% of the neutrophils were alive as measured by flow cytometry 

staining of Zombie Aqua, an amine-reactive dye that is impermeant to live cells. After the 18-

hour TM the neutrophils were about 50% alive. The damage-associated molecular patterns 

(DAMPs) as a result of cell death occurring in some cells may play a role in further activation of 

inflammasome signaling in live neutrophils. To determine whether caspase-1 activation is 

inevitable in neutrophils after an extended amount of time, WB neutrophils were incubated in 

either DMEM + 10% FBS or the CFASN without TM. The blood neutrophils showed similar 

viability as the concomitant TM time points (Figure 3.3C, Supplementary Figure 3.3C). 

Furthermore, WB neutrophils incubated in CFASN for 18 hours showed a very small increase in 

FLICA staining, but not to the same extent as the CFASN 18-hour TM neutrophils (Figure 3.3A, 

Supplementary Figure 3.3D). WB neutrophils incubated in DMEM + 10% FBS or CFASN showed 

increased lactate dehydrogenase (LDH) secretion compared to the LTB4- and CFASN-

transmigrated neutrophils (Supplementary Figure 3.3E). With the exception of unstimulated 
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WB neutrophils (likely an artifact of low cell number and cells activated by the mechanical 

processing of blood), dead neutrophils did not show increased FLICA signal compared to their 

live counterparts (Supplementary Figure 3.3F). We also observed that expression gasdermin-D, 

and the amount of gasdermin-D that was cleaved remained unchanged in WB, WB LPS + nig 

stimulated, CFASN TM neutrophils (Supplementary Figure 3.3G). Taken together, the process 

of transmigration in addition to inflammatory cues in the extracellular milieu are necessary to 

activate inflammasome signaling in live and naïve neutrophils. 

 

Figure 3.3: Airway-like neutrophils are alive and contain active caspase-1 and IL-1β. Neutrophils from healthy control (HC) 
donors transmigrated across NCI-H441 club epithelial cells grown at air-liquid interface towards either leukotriene B4 (LTB4), a 
control chemoattractant, or CF airway supernatant (CFASN) in a model of CF airway inflammation. Following transmigration 
(TM) for 2 or 18 hours, (A) intracellular staining with the FAM-FLICA-YVAD-FMK probe, and (B) intracellular IL-1β in live HC 
neutrophils. (C) Viability of the neutrophils was determined by staining with Fixable Zombie Aqua using flow cytometry. Whole 
Blood (WB) and WB neutrophils stimulated with LPS (10 ng/µL for 4 hours) and nigericin (10 µM, additional 2 hours) serve as 
controls. Data from n=6 independent experiments. Statistics were calculated with a Kruskal-Wallis test then selected multiple 
comparisons between groups using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. 

Highly effective modulator therapy (HEMT) does not alter caspase-1 or IL-1β in airway-

like CF neutrophils. WB neutrophils from donors diagnosed with CF and not currently receiving 

highly effective combination therapy (HEMT defined as Ivacaftor or Trikafta/Kaftrio) were 

transmigrated towards either CFASN or CFASN containing triple-HEMT (5 µM VX445, 18 µM 

VX661, 1 µM VX770) for 2 or 18 hours. The pooled CFASN was not autologously matched with 

the blood donor, although this may be an area of further research to assess personalized 
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therapeutics in addition to the use of donor-matched epithelial cells. Similar to the neutrophils 

derived from HCs, following transmigration staining with the FLICA probe increased with time 

of transmigration, although was unchanged with the addition of HEMT (Figure 3.4A). 

Intracellular staining of bioactive IL-1β in live CF neutrophils also showed no change with the 

addition of HEMT, although the CFASN + HEMT condition at 18-hour TM showed a decrease in 

the range suggesting that there could be effects of HEMT on inflammasome activation over 

increased periods of time (Figure 3.4B). Viability of the neutrophils also remained unchanged 

with the addition of HEMT measured by both flow cytometry (Figure 3.4C) and LDH assay 

(Supplementary Figure 3.4A). HEMT may not have a noticeable effect on neutrophil-

inflammasome drive inflammation in short term assays although its effect over generations of 

recruited immune cells remains to be determined. Furthermore, the expression and activity of 

CFTR, and thus the direct effects of HEMT, on neutrophils must be further investigated (Pohl et 

al., 2014). 

 
Figure 3.4. Highly effective modulator therapy (HEMT) does not alter caspase-1 or IL-1β in airway-like CF neutrophils. 
Neutrophils from donors with CF were transmigrated (TM) towards either CFASN or CFASN containing triple-combination HEMT 
(5 µM VX445, 18 µM VX661, 1 µM VX770) for 2 or 18 hours. DMSO was used as a vehicle control. The CFASN is a pool of CFASN 
and there was no autologous matching between the blood neutrophils and the source of the CFASN or the epithelial cells. 
Following transmigration, (A) intracellular staining with the FAM-FLICA-YVAD-FMK probe, and (B) intracellular IL-1β in live CF 
neutrophils. (C) Total viability of the neutrophils was determined by staining with amine-reactive Zombie Aqua using flow 
cytometry. Data from n=5 independent experiments. Statistics were calculated with a Kruskal-Wallis test then selected multiple 
comparisons between groups using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. 
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EVs from CF sputum activate inflammasome signaling in naïve neutrophils. Building on 

the observation that CF airway fluid activates inflammasome signaling in recruited neutrophils 

in vitro, we next sought to determine which fluid component resulted in that activity. After 

differential centrifugations of 800, 3,000, and 20,000 x g, the resulting supernatant was applied 

to a 300 kDa molecular weight cut-off (MWCO) column. Neutrophils were then transmigrated 

either towards the supernatant of the 20,000 x g spin (Pre-300 kDa), the column flow-through 

(Low MWCO), or the control (reconstituted) fraction with column flow-through and retentate 

added back to one another (Low + Hi MWCO). Only the conditions including the high molecular 

weight fraction resulted in the primary granule exocytosis characteristic of CF airway 

neutrophils (Figure 3.5A), and concomitant increase in intracellular active caspase-1 (Figure 

3.5B). According to the minimal information for studies of EVs 2018 (MISEV2018), this is 

considered an acceptable “intermediate recovery, intermediate specificity” EV enrichment 

method (Thery et al., 2018). The 300 kDa retentate was then analyzed by a variety of methods 

to confirm the presence of EVs in accordance with the MISEV2018 guidelines. Western blot 

analysis of the retentate (Hi MWCO) fraction confirmed the likely presence of EVs as evidenced 

by inclusion of prototypical EV markers TSG101, a component of the ESRCT machinery involved 

in EV biogenesis, and the tetraspanin CD63. Meanwhile, the endoplasmic reticulum marker 

calnexin was not detectable in this fraction, confirming that this fraction is not constituted of 

apoptotic blebs or cellular debris (Figure 3.5C, Supplementary Figure A-C). The presence of EVs 

was also confirmed by transmission electron microscopy (TEM) negatively stained with 1% 

uranyl acetate (Figure 3.5D, Supplementary Figure 5D) and the global size matched the 

expected profile by nanoparticle tracking analysis (NTA, Figure 5E). The EVs were also shown to 
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contain the transmembrane proteins CD66b (neutrophils) or CD326 (epithelial cells) by 

immunoprecipitation, which colocalized with caspase-1 measured by FLICA (Figure 3.5F). The 

immunoprecipitated EVs from the retentate, using either CD63 (general EV marker), or the cell-

specific markers CD66b and CD326 confirmed that all EV subsets from CF sputum were positive 

for active caspase-1, although neutrophil-derived EVs (CD66b+) had the highest level (Figure 

3.5F). By both TEM and NTA it is clear that the population of EVs is heterogenous in its 

composition. Indeed, we do not distinguish between different classes of EVs, such as exosomes, 

exomeres, and microvesicles to name a few (Thery et al., 2018). Likely, the variety of particles 

we observe originate from the many cells present in the airways such as neutrophils, epithelial 

cells, macrophages and monocytes, and T-cells, but also invading pathogens such as bacteria 

and perhaps even fungi. Further diversity is introduced through the multiple pathways of EV 

biogenesis. Taken together, EVs are present in CF sputum, and notably those derived from 

airway neutrophils, carry active caspase-1 and induce feed-forward inflammasome activity in 

neutrophils freshly recruited from blood. 
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Figure 3.5. CF airway fluid EVs promote caspase-1 signaling in lung-recruited neutrophils. (A) Surface CD63 expression 
(reflecting primary granule exocytosis), and (B) intracellular staining with the FAM-FLICA-YVAD-FMK probe in HC neutrophils 
transmigrated for 18 hours to either of three apical milieus: (i) CF airway supernatant (CFASN) devoid of cells and debris but rich 
in EVs (Pre-300 kDa); (ii) its 300 kDa flow-through devoid of EVs (Low MWCO); or (iii) the reconstituted fraction with 300 kDa 
flow-through (EV-free) and retentate (EV-rich) added back together (Low + Hi MWCO). n = 8 independent experiments (C) 
Western blot of CF airway neutrophils (cells) and 300 kDa retentate fraction thereof (EVs) probing for the presence of the 
endoplasmic reticulum marker calnexin (common in cell debris like apoptotic blebs but typically excluded from EVs) and 
canonical EV markers TSG101 and CD63. (D) Transmission electron micrographs of EVs negatively stained with 1% uranyl 
acetate. A scale bar corresponding to 200 nm is included. (E) Nanoparticle tracking analysis to determine the size and 
concentration of EVs in the retentate (high MWCO, EV-rich) fraction of CF airway fluid. Data from n=5 replicates. (F) Staining 
with the FAM-FLICA-YVAD-FMK probe specific for active caspase-1 measured by flow cytometry on the total retentate (high 
MWCO, EV-rich) fraction of CF airway fluid (No antibody) and immunopurified subsets therefrom using magnetic beads coated 
with streptavidin with biotinylated antibodies reflecting pan-EV (anti-CD63), neutrophil-derived EV (anti-CD66b) and epithelial-
derived EV (anti-CD326) subsets. Data from n=6 independent experiments. All Statistics were calculated with a Kruskal-Wallis 
test then selected multiple comparisons between groups using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. 

Neutrophil-derived EVs induce inflammasome activation in naïve epithelial cells. Next, 

we sought to determine if neutrophil-derived EVs could also induce inflammasome signaling in 

naïve epithelial cells. Neutrophils were transmigrated to CF airway fluid or as a control, WB 

neutrophils were treated with LPS (10 ng/mL, serving as signal 1) plus nigericin (10 µM, serving 

as signal 2). After stimulation (either LPS + nigericin or CFASN TM), neutrophils were washed 

and allowed to condition fresh media with their own EVs for 12 hours (Figure 3.6A). EVs from 
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conditioned media were isolated by differential centrifugation and column purification (300 

kDa MWCO), and added to primary normal (healthy) tracheal epithelial (NhTE) cells. The NhTE 

cells were stained for ZO-1 to confirm the presence of tight junctions and also to confirm that 

the cells were grown in a monolayer (Figure 3.6B). Upon EV application, the NhTE cells showed 

clear upregulation of active caspase-1 (Figure 3.6B), To measure association of the neutrophil-

derived EVs with the NhTE cells, the EVs were labeled with the membrane dye PKH26 and 

applied to the NhTE cells. By flow cytometry, the NhTE cells show clear PKH26 signal compared 

to the untreated control (Figure 3.6C). The extracellular inflammatory mediators IL-1a, IL-1b, 

IL-18 and intercellular adhesion molecule-1 (ICAM-1) levels were also similar increased 

compared to the unstimulated NhTE cells (Figure 3.6D-G). The levels were similar, albeit slightly 

reduced compared to direct stimulation of the NhTE with LPS + nigericin as opposed to 

stimulation with EVs from stimulated neutrophils (Supplementary Figure 3.6A-D).  

In order to determine the extent to which endogenously expressed caspase-1 vs 

caspase-1 from neutrophil-derived EVs resulted in FLICA signal, we generated a polyclonal 

caspase-1 knockout NCI-H441 club epithelial cell line, which exhibited ~92.9% caspase-1 protein 

reduction (Supplementary 7A). Control stimulation of the casp1-/- cells with LPS + nigericin 

further confirmed that the knockout removes FLICA staining in these cells (Supplementary 

Figure 3.7B). The application of EVs from neutrophils stimulated with LPS + nigericin or 

transmigrated towards CFASN only resulted in a minor, and statistically insignificant, increase of 

FLICA compared to the unstimulated knockout cells. As with the NhTE cells, WT caspase-1 H441 

cells showed increased FLICA signal in the appropriate conditions. Labeling of the EVs with 

PKH26 showed similar association of EVs across all conditions suggesting that endogenous 
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caspase-1 does not affect EV uptake (Supplementary Figure 3.7C). Furthermore, the casp1-/- 

cells were unable to secrete bioactive IL-1a, IL-1b, and IL-18 (Supplementary Figure 3.7D-F). 

Taken together, these findings demonstrate that EVs derived from neutrophils recruited to and 

conditioned by the CF airway milieu are able to activate inflammasome signaling in naïve 

epithelial cells, similarly to treatment with prototypical signals 1 + 2 (LPS plus nigericin). 

 

Figure 3.6. CF airway fluid EVs promote caspase-1 signaling in primary lung epithelial cells. (A) Schematic of experimental 
setup: blood neutrophils were stimulated with LPS (4 hours, 10 ng/mL) plus nigericin (2 additional hours, 10 µM) or 
transmigrated into CFASN for 8 hours. These activated neutrophils were then allowed to condition fresh media (without serum) 
for 12 hours, after which EVs from the conditioned media were isolated. (B) Normal human tracheal epithelial cells (NhTE) 
grown on semi-permeable Transwell supports at air-liquid interface (ALI) were exposed to EVs from the conditioned media 
generated from either blood neutrophils stimulated with LPS and nigericin (LPS + N EVs) or from neutrophils that transmigrated 
towards CFASN (CFASN EVs) and stained for tight junctional complexes (ZO-1) and nucleus (DAPI). (C) The EVs were stained with 
the membrane dye PKH26 and added to ALI NhTE cultures. Association of EVs with the NhTE cells was assessed by flow 



 118 

cytometry analysis of PKH26. (D) IL-1a, (E) IL-1β, and (F) IL-18 measured in the conditioned media of NhTE cells stimulated by 
EVs from neutrophils by ELISA. (G) Surface expression of ICAM-1 on NhTE cells stimulated by EVs from neutrophils measured by 
flow cytometry. Data from n=8 independent experiments. Statistics were calculated with a Kruskal-Wallis test then multiple 
comparisons using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. 

 

EVs contribute to sustained inflammasome signaling between recruited neutrophils 

and epithelial cells in CF airways. Neutrophilic inflammation is a hallmark of CF airway disease. 

In prior in vivo studies from our group, neutrophils were found to enter into the small airway 

lumen in infants with CF within the first months of life, and notably before chronic infection 

with proinflammatory pathogens known to induce strong inflammasome activation like P. 

aeruginosa, S. aureus, H. influenzae, or A. fumigatus (Margaroli et al., 2019). Work in epithelial 

cell and mouse models suggested that local accumulation of apical material (mucus “flakes”, or 

other) may induce hypoxic stress and IL-1a production, providing the impetus for neutrophilic 

influx (Fritzsching et al., 2015). How this early influx may lead to chronic disease remains 

unclear. Findings presented here suggest that neutrophils recruited to and conditioned by the 

CF airway milieu may provide sufficient driving force for sustained inflammasome activation not 

only in resident, long-lived epithelial cells, but also in freshly recruited neutrophils (Figure 3.5, 

6). The critical role of EVs in this process may explain how acute local inflammation in discrete 

areas of the bronchiolar tree may become chronic and facilitate seeding of adjacent areas by EV 

transport and uptake. Further studies are needed to determine whether small molecule 

inflammasome inhibitors (Becker et al.) or recombinant IL-1RA (anakinra)(Iannitti et al.) may 

counter feed-forward inflammasome signaling when spread via EVs. In chronic obstructive 

pulmonary disease (COPD) and acute respiratory distress syndrome (ARDS), NE present on the 
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surface of EVs is less prone to inhibition by a1-antitrypsin and can drive disease (Genschmer et 

al., 2019).  

In fact, EVs can be generated from all of the cells present in the CF lung including, but 

not limited to the neutrophils and epithelial cells, such as macrophages, monocytes, T-cells, as 

well as bacteria and fungus (Woith et al., 2019). This communication between the cells in the 

airways must be heavily investigated and targeted for therapeutic development. There have 

been recent studies that EVs from neutrophils can cause activation of other neutrophils (Amjadi 

et al., 2021), and that EVs from S. aureus can downregulate the ability of neutrophils to kill 

bacterial pathogens (Fantone et al., 2021). EVs from CFTR mutated epithelial cells were able to 

activate neutrophils (Useckaite et al., 2020) and our study now adds communication in the 

other direction from neutrophils to epithelial cells. It remains unclear what the initial incidence, 

and whether it is EV-related, is that causes feed-forward neutrophilic inflammation in the CF 

airways. Due to their high abundance in sputum, inflammasome- and NE-laden, neutrophil-

derived EVs are emerging as critical mediators of pathological signaling in CF, COPD and ARDS. 

In-depth studies attempting to specifically target the entire EV population and specifically these 

neutrophil-derived EVs for therapeutic benefit are now warranted.   
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FIGURES 

  

Supplementary Figure 3.1. Flow cytometry analysis of blood and airway neutrophils. (A) Sequential gating strategy for blood 
neutrophils, and (B) sequential gating strategy for airway neutrophils. (C) Histograms for IL-1R1 and IL1-R2 expression on blood 
(white) and airway (gray) neutrophils from 3 representative patients with CF. 
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Supplementary Figure 3.2. (A) Representative histograms of the FAM-FLICA-YVAD-FMK probe specific for active caspase-1 on 
blood (white) and airway (gray) neutrophils. Aggregate data shown in Figure 3.2A. (B) Image flow cytometry (Imagestream) 
sequential gating strategy to identify neutrophils in blood and airway samples from patients with CF. (C). Representative 
pictures of caspase-1 (FAM-FLICA-YVAD-FMK) and DNA (Hoechst 33342) from Image flow cytometry. Aggregate 
quantification of caspase-1 specks in Figure 3.2B.  
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Supplementary Figure 3.3. (A) Raw western blot for caspase-1 and quantification of the amount of cleaved caspase-1. (B) The 
specific NLRP3 inhibitor MCC950 (gray) was added at 10 µM to apical CFASN during transmigration. Vehicle (white) was 
0.1% v/v water. Data from n=6 independent experiments. Statistics were calculated using the Mann-Whitney U-test. * p<0.05, ** 
p<0.01, ***p<0.001. (C) Whole blood (WB) neutrophils from healthy control patients were incubated for the prescribed amount 
of time in either DMEM + 10% FBS or CFASN and viability was measured by retention of the amine reactive Zombie Aqua dye 
by flow cytometry. (D) Active caspase-1 in blood neutrophils incubated as above was measured with the FLICA probe using flow 
cytometry. (E) Quantification of lactate dehydrogenase (LDH) activity in the extracellular environment from each condition. To 
normalize the amount of time that LDH was allowed to be secreted, the cells were conducted to either an incubation in or 
transmigration towards the marked apical fluid (either DMEM + 10% FBS or CFASN or LTB4 or CFASN) for 2 or 18 hours. 
Cells were then washed, and allowed to condition fresh media for 1 hour. An aliquot was taken and stored at -20 ˚C for up to 3 
days. LDH activity was measured using the CyQUANT kit. The cell lysate is the same number of whole blood cells lysed in 1% 
TritonX100. Data from n = 6 independent experiments. Statistics were calculated with a Kruskal-Wallis test then selected 
multiple comparisons between groups using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. (F) After live or dead flow 
cytometry gating of the Zombie Aqua dye the median fluorescence intensity (MFI) of the FLICA probe was assessed in both the 
live and dead cells. Data from n=6 independent experiments. Statistics were calculated using the Mann-Whitney U-test. * 
p<0.05, ** p<0.01, ***p<0.001. (G) Raw western blot for gasdermin-D and quantification of the amount of cleaved gasdermin-
D. 
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Supplementary Figure 3.4. Whole blood neutrophils transmigrated towards CFASN or CFASN + HEMT (5 µM VX445, 18 µM 
VX661, 1 µM VX770) for 2 or 18 hours. DMSO was used as a vehicle control. The cells were then washed and allowed to 
condition fresh media for 1 hour. An aliquot was taken and stored at -20 ˚C for up to 3 days. LDH activity was measured using 
the CyQUANT kit. The cell lysate is the same number of whole blood cells lysed in 1% TritonX100. Data from n = 6 independent 
experiments. Statistics were calculated with a Kruskal-Wallis test then selected multiple comparisons between groups using 
Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. 
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Supplementary Figure 3.5. Raw unprocessed western blots and electron micrographs. This figure relates to Figure 3.5C and 3.5D. 

