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Abstract 
 

Pathological Conditioning of Neutrophils in Airway Inflammation 
 

By 
 

Osric A. Forrest 
 
Airway inflammation in cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), 
and severe asthma is marked by massive recruitment of polymorphonuclear neutrophils 
(PMNs) from blood into the airway lumen. Therein, PMNs may assume a pathogenic role 
notably via the release of toxic granule mediators such as neutrophil elastase (NE). In CF, 
extracellular NE activity strongly correlates (negatively) with lung function. Despite this 
critical pathological importance, it remains unclear how and why NE and other granule 
mediators from PMNs are released into the lung lumen. In studies presented here, we 
describe for the first time the development of an in vitro model system that recapitulates the 
functional and metabolic changes that occur upon PMN recruitment to the CF lung. Using 
this model, we show that airway fluid from CF patients induces rapid transepithelial 
migration, primary granule release, increased glycolysis, and oxidant production by recruited 
PMNs. We also show that CF airway PMNs in vivo and in vitro increase intracellular caspase-1 
activity, and surface expression of IL-1R1, both key elements of the inflammasome pathway. 
Moreover, we find that extracellular vesicles (EVs) from CF airway fluid are able to induce 
caspase-1 activation in naïve PMNs and airway epithelial cells. Conditioned PMNs also 
release resistin, an immunometabolic mediator which levels correlate strongly with lung 
disease in both children and adults with CF. Collectively, conditioning by CF airway fluid 
results in the development of the pathogenic “GRIM” PMN fate, featuring heightened 
primary granule release, immunoregulatory functions (arginase-1 and caspase-1 activation), 
and metabolic licensing. We identify GRIM PMNs in COPD and severe asthma (both in vivo 
and in our in vitro model) suggesting that this pathogenic fate is not restricted to CF. Finally, 
we show that the metabolic drug metformin modulates GRIM PMNs by decreasing their 
metabolic activity, granule release and oxidant production. Our work open new avenues for 
better understanding and targeting the process of pathogenic conditioning of PMNs as it 
occurs in chronic inflammatory airway diseases such as CF, COPD, and severe asthma.  
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Chapter 1 

INTRODUCTION 

Polymorphonuclear neutrophils (PMNs) have long been appreciated l their important role in 

innate immune responses, as they play an integral role in sensing and clearance of 

microorganisms. Since their identification as important phagocytes and rich sources of 

proteases and anti-microbial proteins, the contribution of PMNs to immunity is being re-

assessed to include critical immunomodulatory functions that place them at the crossroads 

between innate and adaptive immune processes, and prefigure the development of novel 

PMN-targeted therapies for relevant pathologies. It is important not to underestimate the 

importance of PMNs, which represent the major leukocyte subset in human blood, 

accounting for 50-70% of total leukocytes (1). The abundant population of PMNs in blood 

is fueled by their continued production in the bone marrow at a rate of 109 per kg per day, 

which underscores the body’s considerable energy commitment to PMN production (1, 2). 

Remarkably, this rate can increase by up to ten-fold under conditions of stress or infection, 

reaching 1010 PMNs per kg per day (2). Here, we will review conventional and novel 

concepts pertaining to PMN biology with a particular focus on recent studies documenting 

their remarkable functional, metabolic, and transcriptional plasticity in homeostasis and 

disease. 

 

PMN DEVELOPMENT  

Lineage origin. All immune cells in the body originate from a population of pluripotent 

hematopoietic stem cells (HSCs) located in the bone marrow from the third trimester of 

gestation and onwards (3). In the bone marrow, HSCs undergo cycles of division and 

differentiation to engender myeloid and lymphoid lineages of immune cells. This process, 



	

	
	

3 

termed hematopoiesis, allows for the production of mature red blood cells, megakaryocytes 

and platelets, granulocytes (including PMNs), macrophages and lymphocytes. In humans, 50-

60% of the bone marrow are occupied by cells of the PMN sub-lineage (4). Although PMNs 

were thought to differentiate from common myeloid progenitors (CMP), recent work has 

linked their ontology instead to lymphoid-primed multi-potent progenitors