 

 

Supplementary Figure 3.6. Control experiment showing direct inflammasome activation in NhTE cultures by LPS and nigericin. 
(A-C) IL-1a, IL-1b, and IL-18 measured in the extracellular medium by ELISA, and (D) surface expression of ICAM-1 measured 
by flow cytometry on NhTE cells maintained in ALI culture and stimulated with LPS (10 ng/mL, signal 1) alone or in combination 
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with nigericin (10 µM, signal 2). Data from n=8 independent experiments. Statistics were calculated with a Kruskal-Wallis test 
then multiple comparisons using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. 

 

 

Supplementary Figure 3.7. Generation and validation of caspase-1 knockout cells (A) Raw western blot showing ~92.9% 
reduction of caspase-1 in a polyclonal knockout of caspase-1 in H441 cells. H441 cells grown at ALI were either mock-
stimulated with media or with LPS (10 ng/mL, signal 1) then with nigericin (10 µM, signal 2) or with EVs labeled with PKH26 
from neutrophils stimulated with LPS + nigericin or EVs labeled with PKH26 from neutrophils transmigrated towards CFASN. 
(B) Quantification of active caspase-1 or (C) association of EVs with the cells. (D-F) IL-1a, IL-1b, and IL-18 was measured in 
the extracellular medium by ELISA. Data from n=6 independent experiments. Statistics were calculated with a Kruskal-Wallis 
test then multiple comparisons using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002. 
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Chapter 4: EXTRACELLULAR VESICLE lncRNA MALAT1 DRIVES HDAC11 
DEPENDENT CHRONIC INFLAMMATION IN AIRWAY NEUTROPHILS 

ABSTRACT 
Polymorphonuclear neutrophils (PMNs) are the most abundant leukocyte in the bone 

marrow and circulation and are central to the pathogenesis of many airway diseases including 

cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), asthma, and COVID-19. In CF, 

airway PMNs adopt a fate associated with granule release, immunomodulatory activity, and 

metabolic licensing (GRIM) and fail to completely clear invading pathogens. The number of 

airway GRIM PMNs as well as their secreted products are the strongest correlates for disease 

severity, however, it is unknown what pathological factors cause naïve PMNs to differentiate 

into GRIM PMNs. In this study we fractionated CF sputum to determine what components of 

the lung milieu condition PMNs to become inflammatory. We found that CD66b+ PMN-derived 

EVs contain the lncRNA MALAT1, which induced the expression of the histone deacetylase 

HDAC11 in PMNs. Either component was necessary and sufficient to differentiate naïve PMNs 

into GRIM PMNs. HDAC11 + GRIM PMNs secreted MALAT1+ EVs that were able to cause other 

PMNs to become GRIM in a cycle of feed-forward inflammation. Knockdown or inhibition of 

both MALAT1 and HDAC11 prevented the induction of the GRIM phenotype. Thus, MALAT1 and 

HDAC11 are therapeutic targets for the treatment of diseases featuring inflammatory airway 

PMNs. MALAT1 may also serve as a biomarker of lung disease as the amount of MALAT1 

relative to the concentration of EVs strongly correlated with lung function (%FEV1).  
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INTRODUCTION 
Polymorphonuclear neutrophils (PMNs) are the most abundant leukocyte in the bone 

marrow and circulation with an estimated half-life of just a few hours to at most a few days 

(Pillay et al., 2010). The traditional view that these cells are only capable of phagocytosis or 

releasing DNA and histones in the form of neutrophil extracellular traps (NETosis) has been 

challenged in recent years as the remarkable heterogeneity of PMNs in the bone marrow, 

circulation, and tissue has been realized (Margaroli and Tirouvanziam, 2016; Rosales, 2018; 

Sumagin, 2021). It has become clear that during the process of swarming into a tissue PMNs are 

able to initiate a transcriptional program to adapt to their environment (Bost et al., 2021; 

Grieshaber-Bouyer et al., 2021; Margaroli et al., 2021). In addition, PMNs, and their secreted 

products, have been implicated in the severity of many diseases including cystic fibrosis (CF), 

chronic obstructive pulmonary disease (COPD), asthma, and respiratory infections caused by 

influenza virus and severe acute respiratory syndrome coronavirus (SARS-CoV-2), the causative 

agent of coronavirus disease 2019 (COVID-19) (Margaroli and Tirouvanziam, 2016; Genschmer 

et al., 2019; Grunwell et al., 2019; Bost et al., 2021; Reusch et al., 2021). Contrary to their 

pivotal importance in these diseases, PMNs remain poorly studied likely as a consequence of 

their propensity for spontaneous activation and incapacity for viable cryopreservation (Blanter 

et al., 2021). In light of these advancements, activated PMNs are excellent targets for the 

development of host-directed therapeutics for the treatment of many inflammatory diseases 

(Grieshaber-Bouyer and Nigrovic, 2019; Fine et al., 2020). 

Progressive lung disease is the leading cause of mortality in cystic fibrosis (CF), a chronic 

condition characterized by impaired mucociliary clearance and mucus plugging of the small 

airways, bacterial and fungal colonization of the lungs, and chronic recruitment of inflammatory 
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PMNs into the airways (Elborn, 2016; Margaroli and Tirouvanziam, 2016; Farrell et al., 2018). 

Airway PMNs actively hyperexocytose their primary granules and release damaging, 

inflammatory mediators such as neutrophil elastase (NE), a potent serine protease with many 

targets. In fact, PMN-related measurements, including the number of PMNs and concentration 

of NE and MPO in the airways are the strongest negative correlates with CF-disease severity 

and lung function (Brown et al., 1996; Chandler et al., 2018; Dittrich et al., 2018). Despite the 

large numbers of activated, inflammatory PMNs present in the airways of patients diagnosed 

with CF, common bacterial pathogens such as P. aeruginosa and S. aureus persist. These airway 

PMNs are non-apoptotic and alive, and actively fuse their primary granules to the membrane, 

while also featuring high rates of glucose uptake and glycolysis as well as anabolic mTOR and 

CREB signaling (Tirouvanziam et al., 2008; Makam et al., 2009; Laval et al., 2013; Margaroli et 

al., 2021). In addition, CF airway PMNs downregulate the activity of T-cells and airway 

macrophages through the production of arginase-1 (Ingersoll et al., 2015). Furthermore, CF 

airway PMNs are metabolically active This fate of PMNs has been described based on the above 

profound changes as granule-releasing, immunomodulatory, and metabolically active (GRIM) 

PMNs (Mitchell, 2018; Laucirica et al., 2022) and have decreased bactericidal capabilities.  

GRIM PMNs undergo a transcriptional program that results in a high rate of release of 

extracellular vesicles (EVs) (Margaroli et al., 2021), which therein can transfer active caspase-1 

to other cells bypassing the need for a stress stimulus (Forrest et al., 2022) (See Chapter 3). 

Notably, the heterogenous population of EVs in CF sputum, which are likely derived from 

airway epithelial cells and PMNs, as well as T-cells, monocytes, macrophages and bacteria were 

able to induce exocytosis in transmigrating PMNs (Forrest et al., 2022). It was recently shown 
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that fMLF primed-PMNs release EVs that activate naïve PMNs in turn (Amjadi et al., 2021). 

However, it is unclear if this mechanism occurs in the airways and in activated GRIM PMNs. To 

this end, we hypothesized that GRIM PMNs create chronic inflammation by secreting 

pathological EVs that differentiate future waves of naïve PMNs into GRIM PMNs resulting in a 

cycle of feed-forward inflammation. 
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RESULTS 
 

PMN-derived EVs are abundant in CF sputum  

EVs were purified from expectorated sputum from patients diagnosed with CF using a 

combination of differential centrifugation and tangential flow filtration with a 300 kDa 

molecular weight cutoff (MWCO) column (Figure 4.1A). This method is easily applicable to 

patient samples and scalable for cell culture-generated material. EDTA was first added to the 

sputum to a final concentration of 2.5 mM in order to prevent spontaneous activation of the 

PMNs and other immune cells present, then dissociated and aspirated using an 18G 1.5” needle 

(Tirouvanziam et al., 2008; Forrest et al., 2018; Margaroli et al., 2019).The sample was then 

centrifuged at 800 xg to pellet the cells and the supernatant was then centrifuged at 3,000 xg to 

remove bacteria and apoptotic cells. Supernatants were then frozen at -80 ˚C so that all EV 

samples could be analyzed with minimal batch effects. Banked sputum was stable for at least 

up to a year (Genschmer et al., 2019). After thawing the samples were centrifuged at 20,000 xg 

to remove larger debris which generated CF airway supernatant (CFASN), a mixture of EVs, 

soluble proteins, nucleic acids, and metabolites. The supernatant was separated on a 300 kDa 

MWCO column into a retentate (high MW) fraction and a filtrate (low MW) fraction. The high 

MW fraction is expected to contain EVs (Forrest et al., 2022). According to the minimal 

information for studies of EVs 2018 (MISEV2018) this is considered an acceptable “intermediate 

recovery, intermediate specificity” EV enrichment method (Thery et al., 2018).  

The high MW fraction contains particles that resemble EVs as measured by two 

orthogonal methods. Transmission electron microscopy (TEM) (Figures 4.1B, Supplementary 

Figure 4.1A) and nanoparticle tracking analysis (NTA) show particles of the expected size range 
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and concentration (Figures 4.1C). We previously observed that sputum from adult patients with 

CF contained EVs at a concentration of about 5e10 EVs/mL by nanoparticle tracking analysis 

and that the particle size ranged from about 100-200 nm in diameter (Forrest et al., 2022). The 

CFASN samples had a median concentration of 3.30e11 EVs/mL, while the healthy control (HC) 

airway supernatant had a median of 3.47e9 EVs/mL and a modal diameter of 156 nm (Figures 

4.1D). The EV fraction of CFASN contains the tetraspanin CD63 and TSG101, a component of the 

ESCRT machinery involved in EV biogenesis, and does not contain calnexin, which is specific to 

the endoplasmic reticulum (Supplementary Figure 4.1B). Since EVs are ubiquitously released by 

all cells, including bacteria, we wanted to determine the percentage of the total EV population 

that was PMN-derived. It is well established that many PMN-derived EVs present surface-

accessible CD66b, a granulocyte-specific marker (Dalli et al., 2013; Headland et al., 2014; 

Lorincz et al., 2015; Genschmer et al., 2019; Letsiou et al., 2021; Forrest et al., 2022). To 

accomplish this, EVs were stained with anti-CD66b-AF488 and analyzed by fluorescent NTA. 

About 62% of the EVs in CFASN were CD66b+ (Figures 4.1D). Taken together, the high 

molecular weight fraction of CFASN contains pure EVs and not cell debris, with over half of the 

EVs originating from PMNs or complexed with PMN-derived EVs. CD66b+ NE+ PMN EVs have 

been shown to cause emphysema and transfer a COPD-like phenotype to mice (Genschmer et 

al., 2019). Thus, we wanted to investigate if NE on PMN-derived EVs correlated with lung 

function, as measured by the forced exhaled volume in one second compared to the full, forced 

vital capacity (%FEV1). We conjugated anti-CD66b-biotin to 8 µm magnetic beads coated with 

streptavidin and incubated the complex with the total population of EVs to immunoprecipitate 

just the PMN-derived EVs. Then, the EV-bead complexes were counterstained with an antibody 
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against NE and quantified by flow cytometry. The total amount of NE on the CD66b+ EVs 

correlated negatively with %FEV1 (Figures 4.1E). Since PMNs stimulated with fMLF release EVs 

that can activate naïve PMNs (Amjadi et al., 2021), we wanted to investigate the effect that 

CFASN EVs, with the majority being PMN-derived, had on naïve airway PMNs.  

 

Figure 4.1: Neutrophil-derived EVs are abundant in CF airway fluid and track with disease severity. A) Schematic for 
purification of EVs from CFASN and immunoprecipitation and depletion of cell-type specific EVs. CF sputum was differentially 
centrifuged at 800 xg to remove cells, 3,000 xg to remove bacteria and very large debris, 20,000 xg to remove other debris and 
apoptotic blebs. The supernatant was loaded onto a 300 kDa MWCO to remove small proteins, metabolites and other low 
molecular weight contaminants (filtrate). The high MW fraction (EV-containing) was normalized to 1e10 EVs/mL. Cell-type 
specific EVs can be depleted by immunoprecipitation with 8 um streptavidin beads conjugated to anti-CD66b-biotin B) TEM of 
EVs purified from CF sputum show spherical particles with a lipid bilayer. C) Nanoparticle tracking analysis (NTA) size and 
concentration determination of purified EVs in CFASN. EVs were stained with an anti-CD66b-AF488 antibody, and unbound 
antibody was removed by another 300 kDa MWCO centrifugation. D,E) Concentration and size of EVs in adult CF sputum (n=75) 
and healthy controls (HC; n=8). Statistics were calculated using the Mann-Whitney U-test. * p<0.05, ** p<0.01, ***p<0.001. F) 
EVs were immunoprecipitated with 8 um streptavidin beads conjugated to anti-CD66b-biotin then counterstained with anti-NE-
FITC and washed. Surface NE median fluorescence intensity was analyzed by flow cytometry and compared with %FEV1. n= 27; 
Statistics were calculated with a Spearman’s correlation.  

GRIM PMN-derived EVs are sufficient to transmit the GRIM phenotype to naïve PMNs 

The induction of the GRIM phenotype in vivo is not observed in circulating PMNs and 

requires transmigration into a tissue (Tirouvanziam et al., 2008; Margaroli et al., 2021). To this 

end, we have previously developed and validated an organotypic transmigration model that 

allows for the conditioning of primary blood leukocytes into an airway-like phenotype (Forrest 

et al., 2018; Dobosh et al., 2021; Dobosh et al., 2022; Forrest et al., 2022). Human lung 
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epithelium (HLE) monolayers are grown at air-liquid interface (ALI) for two weeks, followed by 

transmigration of primary human blood PMNs into the apical fluid, which is either CFASN or 

fractions of CFASN or chemical stimuli and chemoattractants. The amount of time allotted for 

the transmigration step may vary. Many previous papers have used up to 18 hours (h) or more 

in order to ensure fully stimulated, airway-like PMNs (Forrest et al., 2018; Grunwell et al., 

2019). However, therapeutic interventions are more likely to succeed if applied to a naïve PMN, 

or early migrant, rather than a PMN that is terminally GRIM. Indeed, a time-course of PMN 

transmigration revealed that PMNs over 1 h, 2 h, 4 h, 6 h, and 10 h had dynamic transcriptional 

changes (Margaroli et al., 2021). The transmigration for 4 h showed high CD63, correlating with 

primary granule exocytosis, and transcriptional activity and was an earlier timepoint. Therefore, 

we elected to use 4 h transmigrations for each of these experiments to understand what factors 

result in the early commitment to the GRIM fate particularly in regard to primary granule 

release, which positively correlates with surface CD63 as measured by flow cytometry 

(Supplementary Figure 4.1), and a bacteria killing assay generally with P. aeruginosa (PA01) at a 

multiplicity of infection (MOI) of 1 for one hour.  

Leukotriene B4 (LTB4; 100 nM) was used as a control to stimulate transmigration 

without any pathological material present akin to PMNs patrolling tissues during homeostatic 

and noninflammatory conditions. Another group made the observation that PMN EVs contain 

LTB4 as well as the enzyme LTA4H and could induce migration of PMNs (Majumdar et al., 2021). 

We did not quantify LTB4 or LTA4H in CFASN EVs, but noted inefficient transmigration 

efficiencies when the apical fluid contained only CFASN EVs (data not shown), however this 

study and the above study used different PMN chemotaxis models which may account for the 
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difference in PMN behavior. To compensate, LTB4 (100 nM) was added to all EV conditions to 

induce PMN transmigration. PMNs transmigrated towards CFASN presented with low CD63 

(Figure 4.2A) and was killed about 60% of P. aeruginosa (Figure 4.2B). In contrast, PMNs 

transmigrated towards CFASN or the total EVs derived from CFASN had increased CD63 and 

cleared about 40% and 20% of P. aeruginosa, respectively. As a control, PMNs transmigrating 

towards the filtrate (no EVs) did not show primary granule exocytosis and were able to kill P. 

aeruginosa equally as efficient as LTB4 transmigrated PMNs. Interestingly, GRIM PMNs 

transmigrated towards the high MW fraction (EVs) cleared less bacteria than the transmigration 

towards total CFASN, a more complex fluid. This suggests that the low MW fraction contains 

factors that condition PMN to kill bacteria efficiently or are bactericidal and associate with 

transmigrating PMNs. GRIM PMNs have also been shown to have low surface CD16, likely as a 

result of NE-mediated cleavage of the epitope, and high CD66b correlating with secondary 

granule release.  

Using bead immunoprecipitation, CD66b+ EVs (PMN-derived) were depleted from the 

total CFASN EV population. The remaining EVs were no longer able to induce primary granule 

release in transmigrating PMNs (Figures 4.2A), although a moderate decrease in CD16 

(Supplementary Figure 4.3A) and CD66b (Supplementary Figure 4.3B) was observed. In line 

with the data linking bacteria killing ability with measurement of surface CD63, PMNs 

transmigrated towards CD66b-depleted EVs were able to efficiently clear bacteria whereas 

CD326- and CD115-depleted EVs showed a slight reduction in bacterial clearance (Figures 4.2B), 

which confirms the pathological role of PMN-derived EVs in causing naïve PMNs to become 

GRIM.  
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The loss of the pathological GRIMming factor as a result of depleting CD66b+ EVs 

suggests that GRIM PMNs are able to impart the GRIM phenotype upon naïve, newly arrived 

PMNs. To confirm this, after PMNs were transmigrated towards LTB4 alone or CFASN EVs the 

PMNs were purified and allowed to condition plain RPMI media for 12 hours. After which the 

PMNs were removed and the EVs were purified as before (Supplementary Figure 4.4A). GRIM 

PMNs released ~3 times the number of EVs over the 12 hour incubation than LTB4-

transmigrated PMNs although there was no difference in the size (Supplementary Figures 

4.4B,C). The total amount of EVs released is difficult to determine since some EVs may have 

been taken up by the PMNs and the rate of EV synthesis may not be constant throughout the 

incubation. Based on the hypothesis that EVs released by GRIM PMNs can cause naïve PMNs to 

differentiate into GRIM PMNs we used the EVs that comprised the conditioned media as the 

apical fluid in a new transmigration. EVs purified from the conditioned media are referred to as 

“secondary EVs” and can be generated from either LTB4 or CFASN EV transmigrated PMNs. 

Naïve blood PMNs were applied to the basal side of the model and were transmigrated towards 

either LTB4 secondary EVs (EVs generated by LTB4 transmigrated PMNs) or towards CFASN 

secondary EVs (EVs generated by GRIM, CFASN EV transmigrated, PMNs) (Supplementary 

Figure 4.4A). PMNs that transmigrated towards GRIM PMN-generated EVs showed heightened 

surface CD63 compared to PMNs that transmigrated towards LTB4 secondary EVs (Figures 

4.2C). Furthermore, PMNs that transmigrated towards CFASN secondary EVs also had lower 

bacterial killing ability compared to the PMNs that transmigrated towards LTB4 secondary EVs 

(Figures 4.2D). These data demonstrate the transfer of a pathological phenotype between 

different waves of recruited PMNs.  
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Figure 4.2: PMN-derived EVs cause multiple waves of recruited PMNs to become inflammatory. 1e6 primary human blood 
PMNs were transmigrated for 4 hours towards LTB4 (100 nM), CFASN, CFASN EVs, the filtrate from the EV purification, the 
remaining CFASN EVs from which CD66b+(PMN), or CD326+ (epithelial), CD115+(monocyte/macrophage) EVs were 
immunoprecipitated and depleted with 8 um streptavidin beads conjugated to biotinylated antibodies. A) PMN surface CD63 as 
a measure of primary granule exocytosis following transmigration B) PMNs transmigrated towards various conditions were 
incubated with PA01 at an MOI of 1 and then the amount of bacteria remaining after 1 hour incubation was calculated. C) PMNs 
transmigrated towards LTB4 or CFASN EVs were allowed to release their own EVs for 12 hours and then EVs were purified and 
normalized to 1e10 EVs/mL. Naïve PMNs were then transmigrated towards the generated secondary EVs and phenotyped by for 
primary granule release (C) and bacteria-killing capacity (D). Statistics were calculated using the Mann-Whitney U-test. * 
p<0.05, ** p<0.01, ***p<0.001. 

HDAC11 and MALAT1 expression regulates induction of the GRIM phenotype 

We revisited the RNA-seq data of PMNs transmigrating towards CFASN for 1-10 hours to 

determine the differential expression of transcription factors or transcriptional regulators 

(Margaroli et al., 2021). We observed that the histone deacetylase and deacylase HDAC11 was 

continually upregulated over the entire dataset (Figures 4.3A). Interestingly, HDAC11 is also 

known to suppress the expression of the anti-inflammatory cytokine, IL-10 (Villagra et al., 2009; 

Cheng et al., 2014), which is notably absent or at low concentrations in the CF airways (Osika et 

al., 1999; Colombo et al., 2005; Giacalone et al., 2022). From the RNA-seq data we confirmed 

that cofilin was an appropriate loading control for relative mRNA quantification in PMNs 

(Supplementary Figure 4.5). We performed qRT-PCR and western blot to confirm the 

expression of HDAC11 in PMNs that become GRIM as a consequence of CFASN EVs. HDAC11 

mRNA and protein were present in all transmigrating cells, but ~2-4 fold higher in CFASN- and 

CFASN EV-transmigrated PMNs than LTB4 PMNs (Figures 4.3B,C, Supplementary Figure 4.6A). 

In addition to its activities as a deacetylase HDAC11 is also a lysine defatty-acylase. In fact, the 
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defatty-acylase activity, which focuses on long-chain fatty acyl chains is also 10,000 times more 

active than the deacetylase activity (Kutil et al., 2018; Moreno-Yruela et al., 2018; Cao et al., 

2019), further, a small-molecule inhibitor of the deacylase activity, SIS17, was developed 

recently (Son et al., 2019). Inclusion of SIS17 in the apical fluid (25 µM) of LTB4-transmigrating 

PMNs showed no differences in the amount of degranulation or bacterial killing ability 

compared to the LTB4 + vehicle controls. In contrast however, CFASN EVs + SIS17 transmigrated 

PMNs were CD63med, which was significantly lower than PMNs transmigrated towards only 

CFASN EVs (Figures 4.3D). To confirm that SIS17 acts upon HDAC11 in PMNs and not the 

epithelial cells in the transmigration model, we generated H441 HDAC11-/- cells using CRISPR-

Cas9 technology (Supplementary Figure 4.7A). PMNs that transmigrated across H441 HDAC11-/- 

showed lower CD16, but the same CD66b and CD63 MFI as the transmigration across wild-type 

(WT) H441 cells as well as the same bacterial clearance ability (Supplementary Figures 4.7B-E). 

In addition, CFASN EVs + SIS17 transmigrated PMN showed equal bacterial killing capacity as 

LTB4-transmigrated PMNs (Figures 4.3E). SIS17 treatment did not change the rate of EV release 

(Supplementary Figure 4.7F). Taken together, inhibition of HDAC11 in PMNs via SIS17 allows 

normally pathological PMNs from committing to the GRIM fate and efficient bacterial 

clearance. 
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Figure 4.3: HDAC11 inhibition can prevent the induction of the GRIM phenotype. A) PMNs transmigrated towards CFASN 
continuously upregulate HDAC11 transcript as measured by RNA-seq. B) HDAC11 protein measured by western blot in PMNs 
transmigrated towards each condition for 4 hours. C) HDAC11 mRNA is upregulated in PMNs transmigrated towards each 
condition for 4 hours. The small molecule drug SIS17 (25 uM), an inhibitor of HDAC11 deacylase activity was included in the 
apical transmigration fluid. PMNs were transmigrated for 4 hours towards each condition and then D) surface CD63 was 
measured by flow cytometry and E) bacteria-killing capacity. Statistics were calculated with a Kruskal-Wallis test then selected 
multiple comparisons between groups using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002 

Based on these data, HDAC11 is part of the pathway that induces the GRIM phenotype 

in PMNs. Since CD66b+ PMN-derived EVs are crucial for the induction of the GRIM phenotype, 

we sought to determine whether the CFASN EVs contained HDAC11 protein. However, even 

when we loaded up to 60 ug of total protein, HDAC11 could not be detected by western blot 

(Supplementary Figure 4.8). Thus, we decided to narrow down the class of macromolecules 

that contributed to the ability of EVs to confer the GRIM phenotype. To identify the nature of 

EV contents that play a role in GRIMming of PMNs we treated the purified CFASN EVs with UV 

light to denature and inhibit potential activity of nucleic acids, trypsin to degrade proteins 

associated with the surface of the EV, or TritonX-100 to degrade the membrane. After 
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treatment, samples were washed with PBS + 2.5 mM EDTA and then immediately used in the 

transmigration model. Each treatment had an effect compared to the PBS-treated sample on 

primary granule release as measured by CD63 (Supplementary Figure 4.9A). These effects 

could be explained by the following 1) The vesicular nature of the EV aids in delivery. Whatever 

the pathological factor is, the lack of encapsulation or association with an EV renders it inactive 

or unable to enter the recipient PMN; 2) UV-inactivation having an effect suggests that the 

pathological factor is a nucleic acid, likely RNA; and 3) trypsin, which can only degrade surface 

proteins because the EV protects intra-EV protein content may decrease efficacy of the EV to 

deliver the pathological cargo. In summary, the pathological factor that causes a PMN to 

become GRIM is likely an RNA, but delivery is enhanced by EV “carrier effects” (Askenase, 2021, 

2022). The surface proteins of EVs facilitate the effective delivery and the EV protects the RNA 

cargo from degradation. These carrier effects enhance the efficiency in which EVs become 

GRIM.  

In order to determine what RNAs could be differentially expressed in transmigrating 

PMNs we extracted total RNA using Trizol from PMNs transmigrated towards either CFASN EVs 

or LTB4 control after 4 hours. The originating blood PMNs were used as a baseline for 

normalization. Each transcriptional profile was distinct from the others by principle component 

analysis (PCA) (Figures 4.4A), but that PC1, which also accounted for the largest variation 

(65.9%) between the groups was mostly as a result of the transmigration process. In accordance 

with this, LTB4 and CFASN EV transmigrated PMNs showed very little variation in PC1. We 

noted that the top 100 contributors to PC2 between CFASN EV and LTB4 transmigrated PMNs 

were significantly enriched for GO cellular component terms relating to mitochondria function 
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and vesicle formation, including extracellular vesicles (Supplementary Figure 4.10A). In line 

with this, there were many mitochondria RNAs differentially expressed in between GRIM PMNs 

and LTB4 PMNs including 12/13 of the proteins encoded by the mitochondrial DNA (Figures 

4.4B). Of the proteins encoded by the mitochondrial genome, 10 were differentially expressed 

and in greater abundance in CFASN EV transmigrated PMNs. MT-ATP8 is present equally both 

populations of cells, while MT-RNR2 and MT-RNR1 were more highly expressed in LTB4 

transmigrated PMNs (Figures 4.4B). This likely contributes to the increase in reactive oxygen 

species (ROS) production, from which PMNs are the most potent producers, and oxidative 

stress that is observed in the CF airways (Kettle et al., 2014; Winterbourn et al., 2016). High 

concentration of mitochondrial transcripts may be a sign of apoptotic cells however, GRIM cells 

are alive and non-apoptotic (Tirouvanziam et al., 2008) and were >80% viable after the 4 h 

transmigration as measured by ethidium bromide/acridine orange staining (Supplementary 

Figure 4.10B) as well as flow cytometry (Supplementary Figure 4.10C). The strongest 

contributor to the differences between LTB4 and CFASN EV transmigrated PMNs outside of the 

mitochondrial genes was the long noncoding RNA (lncRNA), MALAT1, which was much higher 

expressed in LTB4-transmgirated PMNs than CFASN EV-transmigrated PMNs (Figures 4.4B). 

MALAT1 has been shown to be involved in the persistence of many cancers and promote 

inflammation through macrophages and dendritic cells (Li et al., 2021; Zhou et al., 2021; Kumar 

and Mishra, 2022; Mu et al., 2022; Shyu et al., 2022). In addition, MALAT1 is expressed in 

developing and mature PMNs and may be related to the activity of FOXO1 and STAT1 

(Grieshaber-Bouyer et al., 2021). MALAT1 has also been shown to be associated with EVs from 

a variety of cell types suggesting that it may have a role in cell-to-cell communication.  
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We developed an electroporation protocol to transfect primary blood PMNs with 

endotoxin-free plasmid DNA. The plasmids were a two-part expression vector in which position 

one was either a strong CMV promoter for the expression of mRNAs or lncRNAs or a U6 

promoter for siRNAs, while position two expressed GFP under the control of the EF1a promoter 

with a mutated Bsa1 site to facilitate Golden Gate cloning (Wagner et al., 2018) (Figures 4.4C). 

Since the transfection of PMNs was not 100% efficient we used the positive expression of EGFP 

to demarcate cells that successfully received the plasmid, and presumably expressed the 

transgene in position one, while cells that were GFP negative were not expressing the 

transgene (Supplementary Figure 4.11A). To show the relevance of this expression system we 

first electroporated primary human blood PMNs that would eventually transmigrate into LTB4 

conditions, which would normally result in PMNs with CD63lo and inefficient bacteria killing. 

First, when expressing the control fluorescent protein mScarlet in position 1, there were no 

differences in CD63, CD16, or CD66b between EGFP+ and EGFP- cells (Figures 4.4D, 

Supplementary Figures 4.11B,C). In addition, at the population level there were no differences 

in bacteria killing ability (Figures 4.4E). Notably, when HDAC11 was expressed in position 1, 

EGFP+ cells showed higher surface CD63 than the EGFP- PMNs when transmigrating towards 

LTB4 indicating that HDAC11 is related to the ability of PMNs to exocytose their primary 

granules (Figures 4.4D). In addition, inclusion of SIS17 in the apical fluid resulted in both EGFP- 

and EGFP+ cells presenting equal amounts of surface CD63 when HDAC11 was being expressed. 

We noted that alignment of the contigs aligning with MALAT1 resulted in only a portion of the 

lncRNA being expressed in PMNs (Supplementary Figure 4.11D). When this fragment of 

MALAT1 was expressed in transmigrating PMNs towards LTB4 we observed increased 
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degranulation compared to the EGFP- cells as well as the mScarlet-expressing controls (Figures 

4.4D). SIS17 in the apical fluid abrogated the effect of expressing either HDAC11 or MALAT1 on 

the amount of CD63 present on the surface of transmigrating PMNs (Figures 4.4D).  

Although it is unclear whether HDAC11 protein and MALAT1 RNA are direct binding partners 

they both appear in the same pathway related to PMN degranulation and bacterial killing ability 

based on the ability of SIS17 to mitigate the effects of MALAT1 overexpression. Taken together, 

this suggests that MALAT1 and HDAC11 are both relevant in the induction of the GRIM 

phenotype in transmigrating PMNs. In line with this reasoning, expression of siRNAs targeting 

HDAC11 or MALAT1 under control of the U6 promoter in PMNs transmigrating towards CFASN 

EVs we did not observe increased surface CD63 nor CD66b in EGFP+ PMNs (Figures 4.4E, 

Supplementary Figures 4.12A). However, CD16 decreased regardless of whether the 

transmigrating PMNs received the plasmid (Supplementary Figure 4.12B), perhaps as a result 

of NE already being present in the fluid (Middelhoven et al., 2001; Dalli et al., 2013; Genschmer 

et al., 2019). Notably, electroporated PMNs expressing MALAT or HDAC11 transmigrated 

towards LTB4 showed reduced bacteria killing capacity, which was rescued by the addition of 

SIS17 (Figures 4.4F). Similarly, knockdown of HDAC11 or MALAT1 by siRNAs increased bacteria 

killing capacity in PMNs transmigrated towards CFASN EVs compared to the scramble siRNA 

control (Figures 4.4G).  
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Figure 4.4: Expression or knockdown of MALAT1 or HDAC11 modulate the GRIM phenotype in airway-like PMNs. A) PCA plot 
of primary human blood PMNs and PMNs transmigrated towards LTB4 or CFASN EVs. B) The top 25 upregulated and 
downregulated genes contributing to PC2 between LTB4 and CFASN EV-transmigrated PMNs. C) A dual expression plasmid 
encoding the expression of two parts. In position 1, MALAT1, HDAC11, or a control fluorescent protein mScarlet were expressed 
under the control of the EF1a promoter or siRNAs targeting MALAT1 or HDAC11 or a scramble control were included 
downstream of the U6 promoter. For all plasmids, EGFP was expressed off of the CMV promoter in position 2. Cells expressing 
EGFP were also expected to be expressing the construct in position 1. Blood PMNs were electroporated with each plasmid and 
then transmigrated towards the above conditions for 4 hours. Cells expressing EGFP were determined by flow cytometry. Surface 
CD63 was determined by flow cytometry in PMNs transmigrated towards D) LTB4 or E) CFASN EVs. The population of 
transmigrated PMNs were incubated with PA01 at an MOI of 1 and then the amount of bacteria remaining after 1 hour 
incubation was calculated. Statistics were calculated with a Kruskal-Wallis test then selected multiple comparisons between 
groups using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002 

The expression of lncRNA MALAT1 is sufficient to cause PMNs to become GRIM. In 

addition, GRIM PMNs are able to release pathological EVs that can differentiate naïve PMNs 

into GRIM PMNs. Based on evidence of MALAT1 being packaged into EVs from other cell types, 
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we next sought to determine the amount of MALAT1 transcript in both the cellular and EV 

compartments of GRIM PMNs and LTB4 control PMNs. We first confirmed that the knockdown 

and overexpression of MALAT1 were successful by qRT-PCR (Figure 4.5A). However, when 

quantifying MALAT1 in the cellular compartment we observed lower levels of MALAT1 in PMNs 

transmigrated towards CFASN EVs than LTB4 (Figure 4.5A). Yet, paradoxically, CFASN secondary 

EVs had more MALAT1 than LTB4 secondary EVs (Figure 4.5B). This suggests that MALAT1 is 

actively loaded into EVs from GRIM PMNs, but retained intracellularly by LTB4-transmgirated 

PMNs. We also observed that MALAT1 was significantly higher in LTB4 transmigrated PMNs 

than CFASN EV transmigrated PMNs by RNA-seq (Figure 4.4B).  

 

Figure 4.5: Expression of MALAT1 or HDAC11 can induce inflammation over multiple waves of recruited PMNs A) MALAT1 
RNA levels relative to 18S rRNA was calculated by qRT-PCR. B) PMNs were transmigrated towards LTB4 or CFASN EVs and 
electroporated with a mock plasmid or plasmids expressing MALAT1 siRNA or overexpression of MALAT1 and then allowed to 
release EVs for 12 hours. MALAT1 in the secreted EVs was calculated by qRT-PCR and normalized to the total amount of RNA. 
Naïve PMNs were generated towards EVs from PMNs treated with the labeled conditions and D,E) surface CD63 was measured 
by flow cytometry and F) bacteria-killing capacity was determined. Statistics have not yet been calculated due to insufficient 
repeats  
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CFASN EV transmigrated PMNs released EVs that were then able to differentiate naïve 

PMNs into GRIM PMNs (Figures 4.2C,D). EVs from MALAT1- and HDAC11- transfected PMNs 

were isolated and then used in the apical fluid to condition naïve PMNs. PMNs that 

transmigrated towards EVs from MALAT1-transfected and HDAC11-transfected PMNs showed 

elevated surface CD63 (Figures 4.5C). As before, the effects of the transfection were mitigated 

with SIS17 was included (Figures 4.5C). In addition, EVs from CFASN EV transmigrated PMNs 

transfected with MALAT1 or HDAC11 siRNA were unable to condition naïve PMNs into the 

GRIM phenotype as shown by surface CD63 and bacteria killing (Figures 4.5D,E). MALAT1 and 

HDAC11-induced PMNs were both able to generate feed-forward activation of naïve PMNs, 

while inhibition or knockdown prevented transfer of the GRIM phenotype.  

Since MALAT1 was readily packaged into EVs by GRIM PMNs and could condition naïve PMNs in 

the in vitro transmigration system, MALAT1 transcript in EVs may also be a biomarker of disease 

severity. To this end, EVs were isolated from the expectorated sputum of adult patients (n=90) 

that had been admitted to the hospital for an acute pulmonary exacerbation (APE) in the past 

year. Sputum that was collected within 1-4 days since the APE were contained significantly 

more copies of MALAT1 transcript than sputum that was collected 3-6 months since the APE. 

MALAT1 concentration in sputum 1 year after the APE had a median much lower than even the 

3-6 month cohort but was not statistically significant likely due to low sample number (Figures 

4.6A). Lung function as a measurement of forced expiratory volume relative to forced vital 

capacity (%FEV1) is known to decrease following an APE (Sanders et al., 2010). In addition, 

PMN-related factors such as NE and methionine sulfoxide concentration are also known to 

correlate with the decline in %FEV1 (Chandler et al., 2018; Margaroli et al., 2019). In line with 
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this observations MALAT1 concentration in EVs isolated from patient sputa strongly correlated 

with %FEV1 (Figures 4.6B). Since MALAT1 may be transcribed by multiple cell types present in 

the airways including various epithelial cells more work must be done in order to determine the 

role of MALAT1+ EVs on PMNs both in early pathogenesis of airway disease as well as late-stage 

disease. 

 

Figure 4.6: MALAT1 in EVs from CF sputum strongly correlates with exacerbation status and lung function. Sputum was 
collected during inpatient visits were conducted 1-4 days after an acute pulmonary exacerbation and outpatient visits were 
conducted in stable condition at least 3-12 months from the exacerbation. A) MALAT1 was purified from total EVs and 
concentration was measured by qRT-PCR (n=90). Statistics were calculated with a Kruskal-Wallis test then selected multiple 
comparisons between groups using Dunn’s test. * p<0.0332, ** p<0.0021, ***p<0.0002 B) MALAT1 in EV concentration was 
correlated with %FEV lung function (n=89). One patient did not have a recorded %FEV1 and was thus excluded. Statistics were 
calculated with a Spearman’s correlation.  
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DISCUSSION 
Although HEMT has been quite successful for treating CF airway disease most patients 

still experience chronic inflammation and gradual worsening of lung function over time (Hisert 

et al., 2017; Perrem and Ratjen, 2019; Zaher et al., 2021; Saluzzo et al., 2022). Furthermore, not 

all patients have access to these life-altering therapies or are ineligible due to their CFTR 

mutation status (Guo et al., 2022). There are also patients under two years of age for which 

HEMT is not yet approved. In this age group disease progression and airway inflammation has 

already begun based on the observation of GRIM PMNs in the airway lumen (Chandler et al., 

2018). Further, this run-away inflammation cannot handle invading pathogens and may even 

act as a scaffold for opportunistic infections (Yonker et al., 2015; Lin and Kazmierczak, 2017). 

Thus, new therapies must be developed with the purpose to realign the poise of recruited 

PMNs cells in order to effectively clear pathogens and mitigate structural tissue damage 

(Perrem and Ratjen, 2019). The need for these host-directed therapies has also risen as 

multidrug resistant bacteria becomes more prevalent (Rutter et al., 2017; Hahn et al., 2018).  

However, the mechanisms promoting the differentiation into GRIM PMNs, including 

their lack of bacterial clearance and the ability of short-lived cells to maintain a chronic 

phenotype, remain poorly understood. EVs in the lung, which display integrins and lipids such 

as phosphatidyl serine (Mulcahy et al., 2014), are particularly prone to be taken up by 

scavenger cells such as PMNs, and thus are primed to modulate the activity of these cells. Due 

to the large number of PMNs and PMN-derived EVs present in the airways, we hypothesized 

that EVs derived from activated and inflammatory CF airway PMNs could cause naïve PMNs, 

newly immigrated into the lung, to acquire a phenotype similar to that of the originating PMN. 

In this study we have shown that CFASN contains 1e10 EVs/mL and has a remarkable ability to 
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differentiate naïve airway PMNs into pathological entities with high rates of exocytosis and yet, 

paradoxically fail to clear bacteria. PMN-derived, CD66b+ EVs released from GRIM PMNs 

contained the lncRNA, MALAT1, which caused the upregulation of HDAC11 and induced the 

GRIM phenotype (Figures 4.7). The expression of either MALAT1 or HDAC11 was necessary and 

sufficient for the induction of the GRIM phenotype including neglect of bacteria. Taken 

together, PMN-derived EVs promote feed-forward inflammatory signaling in populations of 

PMNs.  

 

Figure 4.7: Extracellular vesicle lncRNA MALAT1 drives HDAC11 dependent chronic inflammation in airway neutrophils. GRIM 
PMNs present in the airways release EVs, either microvesicles or exosomes, which contain the lncRNA MALAT1. These EVs are 
taken up by naïve, newly immigrated PMNs, which then upregulate expression of HDAC11. HDAC11+ PMNs become GRIM and 
then release EVs with MALAT1 continuing the process of feed-forward inflammation.  

EVs derived from PMNs in the blood have anti-inflammatory (Gasser and Schifferli, 

2004; Pliyev et al., 2014; Rhys et al., 2018) and bactericidal effects (Timar et al., 2013), however 

few studies have investigated EVs from PMNs in the lung nor the functional role of these EVs in 

CF and other inflammatory airway diseases. PMN-derived EVs also contained membrane-bound 
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NE, which occludes the inhibitory domain and thus was less prone to inhibition by antiproteases 

than its unbound and soluble form (Owen et al., 1995; Genschmer et al., 2019; Amjadi et al., 

2021). NE+ PMN-derived EVs were also sufficient to cause emphysema in mice (Genschmer et 

al., 2019). Furthermore, PMN-derived EVs also carry MPO, which was shown to damage 

vascular endothelial cells (Pitanga et al., 2014), while in the intestinal mucosa tissue-infiltrating 

PMNs released EVs carrying MPO, which was more potent than soluble MPO, and inhibited 

epithelial wound healing (Slater et al., 2017). Taken together, conjugation of effector molecules 

to the membrane of an EV may change the physical properties and structure thereby modifying 

the kinetics and potency of effector molecules.  

Similarly, EVs may alter the way that potentially inflammatory damaged associated 

molecular patterns (DAMPs) are sensed. For example, EVs containing oxidized mitochondria did 

not activate the typical pattern recognition receptors that released oxidized mitochondria do 

and did not stimulate IL-6 production (Todkar et al., 2021). It has been demonstrated in a 

variety of contexts that EVs can contain various DAMPs both compartmentalized within the EVs 

or associated with the surface of the EV including DNA and histones, dsRNA, mitochondria, and 

HMGB1 (Yanez-Mo et al., 2015; Park et al., 2018; Neri et al., 2022). In addition, we recently 

showed that airway GRIM PMNs can release EVs that contain activate caspase-1 that can 

activate inflammasome signaling in airway epithelial cells bypassing the canonical requirement 

for signal #1 and signal #2 (Forrest et al., 2022). Another study found that EVs from activated 

blood neutrophils could induce endothelial inflammation via miR-142-3p and miR-451 in a 

model of ANCA-associated vasculitis (Glemain et al., 2022). EVs from swarming PMNs contained 

both the chemoattractant LTB4 and LTA4H, the enzyme that synthesizes LTB4 (Dalli et al., 
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2013). These EVs were able to stimulate PMN chemotaxis (Majumdar et al., 2021). We did not 

measure the concentration of LTB4 or LTA4H in our batches of purified EVs, however the EVs 

alone were unable to induce PMN transmigration. Although the methods used to determine 

PMN movement were disparate, the differing ability of PMN-derived EVs to induce other PMNs 

to migrate may be due to potential heterogeneity in the EV population released by PMNs.  

During the initiation of diapedesis, PMNs will begin to alter their membrane morphology 

and secrete both soluble factors and small particles as they roll along the surface of activated 

endothelium. Some of these structures were recently described as elongated neutrophil-

derived structures (ENDS). ENDS did not contain any of the organelles of the rolling PMN such 

as mitochondria, ER, or DNA and histones as detected by various organelle localizing dyes and 

STORM imaging (Marki et al., 2021). Furthermore, ENDS contained the DAMPS S100A8 and 

S100A9 which were only able to be detected once the ENDS were degraded. In this way, 

released particles, particularly those from primed or activated PMNs, may not only be able to 

affect and activate other cells in the environment, but also continue to do long after the 

producing cells and migrated to another region of the tissue or apoptosed. It is evident based 

on morphology, protein, RNA and DNA contents and the timing during transmigrating when 

which the particle is released that ENDS, migrasomes, and EVs are distinct structures each with 

a unique function. During the short lifespan of a PMN, these cells are able to functionalize a 

release a wide variety of particles as well as soluble factors that are able to quickly modulate 

the local environment. It is still unclear whether ENDS, migrasomes, and GRIM EVs can all be 

released by a single PMN as a cascade during transmigration or each factor only arises from 

heterogenous populations of PMNs each with a unique function, and perhaps inflammatory 
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potential. In addition, it must still be determined what factors promote the release of each 

subset of particle. Is the propensity for synthesis and release of each particle affected by 

differences in granulopoiesis in the bone marrow, association with various DAMPs or PAMPs or 

the specific contents scavenged therein? Despite the large numbers of PMNs present in many 

inflammatory diseases, there has been little investigation into the contents and downstream 

functional roles of PMN-EVs, particularly on the receiving PMN-population. 

PMNs are particularly sensitive to the contents within EVs and process their contents 

readily (Akbar et al., 2022). While we have demonstrated that uptake of MALAT1 within EVs 

causes airway-like PMNs to become GRIM via HDAC11 it still remains unclear how many 

transcripts of MALAT1 as well as how many EVs are necessary for this phenomenon to occur. 

Similarly, although we demonstrate that the population of CD66b+ EVs contain MALAT1, 

questions regarding whether each EV contains MALAT1 and how much MALAT1 remain 

unanswered. It is clear that miRNAs packaged within EVs can affect recipient cells, yet it has 

also been demonstrated that the number of miRNAs/EV is likely too low to have an effect based 

on prior cell biology studies of miRNA mechanisms of actions. It has been proposed that so-

called ‘carrier effects’ of EVs, that is the ability of EVs to enhance efficiency and efficacy of 

cargo beyond the results of simple biochemical assays, can account for this discrepancy 

(Askenase, 2021). Similarly, the carrier effects of PMN-derived EVs via integrins and other 

surface proteins may increase the probability of MALAT1 delivery. Additionally, scavenger cells 

such as PMNs are able to process and partially preserve the degradation products of the 

lysosome for antigen presentation. EVs may be able to coopt similar mechanisms to allow for 

escape and utilization of transcripts. As innate immune cells PMNs are able to respond 
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remarkably fast to stimuli. After just 1-4 hours of transmigration into CFASN bactericidal activity 

(Margaroli et al., 2021). Further fractionation into just the contained EVs was also sufficient to 

induce similar phenotypic changes. PMNs incubated with sufficient conditioning to allow these 

PMNs to release their own pathological EVs. On a per cell basis, PMNs appear more sensitive to 

EVs able to be affected by 103-104 EVs/cell over the course of 4 hours (although not every cell 

necessarily receives the same number of EVs) compared to other cell types which require the 

addition ~100 times more EVs/cell and potential inclusion of membrane-penetrating peptides 

to enhance cargo delivery over 24-72 hours (Mathieu et al., 2019; Somiya and Kuroda, 2021; 

Breyne et al., 2022; O'Brien et al., 2022; Zhang et al., 2022). This suggests that airway PMNs, 

and perhaps PMNs in other tissues, are exceptionally proficient at rapidly responding to the 

stressors and information packaged within EVs. A recent study showed that Airway EVs, likely 

released by type II alveolar epithelial cells contain dsDNA, both intra-EV and associated with the 

outside of the EV. These stimulate PMNs to release CXCL1 and CXCL2 via TLR9 signaling and 

promoted PMN reverse-transmigration to the bone marrow (Liu et al., 2022). This study also 

overlaid proteomic analysis of airways EVs with scRNA-seq data to conclude that non-immune 

cells generate most of the EVs present in the airways. While an interesting method, and 

perhaps specific to their mouse models and human disease landscape it may not account for 

the buildup of EVs over time during chronic disease or that immune cells may more readily 

clear their own EVs from the environment.  

We demonstrated that inhibition of HDAC11 by the small molecule drug, SIS17 and 

knockdown with siRNA normalize exocytosis and bacterial killing in typically-GRIM inducing 

conditions. HDAC11 has previously been shown to be essential for PMN development and 
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regulate the ability of mature PMNs to migrate (Sahakian et al., 2017). In addition, IL-10 for 

which HDAC11 is known to inhibit the expression of (Villagra et al., 2009; Cheng et al., 2014), is 

notably absent or only present at low levels in the CF airways (Osika et al., 1999; Colombo et al., 

2005; Giacalone et al., 2022). Since SIS17 inhibits the deacylase function of PMNs (Son et al., 

2019) it is likely that the targets of HDAC11 that control the induction of the GRIM fate are 

post-translationally modified to contain myristoyl and palmitoyl moieties on lysines (Cao et al., 

2019). However, SIS17 may also affect the deacetylation functions of HDAC11 at a low level 

since we observe an increase in IL-10 protein when SIS17 is used. Furthermore, HDAC11 also 

regulates the stability of IFNAR1 via SHMT2 ubiquitylation (Cao et al., 2019). Type I IFN signaling 

via IFNAR has been shown to regulate PMN activation and IFNAR-/- PMNs had a lower threshold 

for activation and release of granule proteins (Xin et al., 2010). In order to determine the 

targets of HDAC11 in PMNs in a more unbiased approach the reagent Alk14, a palmitic acid 

analog with a terminal alkyne group for click chemistry, could be used with and without SIS17 

or HDAC11 siRNA present (Cao et al., 2019; Son et al., 2019). Lastly, the role of one-carbon 

metabolism via SHMT2 and the role of EVs acting as an important carbon source as well as 

fueling beta-oxidation may also be relevant. In skeletal muscle cells, HDAC11 has been 

observed to localize to the mitochondria (Hurtado et al., 2021; Nunez-Alvarez et al., 2021). We 

have not yet determined the localization of HDAC11 in GRIM PMNs however we have shown 

upregulation and packaging of many mitochondrial genes in EVs. Furthermore, HDAC11 may 

also regulate protein-cargo loading into EVs since palmitoylation has been demonstrated to be 

a pro-EV localization motif (Fabbiano et al., 2020; O'Brien et al., 2022). HDAC11 controlling the 
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EV loading of RNA-binding proteins that bind MALAT1 may be one mechanism for the 

generation of GRIM-inducing EVs.  
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MATERIALS AND METHODS 
Human subjects and samples. Samples were accrued per Emory University IRB-

approved protocols. Informed consent was obtained before sample collection from a total of 90 

adults with CF (Supplementary Table 4.1) and 8 HC adults. CF was diagnosed using a 

quantitative iontophoresis test and/or documentation of two identifiable CFTR mutations. 

Neutrophils were purified from whole blood from healthy control (HC) and CF donors as 

previously described (Tirouvanziam et al., 2008) and used for transmigration experiments 

(below), flow cytometry, or RNA extraction. Sputum was collected from HC subjects by 

induction, and from CF patients by expectoration and processed as previously described 

(Tirouvanziam et al., 2008) to yield live neutrophils and airway supernatant (ASN). Airway PMNs 

were analyzed by flow and image cytometry. ASN was stored at -80˚C until use for EV 

purification (below) or transmigration experiments (below). 

In vitro transmigration experiments. The model was set up as described (Forrest et al., 

2018; Dobosh et al., 2021). The H441 Club cell line is grown on Alvetex scaffolds (ReproCELL, 

Glasgow, UK) coated with rat-tail collagen (Sigma) for 2 weeks at air liquid interface with 2% v/v 

Ultroser G (Crescent Chemical, Islandia, NY) in 50/50 DMEM/F12 supplemented with 1% v/v 

penicillin/streptomycin (Forrest et al., 2018; Grunwell et al., 2019). This setup requires manual 

flipping of filters prior to transmigration (Dobosh et al., 2021). The filters are transferred to 

RPMI media with LTB4 (100 nM) with or without EVs from CFASN or fractions thereof (e.g., 

flow-through of 300 kDa MWCO column devoid of EVs, EVs purified from CFASN, EVs purified 

from conditioned media). Subsequently, 106 cells are loaded onto the Alvetex scaffold for 

transmigration which was allowed to occur for 4 hours at 37˚C under 5% CO2. Since we 

observed that EVs alone could not induce transmigration of PMNs all conditions included LTB4 
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at 100 nM. Transmigrated PMNs were used for media conditioning (below), flow cytometry, 

western blot, qRT-PCR and RNA-seq analyses. 

Isolation of nucleic acids. For isolation of RNA from PMNs, 0.75 mL of TriPure (Roche) 

was added per 106 cells or 1010 EVs. Then chloroform (Sigma) was added and spun following the 

manufacturer’s protocol. Due to the small amount of expected RNA yield, the aqueous phase 

(containing the RNA) was mixed 1:1 with 100% ethanol (Sigma) and loaded onto an RNA clean 

and concentrator-5 column (Zymo). RNA was isolated following the manufacturer’s protocol.  

Quantification of MALAT1 RNA via qRT-PCR. Total RNA is reverse-transcribed using 

SuperScript IV (ThermoFisher) and an anchored oligo-d(T)20 primer followed by amplification 

with a primer probe pair which targets MALAT1 (Supplementary Table 4.2) and Luna Universal 

Probe qPCR Master Mix (New England Biolabs) was used to amplify the cDNA. A standard curve 

to calculate copy number was also generated using the MALAT1 expression plasmid 

(Supplementary Table 4.3) which contains the expected binding sequence  

RNA quantification and quality control. RNA was initially quantified by Nanodrop 1000 

spectrophotometer (ThermoScientific). For samples that would be analyzed by RNA-seq, an 

aliquot was further quality controlled by an Agilent Bioanalyzer 2100. 

RNA-sequencing of PMNs. For RNASeq, purified RNA was given to the Yerkes Genomics 

Core for processing. Briefly, rRNA is depleted and the TruSeqRNA Sample Preparation v2 kit and 

LS protocol is used. All the produced Fastq files from single end reads were aligned to the 

human reference genome (GRCh38.p13- Ensembl) using the alignment tool HISAT2 (version 

2.1.0), using the default settings. Then, BAM files reads were sorted using SAMtools. The 

resulting BAM files were used as input to determine read counts using FeatureCounts (1.5.2). 
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All processed counts were used to conducted differential expression analysis using DEseq2, 

considering as differentially expressed genes, genes with fold changes > 2 folds, and a False 

discovery rate < 0.1. Finally, to understand the functions of the differentially expressed genes 

Metacore server is used against pathway maps and networks. RNA-seq data has not yet been 

made available, but can be given upon request. This dataset will be deposited to GEO for 

publication 

Generation of EVs from conditioned media. PMNs (electroporated with plasmids or 

not) transmigrated towards LTB4 or CFASN EVs for 4 hours were incubated in RPMI at a density 

of 1e6 cells/mL for 12 hours and then EVs were purified as described below.  

Purification of EVs. EVs were isolated from ASN or conditioned media by taking the 

supernatant from sequential centrifugations at 800, 3,000, and 20,000 x g, applying to a 300 

kDa MWCO (Vivaspin 500, Sartorius, Germany) followed by a 3,000 x g spin. Characterization of 

EVs was by nanoparticle tracking analysis (NTA), flow cytometry and transmission electron 

microscopy 

Cloning and Electroporation of Plasmids. Plasmids for electroporation into PMNs were 

generated using a modified modular Golden Gate cloning protocol (Wagner et al., 2018) 

(Modified Overhangs given in Supplementary Table 4.4). These plasmids allowed for parts 

(promoters, 5’UTRs, ORFs, siRNAs and 3’UTRs) to be cloned as lvl0 plasmids. There were two 

different lvl1 destination vectors designated as position 1 (pos1) and position 2 (pos2), which 

can then be combined into a lvl2 destination vector. Lvl0 parts and all destination vectors have 

not yet been deposited to Addgene, but will be upon publication of the associated manuscript. 
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1e6 Primary blood PMNs were washed and resuspended in 100 uL P3 buffer with 4 ug of 

plasmid DNA. The recipe for P3 buffer is: 5mM KCl, 15mM MgCl2; 90 mM NaCl; 10 mM Glucose; 

0.4 mM Ca(NO3)2; 40 mM Na2HPO4/NaH2PO4 pH 7.2 (Chicaybam et al., 2016). Sample was 

electroporated at 150 V for 5 ms in a 0.2 cm cuvette. Samples were immediately washed once 

with DMEM + 10% FBS and then washed twice and resuspended in RPMI and applied to the 

transmigration filter.  

Data Analysis. Statistical analyses were preformed using Prism 9.0.0 (GraphPad, La Jolla, 

CA, USA). Comparisons between two groups was performed with a Mann-Whitney U-test 

(unpaired) with a threshold of * for p<0.05, ** for p<0.01, and *** for p<0.001, and between 

two or more groups with a Kruskal-Wallis test and Dunn’s multiple comparisons, * p<0.0332, ** 

p<0.0021, ***p<0.0002.  

Characterization of EVs by nanoparticle tracking analysis, flow cytometry, and electron 

microscopy. Concentration and size of EVs was determined using the Nanosight NS3000 

(Malvern Panalytical, Westborough, MA, USA). For flow cytometry, 30 µL of magnetic beads 

coated with streptavidin (SVM-80-5 Spherotech, Lake Forest, IL, USA) and washed with PBS + 

2.5 mM EDTA then incubated with 10 µL of biotinylated antibody (0.5 mg/mL, Biolegend for 2 

hours rotating at 4 ˚C brought to a final volume of 200 µL with PBS + EDTA. Biotinylated 

antibodies were CD63: 353018, CD66b: 305120, CD326: 324216. CD63 is expressed on many 

EVs. CD66b is to immunoprecipitate neutrophil-derived EVs, and CD326 is to 

immunoprecipitate epithelial-derived EVs.(Takao et al., 2018; Genschmer et al., 2019)Beads 

were washed 3 times with PBS + EDTA and then approximately 2x109 EVs were applied to the 

beads and rotated overnight at 4˚C. Bead:EV conjugates were washed 3 times with PBS + EDTA 
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then stained with FLICA and run on a Cytoflex S flow cytometer (Beckman Coulter, Pasadena, 

CA, USA).  

For electron microscopy, EVs were applied to a discharged formvar-carbon coated grid. 

Excess liquid was wicked away and 1% uranyl acetate stain was added, then wicked away. The 

samples were air-dried at room temperature. Grids were visualized on a Hitachi 7700 TEM at 80 

kV.  

Flow cytometry analysis of neutrophils. Blood and airway cells from CF and HC subjects, 

and from the in vitro transmigration model, were stained with fluorescently labeled antibodies 

CD63 (H5C6), CD66b (G10F5), EpCAM (9C4), and CD16 (3G8) (Biolegend, San Diego CA, USA), 

and NE (95034) (R&D Systems, Minneapolis, MN, USA). Cells were also stained with the Zombie 

Aqua or NIR probe (Biolegend) to determine viability.. Data were acquired on a Cytoflex S Flow 

Cytometer and compensation and analysis were performed using FlowJo software 10.6.1 

(Becton Dickinson and Company, Franklin Lakes, NJ, USA). The voltages across all acquisitions 

were calibrated using Spherotech Rainbow Calibration Particles (RCP-30-5) to ensure that all 

samples were acquired under the same conditions and the cytometer was performing as 

expected.  

Western Blot analysis of neutrophils and EVs. 106 neutrophils were pelleted and then 

resuspended in RIPA + HALT protease inhibitor cocktail (Thermo Fisher Scientific, Waltham MA, 

USA) with additional PMSF added (1 mM). EVs (~2x109) were concentrated on the 300 kDa 

MWCO column and then lysed in RIPA + protease inhibitor cocktail. Primary antibodies diluted 

in TBST+BSA were TSG101 (1:1000, 4A10, Abcam, Cambridge, UK), calnexin (1:1000, ab10286, 

Abcam) anti-CD63 (1:15000 System Biosciences EXOAB-CD63A-1), anti-GAPDH (1:400, sc-47724, 
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Santa Cruz), anti-HDAC11 (1:1000, ab166907, Abcam). Secondary antibodies were goat anti-

rabbit IRdye 800 CW and goat anti-mouse IRdye 680RD (both 1:15000, LICOR, Lincoln NE, USA). 

Images were taken on a LICOR ODYSSEY per manufacturer guidelines. Images were analyzed in 

ImageJ 1.52. 
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This chapter has been published in Cell Reports (Dobosh et al., 2022) 

Chapter 5: BARICITINIB ATTENUATES THE PROINFLAMMATORY PHASE 
OF COVID-19 DRIVEN BY LUNG-INFILTRATING MONOCYTES 

 

ABSTRACT 
SARS-CoV-2-infected subjects are generally asymptomatic during initial viral replication, 

but may suffer severe immunopathology after the virus has receded and monocytes have 

infiltrated the airways. In bronchoalveolar lavage fluid from severe COVID-19 patients, 

monocytes express mRNA encoding inflammatory mediators and contain SARS-CoV-2 

transcripts. We leverage a human small airway model of infection and inflammation whereby 

primary blood monocytes transmigrate across SARS-CoV-2-infected lung epithelium to 

characterize viral burden, gene expression and inflammatory mediator secretion by epithelial 

cells and monocytes. In this model, lung-infiltrating monocytes acquire SARS-CoV-2 from the 

epithelium and upregulate expression and secretion of inflammatory mediators, mirroring in 

vivo data. Combined use of baricitinib (Janus kinase inhibitor) and remdesivir (nucleoside 

analog) enhances antiviral signaling and viral clearance by SARS-CoV-2-positive monocytes 

while decreasing secretion of pro-neutrophilic mediators associated with acute respiratory 

distress syndrome. These findings highlight the role of lung-infiltrating monocytes in COVID-19 

pathogenesis and their importance as a therapeutic target. 
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INTRODUCTION 
Coronavirus disease of 2019 (COVID-19) continues to be a rapidly evolving pandemic 

caused by the lung-tropic Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) 

(Weston and Frieman, 2020). COVID-19 symptoms range from asymptomatic to mild to severe, 

and the course of lung disease can be broadly categorized into three phases (Blanco-Melo et al., 

2020). In the first phase of “immune avoidance”, the virus infects epithelial cells and replicates 

rapidly for about 3-6 days while avoiding activation of canonical antiviral responses like type I 

interferon (IFN) (Acharya et al., 2020; Tay et al., 2020). Respiratory symptoms occur in those 

patients that may progress to a second phase of “cytokine release syndrome” (CRS) involving 

the infiltration of blood monocytes into the lung (Henderson et al., 2020; Merad and Martin, 

2020), during which the viral titers decline. Eventually, in the second week post-infection, some 

patients will enter into a third, life-threatening, phase of acute respiratory distress syndrome 

(ARDS), featuring high levels of CXCL84, IL-1b and other pro-inflammatory mediators resulting in 

neutrophil recruitment (Coperchini et al., 2020; Tang et al., 2020). Considering the distinct 

phases of COVID-19 (Gordon et al., 2020), antiviral drugs like remdesivir may be particularly 

effective if given early (epithelial and monocytic stages), while immunomodulators such as 

dexamethasone and the JAK1/2 inhibitor baricitinib may be impactful later (monocytic and 

neutrophilic stages) (Beigel et al., 2020; Kalil et al., 2021; Perez-Alba et al., 2021). 

Severe cases of COVID-19 have a dysfunctional immune response largely reflected by 

the CRS and decreases in most immune cells in the systemic compartment including T, B, and 

NK cells (Tan et al., 2020) as well as monocytes, eosinophils, and basophils (Qin et al., 2020). 

 
4 CXCL8 is referred to as IL-8 outside of this chapter.  
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Meanwhile, neutrophil counts and the neutrophil-to-lymphocyte ratio are elevated in the blood 

of patients with severe COVID-19 (Qin et al., 2020; Zhang et al., 2020). It is not yet known what 

underlying circumstances cause such changes in some patients, but not others. As a result, the 

timing of therapeutics, in particular host-directed treatment targeting the immune system, 

needs to be paid close attention to in relation to the course of disease to avoid suppressing 

antiviral responses in early stages or promoting further damage in late stages. Understanding 

mechanistic effects of antiviral and immunomodulatory drugs during the course of COVID-19 

requires models that can recapitulate the complex interactions between SARS-CoV-2, host 

epithelial cells and lung-infiltrating leukocytes (Mason, 2020). To this end, we adapted a small 

airway model of infection and inflammation (Dobosh et al., 2021) previously developed and 

validated by our group to study lung-infiltrating leukocytes in cystic fibrosis (CF) and ARDS 

(Forrest et al., 2018; Grunwell et al., 2019). This model features a human lung epithelium (HLE) 

monolayer differentiated at air-liquid interface (ALI) that enables luminal infection with SARS-

CoV-2 and subsequent infiltration by primary human leukocytes. 

Mimicking the early, epithelium-restricted, stage of SARS-CoV-2 infection in humans 

(Ravindra et al., 2021), HLE-ALI cells infected with SARS-CoV-2 in vitro did not upregulate 

canonical antiviral pathways nor express inflammatory cytokines. Next, we observed by 

reanalysis of a previously published dataset of single cell RNA-seq of bronchoalveolar lavage 

fluid (BALF) from patients with severe COVID-19 (Liao et al., 2020) that lung-infiltrating 

monocytes express CXCL8 and IL-1b and contain transcripts from SARS-CoV-2; both features 

were recapitulated by lung-infiltrating monocytes in vitro. CXCL8 and IL-1b are critical to the 

development of ARDS via recruitment and activation of neutrophils (Donnelly et al., 1993; Zhou 
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et al., 2020). We next leveraged this model to investigate the effects on HLE-ALI cells and lung-

infiltrating monocytes of remdesivir and baricitinib, two drugs which have been granted 

emergency use authorization by the U.S. Food and Drug Administration as single and combined 

therapies. While remdesivir blocked progression of viral replication in both cell types, baricitinib 

selectively enhanced the expression of antiviral genes in lung-infiltrating monocytes. Both drugs 

used alone or in combination enhanced viral clearance in monocytes. Taken together, our 

findings confirm that lung-infiltrating monocytes are a critical target for COVID-19 treatment.  
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RESULTS 
Antiviral signaling in human lung epithelium differentiated at air liquid interface is blocked by 

SARS-CoV-2 and is not rescued by baricitinib and/or remdesivir. 

Critical aspects of virus-host interactions in the lung are species-specific, which makes 

models of the human lung particularly relevant for mechanistic investigations. Here, we 

differentiated a human lung epithelium for two weeks at ALI on a scaffold enabling en masse 

transmigration of leukocytes to simultaneously investigate the dynamics of luminal infection by 

viruses and leukocyte infiltration following epithelial infection (Figure 5.1A). SARS-CoV-2-

infected HLE-ALI cells showed minimal amounts of extracellular ATP compared to OC43- and 

IAV-infected cells up to 48 hours post-infection at an MOI of 0.1 (Figure 5.1B). This suggests 

that the 48-hour timepoint and MOI may be appropriate conditions to study SARS-CoV-2 

infection in the absence of substantial epithelial cell toxicity. Next, we conducted a multiplexed 

qRT-PCR assay of infected HLE-ALI cells at different input concentrations of virus over 72 hours 

of infection and observed that HLE-ALI cells infected with SARS-CoV-2 and OC43 downregulated 

antiviral genes in contrast to IAV-infected cells (Figure 5.1C). For example, core interferon 

pathway genes IFNA1, IFNLR1, IFNL1, IFNG, IFNB1, and to a lesser extent IFNAR1 were all 

lowered in cells infected with coronaviruses, while the same genes were dramatically increased 

in IAV-infected cells. Similarly, expression of inflammatory mediators such as IL1a, IL-1b, and 

CXCL8 were consistently downregulated in SARS-CoV-2-infected cells although IL1a expression 

was observed in HLE-ALI cells infected with OC43. Of note, a subset of allergy-associated genes 

such as IL4, IL13, IL4R, IL13RA1, and the common g-chain IL2RG, were upregulated in most of 

the SARS-CoV-2 infection conditions. Also of interest, infection with SARS-CoV-2 at an MOI = 1 



 179 

showed upregulation of ACE2 throughout the course of infection, suggesting that the virus may 

be able to enhance its own infection efficiency. 
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Figure 5.1. [HLE-ALI cells grown at air-liquid interface can be infected by OC43, SARS-CoV-2 and Influenza and exhibit different 
transcriptional responses.] (A) Experimental scheme illustrating the infection of human lung epithelium (HLE) differentiated at 
air-liquid interface (ALI) with Influenza A strain A/PR8/1934 (IAV), beta coronaviruses OC43 or SARS-CoV-2, Isolate USA-
WA1/2020 for 24-72 hrs. (B) Extracellular ATP generated by HLE-ALI cells infected with IAV, OC43 or SARS-CoV-2 at an MOI of 
0.1 for 24-72 hrs was measured using a luciferase assay. Plotted is the median with interquartile range. No statistics were 
calculated due to low sample number. (C) Multiplexed qRT-PCR of HLE-ALI cells infected with either no virus or Influenza A strain 
A/PR8/1934, beta coronaviruses OC43 or SARS-CoV-2, Isolated USA-WA1/2020 for 24-72 hrs at MOIs of either 0.01, 0.1, or 1. 
Data was normalized using the delta delta Ct method relative to GAPDH and the no virus condition at time 0, and then z-score 
normalized. Values shown are the average of biological triplicates. 
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In order to better understand the global changes in the infected HLE-ALI cells we then 

sequenced their entire transcriptome. As before, infection with influenza strain A/PR8/1934 

(IAV; MOI 0.1) induced canonical antiviral signaling in HLE-ALI cells, most notably IFITM1/2/3, 

ISG15, and OAS1/2/3, while infection with betacoronaviruses (MOI 0.1) OC43 and SARS-CoV-2, 

Isolate USA-WA1/2020 did not (Figure 5.2A, Supplementary Table 5.1). Across all infections, 50 

Gene Ontology (GO) terms were significantly enriched (Supplementary Table 5.2). Most genes 

enriched in HLE-ALI cells infected with IAV related to the immune response, particularly the 

response to virus and immune effector processes. In contrast, the enrichment profiles of HLE-

ALI cells infected with OC43 and SARS-CoV-2 related to cellular processes such as localization, 

transport and metabolism (Figure 5.2B). Many of the antiviral genes upregulated in IAV-

infected HLE-ALI cells were not upregulated in OC43 and SARS-CoV-2 infections (Figure 5.2C). 

Additionally, the genes associated with cellular processes in SARS-CoV-2-infected cells were 

similarly downregulated or remained unchanged in IAV-infected cells (Figure 5.2C, 

Supplementary Table 5.2, row 9). 

Further analysis of the RNA-seq dataset revealed that at 48 hr post-infection with SARS-

CoV-2 at an MOI = 0.1, HLE-ALI cells had the greatest number of uniquely differentially 

expressed genes (DEGs) compared to the uninfected time = 0 control (Supplementary Figure 

5.1). At both 24- and 48-hr post-infection these DEGs showed dramatic changes in pathways 

associated with metabolic processes showing that the HLE-ALI cells were affected by infection 

with SARS-CoV-2 despite the avoidance of canonical anti-viral signaling (Supplementary Figure 

5.1B, Supplementary Table 5.3). 
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Figure 5.2: [SARS-CoV-2 prevents induction of an antiviral response in differentiated human lung epithelium.] Human lung 
epithelium (HLE) differentiated at air-liquid interface (ALI) were infected at an MOI of 0.1 with Influenza A strain A/PR8/1934 
(IAV), beta coronaviruses OC43 or SARS-CoV-2, Isolate USA-WA1/2020 for 48 hr from which total RNA was extracted and library 
prepared following the protocol of the TruSeq RNA Sample Preparation kit. (A) Volcano plots of differentially expressed genes in 
HLE-ALI cells infected with Influenza A strain A/PR8/1934 or the betacoronaviruses compared to uninfected cells. (B) Gene 
ontology enrichment profiles of the differentially expressed genes (DEGs) in HLE-ALI cells infected with IAV, OC43, or SARS-CoV-
2. Gene names associated with each GO term are in Supplementary Table 5.2. (C) Heatmaps of targeted analysis of genes 
associated with the viral response or cellular process pathways. Gene names associated with the cellular process terms are in 
Supplementary Table 5.2, row 9, and raw expression values are in Supplementary Table 5.1. 
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Following SARS-CoV-2 infection of the lung epithelium, subjects may remain 

asymptomatic or progress toward COVID-19. In vivo studies suggest that the pivotal response 

distinguishing asymptomatic from symptomatic subjects is the induction of a proinflammatory 

phase driven by lung-infiltrating monocytes (Falasca et al., 2020; Li et al., 2021). To investigate 

this key process in our model, we applied primary human blood monocytes to the basolateral 

side of SARS-CoV-2 infected HLE-ALI cells and allowed them to transmigrate across. To mimic in 

vivo conditions, the epithelial phase of infection was allowed to proceed for 48 hr without any 

drug treatment, while the monocytic phase was studied for another 24 hr in vehicle control (no 

drug condition) or in the presence of baricitinib (1 µM) and/or remdesivir (1 µM) (Figure 5.3A). 

The chemoattractants, CCL2 (250 pg/mL) and LTB4 (100 nM), were used in all conditions. 

To understand the impact of monocyte transmigration on the epithelium, we identified 

DEGs in HLE-ALI cells pre- vs. post-transmigration. From these DEGs, we listed the top-10 GO 

enrichment profiles (Supplementary Figure 5.2, Supplementary Table 5.4). Following 

transmigration by monocytes, HLE-ALI cells showed an enrichment in genes related to the 

regulation of cell communication, signaling and multicellular organismal processes, which was 

abrogated when HLE-ALI cells had been infected by SARS-CoV-2 prior to monocyte 

transmigration (Supplementary Figure 5.2). Moreover, in the absence of SARS-CoV-2, 

transmigration of monocytes showed much fewer DEGs in the HLE-ALI cells (Supplementary 

Figure 5.3A) than when monocyte transmigration occurred in the presence of virus 

(Supplementary Figure 5.1A). Approximately 55% of the upregulated DEGs were shared in all 

conditions, suggesting that these genes are commonly expressed by HLE-ALI cells during the 
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course of transmigration. Furthermore, most of the uniquely downregulated genes were 

observed in the no drug condition, suggesting that remdesivir and baricitinib have minimal 

effects on HLE-ALI cells unless they are infected by SARS-CoV-2 (Supplementary Figure 5.3A). 

Many of the GO terms observed were related to changes in cellular morphology and metabolic 

remodeling (Supplementary Figure 5.3B, Supplementary Table 5.5). Similarly, about 59% of the 

upregulated DEGs and 34% of the downregulated genes were shared by all conditions 

(Supplementary Figure 5.4A), and many of the same metabolic process GO terms were 

observed. Notably however, the no drug condition showed an enrichment of GO terms 

associated with MHC class II antigen presentation (Supplementary Figure 5.4B, Supplementary 

Table 5.6). 

Moreover, in concordance with the biological processes identified in SARS-CoV-2-

infected HLE-ALI cells pre-transmigration by monocytes (Figure 5.2B), SARS-CoV-2-infected HLE-

ALI cells post-transmigration still failed to induce genes included under the response to virus or 

immune system processes GO terms (Supplementary Figure 5.5). Taken together, these 

findings suggest that during early SARS-CoV-2 infection, epithelial antiviral responses are 

delayed or blocked while favoring cellular and metabolic processes and regulation of 

communication. Remdesivir treatment did not induce an enrichment of these pathways when 

SARS-CoV-2 was present. Baricitinib treatment, however, promoted an enrichment in GO terms 

related to the regulation of cell communication and signaling in the SARS-CoV-2-infected 

epithelium post-transmigration, suggesting that this drug can affect epithelial signaling 

(Supplementary Figure 5.2, Supplementary Figure 5.4). 
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After transmigration across SARS-CoV-2 infected HLE-ALI cells, human monocytes 

induce proinflammatory signaling, which is attenuated by baricitinib treatment. 

To investigate the expression profile of lung-infiltrating monocytes during SARS-CoV-2 

infection (compared to uninfected conditions), a set of 67 genes was measured by multiplexed 

qRT-PCR and grouped by unsupervised clustering (Figure 5.3B). Nucleic acid signaling sensor 

(CGAS and STING1, DDX58, OAS1/2/3), kinase (TBK1), effector (RNAse L), and transcription 

factor (IRF3, IRF7) genes as well as critical neutrophil chemoattractant genes such as CXCL8 and 

IL-1b were upregulated in monocytes recruited across SARS-CoV-2-infected HLE-ALI cells. The 

same set of genes were extracted from the RNA-seq dataset of the HLE-ALI cells pre- and post-

transmigration. Although the post-transmigration HLE-ALI cells did not show global enrichment 

of antiviral pathways by analysis of GO terms compared to the pre-transmigration control, 

specific antiviral genes such as DDX58 and OAS1/2/3 and the pro-neutrophilic chemokine CXCL8 

were also upregulated (Supplementary Figure 5.5). This response was not affected by 

treatment with baricitinib and/or remdesivir. 
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Figure 5.3. [Lung-recruited primary human monocytes induce proinflammatory signaling after transmigration across a SARS-
CoV-2 infected epithelium.] (A) Schematic diagram of the monocyte transmigration process: HLE-ALI cells were differentiated at 
ALI for two weeks, infected with SARS-CoV-2 at an MOI of 0.1 for 48 hr, after which 106 monocytes were transmigrated across 
the infected epithelium towards LTB4 (100 nM) and CCL2 (250 pg/mL) for 24 hr, in the absence or presence of remdesivir (1 µM) 
and/or baricitinib (1 µM). All conditions contained 0.1% v/v DMSO. (B) Heatmaps of selected genes from each treatment 
condition. Monocyte mRNA was analyzed by multiplexed qRT-PCR and first normalized to GAPDH using the delta delta Ct 
method, then z-score normalized. 

Computational analysis of a publicly available single-cell RNASeq (scRNA-seq) dataset 

from the bronchoalveolar lavage fluid (BALF) of COVID-19 patients hospitalized with COVID-19 

(Liao et al., 2020) confirmed that lung-infiltrating monocytes (differentiated from macrophages 

by exclusion of the macrophage gene MARCO) displayed elevated CXCL8 and IL-1b in patients 

with severe rather than mild disease (Figure 5.4A, Supplementary Figure 5.6). To our 

knowledge this is the only dataset that has obtained scRNA-seq from BALF of hospitalized 
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patients spanning mild and severe COVID-19, pre-remdesivir. Another study, which analyzed 

BALF from patients with severe COVID-19 found that there was expression of numerous 

inflammatory cytokines in BALF cells from a variety of cell types, particularly neutrophils (Bost 

et al., 2021). However, that study was conducted later during the course of the COVID-19 

pandemic and did not report on BALF from relatively milder COVID-19.  

Epithelial cells recovered in BALF of severe COVID-19 patients upregulated cell-death-

associated pathways and downregulated genes associated with antigen presentation, both of 

which may promote inflammation by innate immune cells (Figure 5.4B, Supplementary Table 

5.7). In addition to CXCL8 mentioned above, infiltrated monocytes present in the BALF of severe 

COVID-19 patients upregulated many chemokines, such as CCL4, CCL7, CCL4L2, CCL3, CXCL2, 

CXCL3, and CCL2, most of which are potent monocyte and macrophage chemoattractants and 

actually downregulated pathways associated with antigen presentation, similar to the epithelial 

cells (Figure 5.4B, Supplementary Table 5.8). In addition, patients with severe disease showed 

a greater number of neutrophils in BALF compared to those with mild COVID-19, in whom 

monocytes and T-cells were more abundant. These responses are consistent with those 

observed in lung-infiltrating monocytes produced in vitro (Figure 5.3B). 
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Figure 5.4. [Single-cell RNA-seq of BALF from patients hospitalized with mild or severe COVID-19 shows that monocytes harbor 
SARS-CoV-2 genomes and express CXCL8 and IL-1b among other chemokines.] (A) Combined UMAP plots of scRNASeq from n=3 
mild patients and n=3 severe patients. Seurat was used to normalize gene barcodes and generate UMAP clustering plots. 
Expression values for SARS-CoV-2, CD14, CXCL8, and IL-1b were overlaid onto the UMAP plot. (B) DEGs in cells identified as 
epithelial cells or monocytes between the severe and mild patient groups were investigated. Enriched pathways for each cell 
type were plotted based on whether they were up- or down-regulated (severe vs. mild). The top 20 up- and down-regulated 
genes were listed for both cell types and plotted as a heatmap. 
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Next, we sought to confirm that changes in the expression of immune mediator genes 

was reflected in protein levels present in the apical aspect of our small airway model. Monocyte 

transmigration following SARS-CoV-2 infection of the epithelium led to increased extracellular 

levels of CRS-associated mediators such as CXCL8, IL-1b, IL-10, GM-CSF, IL-1α, IL-6, G-CSF, TNF-

α, VEGFA and IFN-γ in the fluid compared to conditions where monocyte transmigration was 

conducted in the absence of virus (Figure 5.5A). While remdesivir treatment did not alter 

mediator levels, baricitinib treatment alone and in combination with remdesivir decreased 

extracellular IL-10 levels. This coincided with a decrease in IL-10 transcripts in lung-infiltrating 

monocytes, but not epithelial cells (Figure 5.3B, Supplementary Figure 5.5). Baricitinib 

treatment also increased extracellular CXCL8 levels, while its combination with remdesivir 

decreased IL-1α, IL-1b, IL-6, TNF-α, VEGFA, and IFN-γ levels (Figure 5.5A). 

 

Treatment with baricitinib and remdesivir decreases total viral burden in lung-

infiltrating monocytes, which acquire SARS-CoV-2 from infected epithelium. 

Importantly, the JAK1/2 pathway can promote leukocyte recruitment in the lung, and in 

our model treatment with the JAK1/2 inhibitor baricitinib decreased the number of lung-

infiltrating monocytes (Figure 5.5B), which we determined by a qPCR-based DNA quantitation 

method (Supplementary Figure 5.7A). As expected, remdesivir treatment decreased the viral 

burden in the HLE-ALI cells (Figure 5.5C) as measured by qRT-PCR (Supplementary Figure 5.7B, 

Supplementary Figure 5.7C), despite the 48 hours afforded to the virus to infect epithelial cells 

prior to treatment. 
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Figure 5.5. [Lung-infiltrating monocytes release inflammatory mediators and harbor replicative SARS-CoV-2.] (A) 
Inflammatory mediators in the apical fluid following transmigration were quantified by a multiplexed electrochemiluminescent 
assay. The z-score for each mediator in each condition was calculated and plotted. (B) Transmigration efficiency of monocytes 
was calculated by dividing the number of monocytes in the apical fluid after 24 hours by the input number of cells. (C-E) RNA 
was extracted from each component of the model (epithelium, lung-infiltrating monocytes, extracellular fluid) and reverse 
transcribed. Total SARS-CoV-2 genome copies were calculated. (F) The sum of each of the components of the model was 
calculated to depict the total amount of virus remaining in the system after monocytes were allowed to transmigrate for 24 hr. 
All statistics were calculated using the Mann-Whitney U-test in Prism between the “No Drug” and Treatment group. * p<0.05, ** 
p<0.01, ***p<0.001. Shown is the median with the interquartile range. 

Our re-analysis of publicly available scRNASeq data from lung-infiltrating monocytes in 

the BALF of patients with severe COVID-19 revealed that some of them harbored SARS-CoV-2 

transcripts (Figure 5.4A). In severe COVID-19 patients included in another BALF study, 

infiltrating monocytes also contained SARS-CoV-2, although the vast majority of viral transcripts 
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were found in the neutrophil compartment (Bost et al., 2021). Similarly, lung-infiltrating 

monocytes in our model, which were not directly infected but rather were made to cross an 

infected epithelium, also contained SARS-CoV-2 genome copies as determined by qRT-PCR 

(Figure 5.5D, Supplementary Figure 5.7D). The total viral burden in lung-infiltrating monocytes 

was decreased in all treatment conditions, with the greatest effect being contributed by 

remdesivir. Absolute quantification of SARS-CoV-2 in both epithelial and monocytic 

compartments showed similar results as relative quantification of SARS-CoV-2 to GAPDH and 

18S rRNA transcripts (Supplementary Figure 5.8A-D). SARS-CoV-2 genome copies were also 

detectable in the extracellular fluid, and were decreased by treatment with remdesivir alone 

and combined with baricitinib (Figure 5.5E). Altogether, remdesivir decreased total virus in all 

compartments of the transmigration model, while baricitinib did not have a noticeable effect 

despite lowering the number of genome copies in the recruited monocytes (Figure 5.5F). 

In the 72 hours during which the virus was applied to the HLE-ALI cells from start to 

finish of transmigration experiments, HLE-ALI cells had a median of 6.3 x 105 viral genome 

copies in the absence of drugs, which is about 5x the initial input (Figure 5.5C). To determine if 

viral replication occurred, we assessed SARS-CoV-2 N-subgenome relative to 18S rRNA 

transcripts in HLE-ALI cells. There was a detectable amount of N-subgenome that remained 

unchanged in conditions including remdesivir. However, treatment with baricitinib resulted in 

an ~24-fold increase in the N-subgenome relative amount (Supplementary Figure 5.7E). 

Relative to 18S rRNA transcript, all treatment conditions increased the amount of N-subgenome 

compared to the untreated control in monocytes (remdesivir: ~21; baricitinib: ~23; 

remdesivir+baricitinib: ~21) (Supplementary Figure 5.7F). 
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In order to gain a better understanding of how SARS-CoV-2 enters monocytes we 

analyzed the expression of surface ACE2 and also included various treatments during 

transmigration known to affect SARS-CoV-2 entry into cells. Blood monocytes were found to 

express surface ACE2 as measured by flow cytometry, and ACE2 appeared to be slightly 

upregulated upon transmigration (Supplementary Figure 5.9A). The observation that immune 

cells, including monocytes and macrophages, express ACE2 and thus could be susceptible to 

direct SARS-CoV-2 infection has been validated by many groups (Abassi et al., 2020). 

Accordingly, the inclusion of soluble ACE2 (200 µg/mL, also contained a C-terminal 10xHis-tag) 

lowered the amount of SARS-CoV-2 observed in the monocytes as other groups have shown 

(Monteil et al., 2020; Krishnamurthy et al., 2021). Next, the use of the antibiotic dalbavancin (1 

µM), which has been shown to bind to the ACE2 receptor (Wang et al., 2021), also decreased 

the amount of SARS-CoV-2 in transmigrated monocytes. As a control, the use of either soluble 

ACE2 or dalbavancin did not decrease the amount of OC43 in the monocytes (Supplementary 

Figure 5.9B). The dynamin GTPase inhibitor and pinocytosis blocker Dynasore (80 µM) and 

endocytosis inhibitor pitstop2 (15 µM) also inhibited SARS-CoV-2 entry into monocytes. Taken 

together, SARS-CoV-2 likely enters monocytes through a variety of mechanisms including ACE2 

receptor-mediated endocytosis either with or without the aid of clathrin (Bayati et al., 2021), as 

well as pinocytosis. 

 

Treatment with baricitinib and remdesivir decreases the rate of viral clearance and 

replication in lung-infiltrating monocytes harboring SARS-CoV-2. 
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Since SARS-CoV-2 genome copies were detectable in lung-infiltrating monocytes, we 

examined whether these genomes were replication-competent. To this end, we isolated and 

washed lung-infiltrating monocytes via negative selection with anti-CD326 beads to remove 

contaminating epithelial cells, and incubated the purified monocytes in fresh medium for 72 

hours (Figure 5.6A). Every 24 hours, RNA and protein were isolated from the monocytes and 

the extracellular fluid. In the absence of drug, viral genome copies in monocytes increased from 

0 to 48 hours, and then plateaued (Figure 5.6B) while extracellular viral genome copies steadily 

increased across the 72 hours (Figure 5.6C). Since baricitinib induced the expression of several 

antiviral genes and remdesivir reduced viral genome copies in lung-infiltrating monocytes in our 

model, we next tested the effect of these drugs on viral propagation upon an additional 72 

hours of culture. As expected, treatment with remdesivir abrogated the replication of the virus 

and few genome copies were detected in monocytes. Treatment with baricitinib decreased viral 

genome copies in monocytes at 48- and 72-hour timepoints, suggesting that this drug may also 

promote clearance of virus by lung-infiltrating monocytes. Furthermore, treatment with 

remdesivir alone or in combination with baricitinib resulted in a stark decrease in levels of N-

subgenome in monocytes at all timepoints (Figure 5.6D). Treatment with baricitinib also 

lowered N-subgenome in monocytes compared to the untreated control at 48- and 72-hour 

timepoints. 

Since the virus replicated its genome in lung-infiltrating monocytes, we next sought to 

determine whether infectious particles could be formed from these cells. To this end, the 

extracellular fluid from monocyte cultures collected at 48- and 72-hour timepoints were applied 

to virus-permissive VeroE6 cells. Remarkably, no plaques or cytopathic effects were observed 



 194 

(Figure 5.6E, Supplementary Figure 5.10), an observation repeated with a foci assay. These 

findings suggest that although lung-infiltrating monocytes in our in vitro model are amenable to 

SARS-CoV-2 genome replication, a blockade exists in these cells that results in abortive virus. 

Finally, to better understand the inflammatory state of lung-infiltrating monocytes 

harboring viral genome copies, we performed a multiplexed electrochemiluminescent assay to 

quantify mediators released by these cells. While extracellular IL-10 levels steadily increased 

from 0 to 48 hours in the absence of drugs, treatment with baricitinib alone or in combination 

with remdesivir kept those levels low (Figure 5.6F). Treatment with remdesivir alone increased 

extracellular IL-10 levels, although not to the same levels as in the untreated control conditions. 

Extracellular levels of CXCL8 and IL-1b were higher in the absence of drug at 0- and 24-hour 

timepoints than in all treatment groups. However, treatment with baricitinib lowered the 

magnitude of IL-1b increase, suggesting that this drug may promote lower grade neutrophilic 

inflammation. Although treatment with remdesivir resulted in lower levels of CXCL8 and IL-1b 

(Figure 5.6G,H), it elevated levels of IL-1α compared to the untreated control condition at 24- 

and 48-hour timepoints (Supplementary Figure 5.11A). IFN-γ increased over time in the 

untreated control condition but remained low in all treatment groups (Supplementary Figure 

5.11B), while no effects were observed with IL-6, TNF-α, G-CSF, GM-CSF, and VEGF-A 

(Supplementary Figure 5.11C-G).  
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Figure 5.6. [Treatment with baricitinib and remdesivir increases the rate of viral clearance in lung-infiltrating monocytes.] (A) 
Schematic of the experimental setup to quantify replication of the virus in monocytes. Then, HLE-ALI cells were infected with 
SARS-CoV-2 at an MOI 0.1 for 48 hours, after which 106 monocytes were transmigrated across the infected epithelium towards 
LTB4 (100 nM) and CCL2 (250 pg/mL) for 24 hr, in the absence / presence of remdesivir (1 µM) and/or baricitinib (1 µM). 
Monocytes were washed and purified by negative depletion using anti-CD326 beads to remove contaminating epithelial cells 
and placed into medium with no drug, remdesivir (1 µM) and/or baricitinib (1 µM) for 0-72 hr. All conditions contained 0.1% v/v 
DMSO. (B) Quantification of total SARS-CoV-2 genome copies in the monocytes. (C) Quantification of the amount of virus in the 
extracellular fluid at each time point. (D) Quantification of the N-subgenome in monocytes at each time point. Data was 
normalized to 18S rRNA in the untreated condition at 0 hr using the delta delta Ct method. (E) The extracellular fluid was layered 
onto VeroE6 cells to perform a plaque assay from which a TCID50 was calculated. The positive was the direct application of 2.5 x 
104 genome copies of SARS-CoV-2 to the cells. (F-H) Inflammatory mediators were measured using an electrochemiluminescent 
assay. All statistics were calculated with a two-way ANOVA, main effects model in Prism with Geisser-Greenhouse Correction 
applied. * p<0.05, ** p<0.01, ***p<0.001. Shown is the median with the interquartile range. 
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DISCUSSION 
COVID-19 includes an early viral phase, and a later immune phase. Upon infection by 

SARS-CoV-2, differentiated epithelial cells in the small airway model show enhanced pro-

apoptotic signaling and attenuated type I IFN signaling, which may allow for enhanced viral 

propagation during early disease and prevent mounting of an effective innate immune 

response by epithelial and myeloid cells. An ineffective innate immune response with 

suboptimal type I IFN signaling can impede development of subsequent type II IFN (IFN𝛾)-

dependent adaptive immune responses (Zuniga et al., 2015), as occurs in severe COVID-19 (Rao 

et al., 2020). Prior studies noted that SARS-CoV-2-infected human lung tissue failed to 

upregulate IFN genes during infection, and that in patients with severe COVID-19, lung-

infiltrating monocytes showed a reduced IFN signature compared to patients with mild disease 

(Chu et al., 2020; Schulte-Schrepping et al., 2020). In contrast with prior studies that did not 

combine differentiated epithelial cells with infiltrating leukocytes (Vanderheiden et al., 2020), 

our small airway model did show increased IFN𝛾 release upon SARS-CoV-2 infection. 

As viral burden wanes, host responses may devolve into CRS, featuring proinflammatory 

mediators supporting monocyte infiltration combined with high IL-10 levels, which act to 

initially limit neutrophil recruitment (Eroshenko et al., 2020). To overcome the barrier posed by 

IL-10, lung-infiltrating virus-infected monocytes may synthesize additional CXCL8, which 

eventually results in neutrophil infiltration leading to ARDS. Moreover, high levels of monocyte-

derived IL-1b can also overcome IL-10 blockade and promote neutrophilic inflammation 

(Dinarello, 2018). Lung-infiltrating monocytes in our model were infected by SARS-CoV-2 from 

the epithelium. They subsequently increased expression of pro-inflammatory genes including 
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CXCL8 and IL-1b, among other changes in their transcriptional poise likely to contribute to 

further inflammation. This mirrors in vivo findings that infiltrating monocytes isolated from the 

BALF of severe COVID-19 patients contain SARS-CoV-2 transcripts and increased expression of 

CXCL8 and IL-1b and multiple other chemokines including CCL4, CCL7, CCL3, and CCL2. These 

findings implicate lung-infiltrating monocytes as key contributors to COVID-19 progression. 

Thus, our model recapitulates the distinct phases in the clinical progression of COVID-19 

including initial immune avoidance in epithelial cells, recruitment of airway monocytes, and the 

release of inflammatory molecules reflective of CRS, and later, ARDS. 

Although the viral products detected in lung-infiltrating monocytes were abortive, these 

cells may yet act as a reservoir of virus or as a continuing source of inflammatory cytokines and 

contribute not only to fueling the CRS, but also pave the way for neutrophil-driven ARDS. 

Furthermore, it is possible that replicative SARS-CoV-2 in airway monocytes serves as a 

continual source of dsRNA-stimulation resulting in inflammatory cytokine release contributing 

to symptomatology seen in so-called “long-haulers”, i.e., patients who have relatively mild 

disease weeks or even months after the initial infection. Indeed, it was previously observed that 

CD16+ blood monocytes expressed SARS-CoV-2 S1 spike protein up to 15 months after initial 

SARS-CoV-2 infection, despite the inability to isolated full-length viral RNA (Patterson et al., 

2021). The finding that monocytes harbor cell-associated SARS-CoV-2 copies has been observed 

by others and poses a key therapeutic opportunity for early host-directed disease intervention. 

In one study, blood monocytes were able to be infected by SARS-CoV-2 in an antibody-

dependent manner, triggering inflammasome activation and contributing to severe COVID-19 

pathology (Junqueira et al., 2021). In another study, circulating lymphomononuclear cells 
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including monocytes as well as T- and B-cells were susceptible to SARS-CoV-2 infection (Pontelli 

et al., 2020). A third study described that blood monocytes and differentiated macrophages 

could be infected by SARS-CoV-2, resulting in abortive viral products (Boumaza et al., 2021). 

However, these prior instances were in blood monocytes, not lung-infiltrating cells as used in 

our study, which we previously showed to acquire a distinct transcriptional poise (Ford et al., 

2021). Recently, another group showed that tissue-resident alveolar macrophages take up and 

replicate SARS-CoV-2, after which a type I IFN response ensued (Sefik et al., 2022).  

In the ACTT-1 clinical trial, the antiviral remdesivir showed greatest clinical benefits 

(improved time to recovery) in patients with an ordinal oxygen score of 4 or 5 (not receiving or 

receiving low-flow oxygen, respectively) compared to a placebo, suggesting that antivirals will 

work best in early-stage disease (Beigel et al., 2020). The ACTT-2 trial evaluated baricitinib in 

combination with remdesivir against baricitinib alone (Kalil et al., 2021). The combined 

treatment shortened total time to recovery, had more improvement in symptoms and fewer 

adverse events than the control group. The efficacy of combined baricitinib and remdesivir 

treatment was greatest in patients that had an ordinal score of 6 at baseline (receiving high-

flow oxygen or a non-invasive ventilation), indicating the profound effects of baricitinib on 

more severe late-stage disease. In the subset of patients that started treatment at an ordinal 

score of 6, time to recovery was shorted from 18 days in the group to 10 days in the 

combination group (Kalil et al., 2021). 

In rhesus macaques infected with SARS-CoV-2, baricitinib given alone from 2-10 days 

post-infection suppressed pro-inflammatory cytokine production in lung macrophages, reduced 

recruitment of neutrophils, and resulted in reduced lung pathology compared to the control 
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group. However, viral load in nasal and throat swabs as well as BALF was unchanged (Hoang et 

al., 2021). Other groups have proposed that in addition to its immunomodulatory effects via 

JAK1/2 inhibition, baricitinib treatment may have a direct effect on SARS-CoV-2 viral entry via 

ACE2 by inhibiting numb-associated kinases to prevent clathrin-mediated endocytosis (Stebbing 

et al., 2020). Our study supports the notion that treatment with baricitinib (alone and in 

combination with remdesivir) reduces viral load in lung-infiltrating monocytes, and that 

baricitinib (alone and in combination with remdesivir) reduces viral replication and the release 

of inflammatory mediators. Meanwhile, an exploratory trial evaluating baricitinib plus standard 

of care vs. a placebo plus standard of care found that the treatment group had a lower 

mortality rate at both 28 and 60 days, although ventilator-free days and length of hospital 

duration were unchanged (Ely et al., 2022). At such late timepoints post-infection, viral titers 

are low and baricitinib is likely functioning primarily as an immunomodulator. 

Findings presented here are made relevant to the clinical prevention and resolution of 

COVID-19 by, first, comparing our in vitro data to in vivo single cell RNA-seq data from patients 

with severe COVID-19, and second, by using the approved drugs remdesivir and baricitinib. 

These drugs may now be tested in combination with or as comparators for emerging therapies 

to bring to trial. Findings here suggest that candidate drugs can affect the epithelium and lung-

infiltrating leukocytes in different and sometimes divergent ways with regards to their impact 

on antiviral and immune signaling, notably. For this reason, the use of our small airway model 

as a testing platform for candidate COVID-19 drugs overcomes some limitations associated with 

using non-human / non-lung in vitro models. 
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In conclusion, we showed that human lung epithelial cells differentiated at ALI 

propagate SARS-CoV-2 and fail to induce antiviral signaling, but can recruit monocytes. These 

lung-infiltrating monocytes are in turn infected by SARS-CoV-2 yet successfully induce host 

antiviral pathways while also activating IL-1b and CXCL8 transcription. Critically, we show that 

virus-laden, IL-1b and CXCL8-positive monocytes are also present in vivo in the lung fluid of 

patients with severe, but not mild, COVID-19. Finally, we show that treatment with the JAK1/2 

inhibitor baricitinib combined with the antiviral drug remdesivir decreases monocyte 

recruitment through the virus-infected epithelium and viral burden in both cell types and also 

alters signaling pathways in monocytes. Taken together, our findings establish that lung-

infiltrating monocytes retain virus and contribute to the pathogenesis of COVID-19 and thus 

must be appropriately targeted for successful resolution of the disease. 

Limitations of the study: while the human small airway model leveraged here can be 

generated with primary epithelial cells (Laucirica et al., 2022), the present study relies on a club 

cell line. In addition, blood monocytes transmigrated in the model are from healthy subjects. 

Use of primary monocytes from patients may shed information on disease course in light of the 

observations that they may behave abnormally in severe COVID-19 (Qin et al., 2020). Finally, 

this study uses the Washington strain of SARS-CoV-2. Follow-up studies combining primary 

airway epithelial cells and monocytes from infected subjects, and other SARS-CoV-2 variants of 

interest [e.g., Delta (B.1.617.2) or Omicron (B.1.1.529)] may help identify host/virus interactions 

causing the divergence between asymptomatic, mild and severe cases.  



 201 

ACKNOWLEDGMENTS 

This study was supported by NSF EAGER award 2032273 (to RT, RFS and KZ) and Woodruff 

Health Science Center COVID-19 CURE award (to RT, RFS, KZ, MB and VS). RFS is also funded in 

part by NIH grant R01MH116695. We thank Dr. Matt Frieman (University of Maryland) for 

sharing primer sequences targeting the N-subgenome of SARS-CoV-2. We thank Dalia Gulick, 

Naima Djeddar and Gregory Gibson (Georgia Tech) for assisting with multiplexed qRT-PCR. 

Research reported in this publication was supported in part by the Pediatrics/Winship Flow 

Cytometry Core of Winship Cancer Institute of Emory University, Children's Healthcare of 

Atlanta. Graphical Abstract was generated in Biorender. SARS-CoV-2, Isolate USA-WA1/2020 

was obtained from BEI Resources, Manassas, VA.  

 

AUTHOR CONTRIBUTIONS 

BD, KZ, DMG, SLG, KM, MA, JLC, VG, JK, DE, JY performed and analyzed experiments. MB, VS, EG 

provided conceptualization and input for the work. BD, KZ, DMG, RT, RFS wrote the original 

manuscript. RFS and RT conceptualized the experiments. All authors reviewed and edited the 

manuscript. 

 

DECLARATION OF INTERESTS 

RFS is the inventor of the use of baricitinib for coronavirus infections and receives royalties 

from Eli Lilly and Company. His conflict of interest has been reviewed and approved by Emory 

University. All other authors have declared that no conflict of interest exists. Contents within 

this manuscript are included in patent USPTO 10670594.  



 202 

MATERIALS AND METHODS 
Resource availability. Lead Contact: Requests for further information should be directed to and 

will be fulfilled by the lead contact, Rabindra Tirouvanziam (tirouvanziam@emory.edu). 

Materials Availability: This study did not generate new unique reagents. Data and Code 

availability: RNA-seq data has been deposited at GEO and are available as of the date of 

publication. It can be accessed under accession: GSE186460. 

 

In vitro transmigration experiments and infection with virus. The H441 Club cell line is grown 

on Alvetex scaffolds (ReproCELL, Glasgow, UK) coated with rat-tail collagen (Sigma) for 2 weeks 

at air liquid interface with 2% v/v Ultroser G (Crescent Chemical, Islandia, NY) in 50/50 

DMEM/F12 supplemented with 1% v/v penicillin/streptomycin (Forrest et al., 2018; Grunwell et 

al., 2019). The filters are then flipped and placed into fresh media in the bottom of the well. 

Virus (PR8: A/Puerto Rico/8/1934; OC43; or NR-52281, SARS-CoV-2 Isolate USA-WA1/2020) is 

added to the media such that that the multiplicity of infection (MOI) is 0.1 and incubated for 24 

hours (unless otherwise indicated). This setup requires manual flipping of filters prior to 

transmigration (Dobosh et al., 2021), a delicate process to perform in BSL3 conditions. Thus, the 

epithelial cells must be infected while the cells are submerged and no longer at ALI, which may 

introduce artifacts reminiscent of pneumonia. The filters are transferred to RPMI media with 

LTB4 (100 nM) and CCL2 (250 pg/mL) with or without additional drugs. Baricitinib and 

remdesivir were each used at a final concentration of 1 µM. The untreated condition contained 

0.1% v/v DMSO as a vehicle control. Blood monocytes were purified using RosetteSep 

(StemCell). A total of 106 cells is loaded onto the Alvetex scaffold for transmigration which was 
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allowed to occur for 24 hours (Figure 5.1A). After transmigration, TriPure (Roche) was added to 

epithelial cells and frozen at -80 ˚C. 

 

Isolation of monocytes from transmigration fluid. To purify transmigrated cells in a low 

volume-manner and without the use of a centrifuge, we conjugated 8 µm magnetic beads 

coated in streptavidin (Spherotech) with biotinylated antibodies targeting CD45 and CD115. 

Beads and cells were incubated at room temperature for 15 min and the supernatant was 

removed. The bead precipitate was resuspended in TriPure and frozen at -80 ˚C. 

 

Isolation of nucleic acids. For isolation of RNA (and DNA) from epithelial cells, after thawing, 

chloroform (Sigma) was added to the TriPure and RNA was extracted using the standard 

purification procedure in the manufacturer’s protocol followed by a sodium acetate 

precipitation to further clean the RNA. For isolation of RNA (and DNA) from monocytes, the 

tubes were thawed and placed on a magnet to remove the beads from solution. The TriPure 

supernatant was transferred to a clean tube and chloroform was added and spun following the 

manufacturer’s protocol. Due to the small amount of expected RNA yield, the aqueous phase 

(containing the RNA) was mixed 1:1 with 100% ethanol (Sigma) and loaded onto an RNA clean 

and concentrator-5 column (Zymo). RNA was isolated following the manufacturer’s protocol. 

DNA was isolated from the organic phase following the manufacturer’s protocol. 

 

Cell counting by DNA quantification. Traditional cell counting by hemocytometer was not 

available in the BSL3. To solve this problem, an estimate of cell number was achieved by 
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quantifying the amount of DNA in the sample. The extracted genomic DNA is amplified using a 

primer and probe pair which bind an exon-intron junction of AP endonuclease 1 (APEX1; 

Supplementary Table 5.9). These sequences appear once in the genome and the primers and 

probe do not exhibit off-target amplification. A standard curve to calculate copy number was 

generated using a double stranded gBlock from IDT which contains the expected binding 

sequence (Supplementary Table 5.10). The copy number was then divided by two to account 

for diploidy and multiplied by the dilution factor to estimate the total number of cells. 

Naturally, this number is an estimate as dividing cells as well as dead cells, which have not yet 

fully degraded their DNA, will elevate the count resulting in an overestimate of the total cell 

yield. 

 

Flow cytometric analysis of monocytes. Purified blood monocytes from blood before and after 

transmigration across HLE-ALI cells with or without infection with SARS-CoV-2 were stained 

(R&D Systems) for the presence of surface ACE2 and then measured by flow cytometry on a 

Cytoflex S (Beckman Coulter). 

 

eATP assay. 100 µL of extracellular fluid was centrifuged at 800 xg for 10 minutes and then 

used with the Promega Realtime-Glo Extracellular ATP Assay following the manufacturer’s 

instructions. Luminescence was measured on a SpectraMax iD3 (Molecular Devices). 

 

Quantification of viral RNA via qRT-PCR. Total RNA is reverse-transcribed using SuperScript IV 

(ThermoFisher) and an anchored oligo-d(T)20 primer followed by amplification with a primer 
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probe pair which targets the N gene (Supplementary Table 5.9) and Luna Universal Probe qPCR 

Master Mix (New England Biolabs) was used to amplify the cDNA. A standard curve to calculate 

copy number was also generated using a double stranded gBlock from IDT which contains the 

expected binding sequence (Supplementary Table 5.10). 

 

qRT-PCR. RNA is reverse-transcribed using SuperScript IV and anchored oligo-d(T)20 primers to 

make a cDNA library that can be used multiple times. cDNA is amplified using relevant primer 

pairs (Supplementary Table 5.9) and SYBR Green in an Applied Biosystems 7500. Data are 

analyzed via the ddCt method for 18S rRNA and GAPDH (loading controls). 

 

RNA quantification and quality control. RNA was initially quantified by Nanodrop 1000 

spectrophotometer (ThermoScientific). For samples that would be analyzed by RNA-seq, an 

aliquot was further quality controlled by an Agilent Bioanalyzer 2100. 

 

Transcriptomic analysis of monocytes. Isolated RNA was reverse transcribed using Superscript 

IV Reverse Transcriptase (ThermoFisher Scientific) and an anchored oligo-d(T)20 primer 

following the manufacturer’s protocol. A Fluidigm Biomark machine and Delta Gene Assay chip 

(96x96) was used to conduct multiplexed qPCR of 96 genes and 96 samples. Data was analyzed 

using a modified version of the jpouch script available in Github 

(https://github.com/jpouch/qPCR-Biomark; Date of Access: May 31st, 2020).  

 



 206 

RNA-sequencing of epithelial cells. For RNASeq, purified RNA was given to the Yerkes Genomics 

Core for processing. Briefly, rRNA is depleted and the TruSeqRNA Sample Preparation v2 kit and 

LS protocol is used. All the produced Fastq files from single end reads were aligned to the 

human reference genome (GRCh38.p13- Ensembl) using the alignment tool HISAT2 (version 

2.1.0), using the default settings. Then, BAM files reads were sorted using SAMtools. The 

resulting BAM files were used as input to determine read counts using FeatureCounts (1.5.2). 

All processed counts were used to conducted differential expression analysis using DEseq2, 

considering as differentially expressed genes, genes with fold changes > 2 folds, and a False 

discovery rate < 0.1. Finally, to understand the functions of the differentially expressed genes 

Metacore server is used against pathway maps and networks. RNA-seq data has been deposited 

at GEO and are available as of the date of publication. It can be accessed under accession: 

GSE186460. 

 

Protein extraction. Once the DNA was removed from the organic phase, the supernatant was 

mixed 1:1 with 1% v/v SDS and loaded onto a 3,000 kDa MWCO column (Sartorius) and spun at 

3,000 xg for 2 minutes. The column was buffer exchanged with 500 µL of 1% v/v SDS five times. 

 

Quantification of inflammatory mediators. Ten mediators (CXCL8, G-CSF, GM-CSF, IFNalpha, IL-

1alpha, IL1beta, IL-6, IL-10, IL-18, TNFalpha) were measured using a chemiluminescent assay 

according to the manufacturer’s protocol (U-plex; Meso Scale Diagnostics). In general, to 

measure CXCL8, samples had to be diluted 1:10, but for all other cytokines we did not need to 

dilute the samples.  
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Single-cell RNA sequencing. The scRNA-seq FASTQs data from BALF of mild and severe patients 

were acquired from the Gene Expression Omnibus (GEO) database under accession code 

GSE145926 (Liao et al., 2020). The Cell Ranger Software (v.3.1.0) was used to perform barcode 

processing and single-cell 5ʹ unique molecular identifier (UMI) counting. To detect SARS-CoV-2 

reads, a customized reference was built by integrating human GRCh38 and SARS-CoV-2 genome 

(severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1, complete genome, 

GenBank MN908947.3). Specifically, splicing-aware aligner STAR was used in FASTQs alignment. 

Cell barcodes were then determined based on the distribution of UMI counts automatically. 

The filtered gene-barcode matrices were first normalized using ‘LogNormalize’ methods in 

Seurat v.3 with default parameters. The top 2,000 variable genes were then identified using the 

‘vst’ method by the FindVariableFeatures function. To remove the batch effect between the 

mild and the critical datasets, the standard integration workflow of Seurat v.3 was used with 

the first 30 dimensions from canonical correlation analysis (CCA) as the input of the 

‘FindTransferAnchors()’ function. PCA was performed using the top 2,000 variable genes of the 

integrated matrix. Then UMAP was performed on the top 30 principal components for 

visualizing the cells. Meanwhile, graph-based clustering was performed on the PCA-reduced 

data for clustering analysis with Seurat v.3. The resolution was set to 0.8 to obtain the UMAP. 

RNA-seq data has been deposited at GEO and are available as of the date of publication. It can 

be accessed under accession: GSE186460. 
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SUPPLEMENTARY FIGURES 

 
Graphical abstract. Antiviral and proinflammatory signaling are suppressed in the initial epithelial phase of SARS-CoV-2 lung 
infection, but enhanced upon monocyte infiltration into the virus-infected lung. This phased response is modeled in a novel small 
airway model of infection and inflammation in vitro model to evaluate the mechanistic effects of COVID-19 drugs such as the 
antiviral drug remdesivir and JAK1/2 inhibitor baricitinib. 
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Supplementary Figure 5.1. Related to Figure 5.2. A) Number of upregulated and downregulated DEGs from the RNA-seq data 
(n=3 biological replicates) of HLE-ALI cells infected with SARS-CoV-2 for either 24- or 48-hours. B) GO processes enriched in HLE-
ALI cells at either 24- or 48 hr post-infection with SARS-CoV-2. GO terms were only generated using the uniquely DEGs between 
the two conditions. 
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Supplementary Figure 5.2. Related to Figure 5.3B. A) Enriched GO terms of the HLE-ALI cells pre- and post- transmigration under 
each drug and infection condition (n=3 biological replicates).  
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Supplementary Figure 5.3. Related to Figure 5.3B. A) Number of upregulated and downregulated DEGs from the RNA-seq data of 
HLE-ALI cells that were not infected with SARS-CoV-2 after transmigration of monocytes in the presence of either vehicle, 
remdesivir, or baricitinib (n=3 biological replicates). B) GO processes enriched in HLE-ALI cells after transmigration of monocytes 
in the presence of either vehicle, remdesivir, or baricitinib. GO terms were only generated using the uniquely DEGs between the 
three conditions.  

 



 212 

 

Supplementary Figure 5.4. Related to Figure 5.3B. A) Number of upregulated and downregulated DEGs from the RNA-seq data of 
HLE-ALI cells infected with SARS-CoV-2 after transmigration of monocytes in the presence of either vehicle, remdesivir, or 
baricitinib (n=3 biological replicates). B) GO processes enriched in HLE-ALI cells after transmigration of monocytes in the 
presence of either vehicle, remdesivir, or baricitinib. GO terms were only generated using the uniquely DEGs between the three 
conditions.  
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Supplementary Figure 5.5. Related to Figure 5.3B. A) Normalized expression values of a set of genes extracted from the RNA-seq 
data of HLE-ALI cells under each treatment condition (n=3 biological replicates). The set of genes was selected to be the same as 
the genes selected for qRT-PCR of the monocytes in Figure 5.3B. If a gene was not identified in the RNA-seq data of the HLE-ALI 
cells then it was not listed.  
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Supplementary Figure 5.6. Related to Figure 5.4A. Individual UMAPs of scRNA-seq data of BALF from patients hospitalized with 
either mild or severe COVID-19. Original scRNA-seq data is publicly available under accession code GSE145926 (Liao et al., 2020).   
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Supplementary Figure 5.7. Related to Figure 5.5. SARS-CoV-2 genome copies in each compartment relative to cell number and N-
subgenome calculations. (A) In order to calculate cell number a standard curve was used to estimate the number of alleles of 
APEX present (see Supplementary Tables 9 and 10). This number was transformed by the following calculation to obtain an 
estimate for cell number: (calculated gene copies) / 2*dilution factor (B) A standard curve was generated to calculate the total 
number of SARS-CoV-2 genome copies (see Supplementary Tables 9 and 10). (C,D) Calculated SARS-CoV-2 genome copies in each 
cell was normalized by dividing by the number of cells present. (E) Primers aligning to the N-subgenome were used to quantify 
the replication competency of the virus. Data were normalized using the delta delta Ct method to 18S rRNA (see Supplementary 
Tables 9 and 10). (n=17 for the no drug condition, n=10 for the baricitinib and remdesivir alone conditions, and n=6 for the 
combined baricitinib and remdesivir conditions). All statistics were calculated using the Mann-Whitney U-test in Prism. * p<0.05, 
** p<0.01, ***p<0.001. 
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Supplementary Figure 5.8. Related to Figure 5.5. (A-D) Calculated SARS-CoV-2 genome copies in each cell was normalized to 
either GAPDH (A,C) or 18S rRNA (B,D) in either HLE-ALI cells (A,B) or monocytes (C,D) using the delta delta Ct method (see 
Supplementary Tables 9 and 10). (n=10 for the no drug condition and the baricitinib and remdesivir alone conditions, and n=6 for 
the combined baricitinib and remdesivir conditions). All statistics were calculated using the Mann-Whitney U-test in Prism. * 
p<0.05, ** p<0.01, ***p<0.001. 
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Supplementary Figure 5.9. Related to Figure 5.5. A) Purified blood monocytes from blood before and after transmigration across 
HLE-ALI cells with or without infection with SARS-CoV-2 were stained for the presence of surface ACE2 and then measured by 
flow cytometry (n=3 biological replicates). B) Monocytes were transmigrated across HLE-ALI cells infected with either SARS-CoV-
2 or OC43. In the apical fluid were soluble ACE2 (200 µg/mL), dalbavancin (1 µM), Dynasore (80 µM) or pitstop2 (15 µM) (n=3 
biological replicates). Statistics were calculated using a Mann-Whitney U-test in Prism. * p<0.05, ** p<0.01, ***p<0.001. 
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Supplementary Figure 5.10 (related to Figure 5.6E). Plaque assay. The extracellular fluid was layered onto VeroE6 cells to 
perform a plaque assay. The positive control was the direct application of 2.5 x 104 genome copies of SARS-CoV-2 to the cells.  
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Supplementary Figure 5.11 (related to Figure 5.6). Inflammatory mediators from each of the monocyte treatment conditions 
were quantified using an electrochemiluminescent assay from n=3 biological replicates. All statistics were calculated with a two-
way ANOVA, main effects model in Prism with Geisser-Greenhouse correction applied. * p<0.05, ** p<0.01, ***p<0.001. Shown 
are median and interquartile range. 
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Chapter 6: SUMMARY AND FUTURE DIRECTIONS 

MUSINGS ON COMMUNICATION VIA EVS  
EVs are small biological particles carrying lipids, carbohydrates, proteins and nucleic 

acids ubiquitously released by all cells during both homeostasis and disease conditions, and can 

serve as biomarkers of disease diagnosis and pathogenesis (Mulcahy et al., 2014; Mathieu et al., 

2019). EVs present an interesting medium by which autocrine and paracrine signaling may 

occur to steer the inflammatory response, depending upon their contents (Mulcahy et al., 2014; 

Tkach and Thery, 2016; Mathieu et al., 2019). The mechanisms for sorting cargo into EVs are 

complex and not completely understood and differ depending on the cell type being observed 

and the phenotype of the producing cell at the moment of EV biogenesis.  

At any given time, a cell may be either producing and/or receiving EVs. Thus, a cell can 

be either a net producer or a net recipient of EVs. A cell that is a net producer will modulate the 

phenotype of other cells, whereas a recipient cell will alter its phenotype in response to the EVs 

that it processes. In the context of the recursive and feed-forward inflammatory process driven 

by MALAT1+ PMN EVs in CF airways (See Chapter 4), a GRIM PMN having established residence 

in CF airways for a few hours would be considered a producer cell. Meanwhile a naïve, newly 

immigrated PMN would be a recipient cell. From this, it is clear that cells can change from a 

recipient cell to a producer cell. It should also be possible for a cell to go from being a producer 

cell to a recipient cell. The transition between these phenotypes may be a result of a premade 

transcriptional/translational program or because of input from the EV population or other 

extracellular stimuli. This also begs the question of whether a cell is predisposed to becoming 

either a recipient or producer cell and how sensitive a cell is to changing its status between 



 226 

producer and recipient. In addition, since the population of EVs secreted by a cell are not 

homogenous, perhaps a cell can be a producer of one subset of EVs (perhaps a pathogenic 

entity), while still being a net recipient. For example, scavenger cells could remove EVs from 

environments laden with debris after an infection or injury while still releasing EVs to promote 

the resolution of an immune response (Wang et al., 2020b; Hu et al., 2021; Yang et al., 2022). 

Indeed, the general premise for the concept of producer and recipient cells can be observed in 

cytokine responses as well as when leukocytes enter a tissue in response to a stimuli (the 

leukocyte is a net recipient, while the damaged cells, and perhaps bystander cells, within the 

tissues are net producers). As infiltrating leukocytes come into contact with the site of 

inflammation, they may release their own mediators, thus transitioning to a net producer state. 

Due to the ubiquitous nature of EVs, it is difficult to determine what qualities of both 

the producer cell and recipient cell populations are involved in EV transfer and cell-to-cell 

communication. The producer cell determines physical aspects of the EV such as the intra-EV 

cargo, the lipid, carbohydrate, and protein contents of the membrane. This includes the surface 

protein and glycans, which comes together to form the size, sphericity, viscosity, and 

‘stickiness’ of the particle. This ‘sticky factor’ is particularly confounding because an EV can then 

potentially sponge extracellular material made by other ‘pseudo-producer’ cells, which may be 

observed in the protein-corona that many EVs have. The recipient cell on the other hand 

displays receptors and ligands recognized by cognate ligands and receptors on EVs. These 

determine the mechanism of uptake of the particle by macropinocytosis, phagocytosis, or 

receptor-mediated endocytosis, which is also determined in large part by what the producer 

cell displays on the surface of its EVs (Mulcahy et al., 2014). The recipient cell also expresses 
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factors that determine whether and how the lysosome degrades the contents of EVs that have 

been taken up (Dellar et al., 2022; O'Brien et al., 2022). This in turn impacts how the recipient 

cell reacts to the EV cargo. Does a particular miRNA become functional and bind to its cognate 

sequence or does it become degraded into ribonucleotides for transcription or as an alternative 

energy source? Do deoxyribonucleotides become substrates for cyclization and agonistic 

activation of the STING receptor? Similarly, do EV lipids feed into formation of membranes for 

organelles, become fuel for beta-oxidation or become attached post-translationally to proteins 

(Skotland et al., 2020)? While researchers have merely scratched the surface of the transfer of 

functional effector cargo on recipient cells, the effect of the “non-functional” cargo has yet to 

be explored in any significant detail.  

Scavenger cells, which by nature consume a lot of extracellular material including large 

numbers of EVs, may be uniquely poised to degrade EVs and contents therein, as well as adapt 

to their environment as a result of the packaged biomolecules. How many EVs does it take for a 

scavenger cell to see its phenotype change? Essentially, what is their minimum infective dose? 

In related research on viral infection, it has been shown that small numbers of viruses infecting 

a cell, results in inefficient viral replication and difficulty with evading the host immune 

response (Santiana et al., 2018; Andreu-Moreno and Sanjuan, 2020). In order to prevent the 

production of pathogenic EVs we must determine when PMNs are releasing or producing EVs. 

Similarly, to prevent the induction of a pathogenic fate, we must determine which cells are 

more likely to take up an EV since it is likely that not all PMNs maintain the same rate of 

pinocytosis, endocytosis and other EV uptake mechanisms. Thus, a proper EV-directed therapy 

must prevent both the production as well as the uptake/processing of pathogenic EVs. 
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Due to the nature of the feed-forward inflammation presented in this work (See 

Chapter 3, Chapter 4), if either the production or uptake of pathogenic EVs can be prevented, 

then the presence of inflammatory PMNs that neglect bacteria should be cleared. The 

population of PMNs at any given time in the airways is quite heterogenous being comprised of 

PMNs that just immigrated to cells that have been present for around a day and every 

timepoint between. Arguably, each of these cells will potentially release unique populations of 

EVs as well as have varying responses to each of the EV populations. 

 

FUTURE DIRECTIONS REGARDING PMN-DRIVEN INFLAMMATION 
One of the major aspects of this thesis that may not be as obvious as the conceptual 

additions to PMN, monocyte, and EV biology, is that the standard toolbox of molecular biology 

applies to PMNs. Very few groups have manipulated neutrophils with any kind of exogenous 

genetic material (i.e., plasmids, mRNA, siRNA, or viral vectors.). One group electroporated 

human blood PMNs with a plasmid expressing EGFP, beta-galactosidase as well as p47 (Johnson 

et al., 2006). In addition, they showed that upon stimulation, PMNs express the transgene after 

just two hours post-transfection (although they did not share data from earlier timepoints). In 

another study, PMNs were electroporated with plasmids expressing PKCe fused to EGFP 

(Tamassia et al., 2012). Of note, transfection with a plasmid expressing just EGFP were also able 

to stimulate PMNs via the TLR4 pathway (Tamassia et al., 2012). In our studies, we expressed 

the null transcript mScarlet or a scramble siRNA to account for these effects. To our knowledge, 

no other group has shown functional transfection of primary human PMNs nor successful 

knockdown of transcripts as result of an siRNA being expressed off of a plasmid (See Chapter 
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4). Thus, we can begin to generate libraries of miRNAs/siRNAs, utilize reporter constructs, 

conduct CRISPR screens and much more. This allows for a new level of screening for PMN-

targeted therapeutics. 

 

HDAC11 and MALAT1 
It is still unclear what the targets of HDAC11 are in PMNs, since this enzyme acts both as 

a histone deacetylase as well as a lysine defatty acylase (de-palmitoylase/myristoylase) (Lin et 

al., 2013; Cao et al., 2019). To approach this problem, the most direct biological approach 

would be to incubate the cells with Alk14, a palmitic acid analog with a terminal alkyne group 

available for copper-catalyzed click chemistry that gets post-translationally added in the same 

manner as natural long-chain palmitoyl groups (Zheng et al., 2016; Cao et al., 2019). Including 

inhibitors of HDAC11, such as SIS17 or FT895 or HDAC11 knockdowns or knockouts would lend 

specificity of this approach for HDAC11 (Martin et al., 2018; Son et al., 2019; Li et al., 2020). 

Alternatively, we can attempt to predict targets that are palmitoylated (or 

myristoylated) (Ren et al., 2008) and determine whether we observe changes in the target 

protein amounts based on the acquired EV proteomics. For example, the Src family tyrosine 

protein kinase Lyn, which has traditionally been studied for its role in B-cell differentiation, 

proliferation, and survival (Brodie et al., 2018) is also present in other cells, including PMNs. Lyn 

has previously been shown to rapidly phosphorylate substrates in response to PMN stimulation 

(Gaudry et al., 1995) and promoting PMN chemotaxis to wounds in zebrafish (Yoo et al., 2011). 

Additionally, Lyn was shown to be packaged within EVs from multiple cell types and this Lyn 

localization to EVs is dependent on palmitoylation and myristoylation of its N-terminal signal 

peptide (Liang et al., 2001; Morinaga et al., 2017; O'Brien et al., 2022; Whitley et al., 2022). 
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Proteomics data from our group show that upon overexpression of HDAC11 in PMNs, 

Lyn is no longer present in EVs suggesting that palmitoylated-Lyn is a substrate of HDAC11, 

although this has to be further corroborated (Figure 6.). The transcriptional coactivator YES has 

been shown to be palmitoylated in the same fashion as Lyn and colocalizes with it (Sato et al., 

2009). According to early transcriptomic data from our group (Cammarata-Mouchtouris, 

unpublished), YES and YES-associated protein (YAP) are differentially expressed in PMNs 

transmigrated to CF airway fluid when treated with the HDAC11 inhibitor SIS17. YES and YAP1 

have also been shown to bind and colocalize with MALAT1 (Wang et al., 2014; Sun et al., 2016). 

Although many of these steps still need to be validated, it is possible that HDAC11 affects the 

ability of Lyn, YES, and YAP to colocalize to EVs and that in turn, colocalization of MALAT1 in EVs 

is also affected, thereby interrupting the feed-forward cycle of disease. 

As menitoned earlier, LLPCs may contribute to the determination of EV cargo, as 

evidenced by the promotion of miRNA-223 loading of into exosomes by the LLPC-enriched 

ribonucleoprotein YBX1 (Liu et al., 2021). Multiple post-translational modifications impact the 

activity and localization of YBX1 including ubiquitination, acetylation, methylation, and 

phosphorylation. These post-translation modifications are also relevant for the formation of 

LLPCs in general (Owen and Shewmaker, 2019), and phosphorylation of YBX1 regulates its 

loading into EVs (Kossinova et al., 2017). One study argued that MALAT1 and YBX-1 exist within 

the same network, although it failed to show an interaction between the two molecules in 

certain cancers (Kumar and Mishra, 2022). Another study found that MALAT1 was not co-

immunoprecipitated with YBX-1 in oral squamous cell carcinoma (Xu et al., 2017). 
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Figure 6.1: Changes in EV protein content following mRNA/siRNA transfection in airway-recruited human PMNs.  Primary 
human blood PMNs were transfected with plasmids expressing either MALAT1 or HDAC11 and then transmigrated towards 
LTB4 or transfected with a plasmid expressing a scramble siRNA or siRNA targeting MALAT1 and transmigrated towards CFASN 
EVs for 4 hours. PMNs were purified and allowed to condition RPMI media for 12 hours after which total protein was extracted 
from purified EVs, digested by trypsin and analyzed by mass spectrometry.  

 
Potential Mechanisms Regulating HDAC11 

The Lyn/YES/YAP axis is one potential mechanism by which HDAC11 may affect MALAT1 

localization to EVs. While we have clearly shown that PMN activation by HDAC11 and MALAT1 

via EVs is a feed-forward process, how MALAT1 causes HDAC11 upregulation remains unknown. 

One possibility is that HDAC11 may be regulated post-transcriptionally by miRNA145-5p binding 

specifically to its 3’UTR sequence (Lin et al., 2013; Shinohara et al., 2017; Wang et al., 2020a). 
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Multiple studies have shown that miRNA145-5p5 is readily packaged within EVs both in vitro 

and in vivo (Shinohara et al., 2017; Lutful Kabir et al., 2018; Sanz-Rubio et al., 2018; Jara et al., 

2021; Zhang et al., 2021). One study has even linked miRNA145-5p within EVs to HDAC11 

inhibition in tumor-associated macrophages and the downstream promotion of an M2 

phenotype (Shinohara et al., 2017) proving the concept that EVs can regulate HDAC11 in 

immune cells. MALAT1, and the fragment of MALAT1 that we observe in our GRIM EVs has also 

been shown to act as a sink or sponge for miRNA145-5p, preventing it from degrading target 

transcripts (Lu et al., 2016; Liu et al., 2019). Similarly, the lncRNA TUG1 sponges miRNA145-5p 

and attenuates NF-kB during IAV infection (Tu et al., 2021). Interestingly miRNA145-5p also 

regulates CFTR and has been shown to be increased by expression of ΔF508 CFTR, endoplasmic 

reticulum stress, allergy, and viral infections (Collison et al., 2011; Gillen et al., 2011; Oglesby et 

al., 2013; Viart et al., 2015; Lutful Kabir et al., 2018; Bezzerri et al., 2021) 

We surmise that miRNA145-5p is naturally present in EVs, perhaps as a mechanism to 

regulate PMN-induced inflammation via degradation of HDAC11 transcripts and that expression 

of MALAT1 prevents degradation of HDAC11 by sponging away miRNA145-5p. In this way, PMN 

inflammation driven by HDAC11 continues until the stress has been resolved. In the case or CF 

however, the stress of the epithelial cells is never resolved and thus PMNs are always present in 

an inflammatory state. There may be other factors affecting miRNA145 and promoting PMN 

activation. One is the transcription factor C/EBPβ (implicated in emergency granulopoiesis and 

PMN activation) which binds the promoter for miRNA145 to suppress its transcription 

(Sachdeva et al., 2012) potentially limiting the resolution of PMN inflammation by HDAC11.  

 
5 Not to be confused with miRNA451-5p, which is also readily packaged within EVs. 
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The NCBI gene annotation for HDAC11 lists an alternative polyadenylation site that has 

not been experimentally validated (Figure 6.2). Of note, the main miRNA145-5p binding site 

identified in prior literature (Lin et al., 2013; Wang et al., 2020a) (colored arrows on Figure 6.A) 

is downstream of this alternative polyadenylation sequence (first blue polyA motif in Figure 

6.2A). Furthermore, during a time-course of transmigration towards CFASN, which also 

continuously upregulated HDAC11 (Figure 6.2B), the aligned contigs from the RNA-seq dataset 

might show differential alignment across the 3’UTR in accordance with usage of this alternative 

polyadenylation site (Figure 6.2B). Thus, HDAC11 transcript stability may be further regulated 

by poly-A binding protein complexes, a mechanism which has not been explored in PMNs due 

to the traditional dogma that these cells are transcriptionally silent – and a dogma that of 

course has now been shown to be incorrect by our group and others (Hu et al., 2016; 

Grieshaber-Bouyer et al., 2021; Margaroli et al., 2021).  

 
Figure 6.2: Homo sapiens HDAC11 3’UTR structure (green) with immediate downstream region also present. The canonical 
miRNA145-5p site is labeled in red, with three other potential miRNA145-5p seed binding regions also labeled in light gray. 
HDAC11 also has a region of high SNP density, which may regulate other interactions. There are two annotated polyadenylation 
sites for HDAC11. HDAC11 polyA_2 is the canonical polyadenylation site. 
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Metabolism and HDAC11 

Metformin is a metabolic modulator that downregulates glucose-dependent PMN 

activation, ROS production and inflammation (Zmijewski et al., 2008; Piwkowska et al., 2010). 

We have also previously shown that metformin modulates GRIM PMNs by decreasing their 

metabolic activity, granule release, and oxidant production as well as oxygen consumption, but 

had no effect on bacteria killing capacity (Forrest et al., 2018). It will be interesting to 

determine how metformin treatment of GRIM PMNs affects their expression of HDAC11. 

It was also found that PMNs precursors in the BM require autophagy of accumulated 

lipid droplets and fatty acid oxidation in order to overcome a block at the level of glycolysis and 

proceed with normal differentiation (Riffelmacher et al., 2017). The transcriptional poise of 

transmigrating PMNs into the airways seems to unlock developmental pathways such as mTOR, 

SP1 and cMyc (Margaroli et al., 2021). The uptake and autophagy of EVs may provide fuel for 

PMN activation and the repackaging of activating/pathogenic factors into newly generated EVs. 

This provides a basis for PMNs, and likely other scavenger cells, to process EVs, break them 

down into more basic components followed by repackaging and release into the environment. 

Hence, feed-forward PMN inflammation could potentially be prevented by lipase inhibitors or 

the addition of free fatty acids to block processing of EVs. SIS17 inhibits the defatty acylase 

activity of HDAC11 (Son et al., 2019) and induction of the GRIM fate (See Chapter 4). This 

inhibition decreases the available pool of lipids and thus may prevent subsequent breakdown of 

long chain fatty acids into acyl-CoA and fueling of fatty acid oxidation. 

Mitochondria are organelles that are highly concentrated in proteins that are post-

translationally modified with a wide range of acyl-lipids, which are chemically diverse (Ringel et 
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al., 2018). Long-chain modifications such as myristoylation and palmitoylation, partially 

regulated by HDAC11, are only a subset of the many acyl-lysine modifications that can occur 

(Pougovkina and de Boer, 2016). In addition, transmigrating PMNs transfer mitochondria to 

nearby cells with special EVs termed migrasomes (Ma et al., 2015) and may receive damaged 

mitochondria from other cells for subsequent recycling (Jiao et al., 2021), although how the 

PMN handles the received mitochondria is unclear. Mitochondria may be transferred to and by 

immune cells in other contexts as well, such as via nanotubes formed with cancer cells. 

Inhibition of nanotube formation and mitochondrial transfer increased efficacy of PD-1 

checkpoint therapy in a breast cancer model (Saha et al., 2022).  

In skeletal muscle cells HDAC11 has been observed to localize to mitochondria and show 

opposing activity with carnitine palmitoyl transferase (CPT1a) as well as inhibit the production 

of IL-10 (Hurtado et al., 2021; Nunez-Alvarez et al., 2021). HDAC11 has been shown to inhibit IL-

10 in other contexts as well by competing with HDAC6 for the IL-10 promoter region – this may 

explain the low levels of IL-10 observed in the CF airways (Lin et al., 2013; Mukherjee et al., 

2014). Interestingly, we observed that PMNs treated with SIS17, a drug that inhibits the 

deacylase activity of HDAC11, but not its histone deacetylation activity, increased their 

production of IL-10 (See Chapter 4). 

 

HERVs 
Links between virion formation and budding with EV synthesis have already been 

summarized earlier (See Chapter 1) as well as by other authors (Gould et al., 2003; Nolte-'t 

Hoen et al., 2016; van der Grein et al., 2022). There are remnants of ancient viruses that have 

been integrated into the genome known as endogenous retroviruses (ERVs), a subset of which 
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are human ERVs (HERVs). What was once referred to as “junk DNA” is now know to contain 

various regulatory regions and subsequences of ERVs. There are many subsets of HERVs, but 

the most well-studied is HERV-K, which has numerous locations throughout the human genome 

and plays a role in embryogenesis and cancer progression (Belshaw et al., 2004; Garcia-

Montojo et al., 2018). In addition, expression of EZH2 in Ewing sarcoma cancer cells suppresses 

LINE-1 retrotransposons, multiple ERVs and IFNb and antiviral signaling via MX1 and OAS1 

(Jayabal et al., 2021). Although HERV genes are generally considered silenced in adult cells they 

may be expressed as a stress response including during SARS-CoV-2, influenza, or HIV infection 

(Li et al., 2014; Young et al., 2014; Denner, 2021; Kitsou et al., 2021; Temerozo et al., 2022). In 

fact, ERVs may compete with exogenous viruses for access to receptors as well as host factors 

necessary for viral replication such as nucleotides and amino acids and promote the production 

of defective virions (Srinivasachar Badarinarayan and Sauter, 2021). Alternatively, HERVs may 

also activate innate sensing pathways including interferon, RIG-I, MDA5, and OAS (Li et al., 

2014; Chitrakar et al., 2021; Kuriyama et al., 2021; Song et al., 2021; Guo et al., 2022; Yan et al., 

2022). PMNs from pulmonary arterial hypertension patients released NE on EVs and neutrophil 

extracellular traps (NETs) (Taylor et al., 2022). These PMNs also expressed HERV-K Env protein, 

IFIT1, RIGI-I, PKR and were more sensitized to IFN signaling by upregulation of IFNAR1, IFNAR2, 

and IFNGR2 (Taylor et al., 2022). Data acquired from a prior member of our lab, Thomas 

Bonneaud, showed the expression of HERV-E env and HERV-K env by PCR (data not shown) in 

LTB4 and CFASN transmigrated PMNs and reanalysis of the time course transcriptome 

(Margaroli et al., 2021) confirmed expression of multiple HERV genes (Figure 6.3). Exploring the 
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role of HERVs in the context of pathological EVs production and pro-inflammatory signaling by 

PMNs is a promising approach in which our group is engaging. 

 

 

Figure 6.3: RNA-seq analysis of HERV-related genes in CFASN transmigrated PMNs from 1-6 hours compared to blood PMNs.  
Shown are the rapid dynamics of transcript for 10 HERVs during the process of transmigration of naïve human primary blood 
PMNs to CFASN in our model. 
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ABBREVIATIONS 
Term Abbreviation 
forced exhaled volume in one second compared to the full, forced 
vital capacity %FEV1 

asymmetrical flow field flow fractionation  aF4 

argonaute-2 Ago2 

air-liquid interface  ALI 

palmitic acid alkyne alk14 

acute respiratory distress syndrome  ARDS 

arginase-1  ARG1 

apoptosis-associated speck-like protein  ASC 

bronchoalveolar lavage fluid  BAL 

bone marrow BM 

CCAAT enhancer binding proteins  C/EBP 

caspase activation and recruitment domain  CARD 

cystic fibrosis  CF 

cystic fibrosis sputum airway supernatant CFASN 

common lymphoid progenitor CLP 

common myeloid progenitor CMP 

chronic obstructive pulmonary disease COPD  

coronavirus disease 2019 COVID-19 

carnitine palmitoyl transferase  CPT 

cAMP-response element binding CREB 

cytokine release syndrome CRS 

damage associated molecular pattern DAMP 

dendritic cell DC 

dynamic light scattering DLS 

double-stranded RNA dsRNA 

Epstein-Barr virus EBV 

enhanced green fluorescent protein EGFP 

epithelial sodium channel  ENaC 

elongated neutrophil-derived structures ENDS 

endogenous retroviruses ERVs 

Extracellular Vesicle EV 

formyl methionine leucine phenylalanine fMLF 

forward scatter  FSC 

gDNA genomic DNA 

granulocyte-monocyte progenitor GMP 
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granule release, immunoregulatory activities toward T-cells and 
macrophages and metabolic licensing  GRIM 

gRNA guide RNA 

highly effective modulator therapy HEMT  

human endogenous retroviruses HERVs 

human immunodeficiency virus HIV 

human lung epithelium  HLE 

hematopoietic stem cells  HSCs 

influenza A IAV 

intercellular adhesion molecule-1  ICAM-1 

interferon IFN 

interleukin IL 

interleukin-1  IL-1 

Janus kinase  JAK 

lactate dehydrogenase  LDH 

liquid-liquid phase condensate LLPC 

long non-coding RNA lncRNA 

leukotriene A4 hydrolase  LTA4H 

Leukotriene B4 LTB4 

myelin and lymphocyte  MAL 

c-Mer tyrosine kinase MerTK 

Major Histocompatibility Complex MHC 

microRNA miRNA 

matrix metalloprotease 9  MMP9 

myeloperoxidase MPO 

messenger RNA mRNA 

mitochondria DNA mtDNA 

mechanistic target of rapamycin mTOR 

mitochondrial RNA mtRNA 

molecular weight cut-off  MWCO 

neutrophil elastase NE 

neutrophil extracellular trap  NETosis 

PMN-restricted precursor  NeuP 

NOD-, LRR- and pyrin domain-containing protein 3  NLRP3 

NOD-like receptors  NLRs 

nanoluciferase nluc 

nitric oxide synthase  NOS 

nanoparticle tracking analysis NTA 

pathogen associated molecualr pattern PAMP 
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polymorphonuclear neutrophil PMN 

qRT-PCR  
quantitative reverse transcription polymerase chain 
reaction 

RNA-binding domains  RBD* 

Receptor-binding domain RBD* 

RNA-binding protein RBP 

ribonucleoproteins RNP 

reactive oxygen species ROS 

ribosomal RNA rRNA 

severe acute respiratory syndrome coronavirus-2 SARS-CoV-2 

single-cell RNASeq  scRNA-seq 

small interfering RNA siRNA 

single particle interferometric reflectance imaging sensing  SP-IRIS 

spanning-tree progression analysis of density-normalized events  SPADE 

side scatter SSC 

signal transducer and activator of transcription  STAT 

T-cell receptor  TCR 

Transmission electron microscopy  TEM 

Toll-like receptor TLR 

tumor necrosis factor  TNF 

transfer RNA tRNA 

violet side scatter V-SSC 

whole blood WB 

YES-associated protein  YAP 
 


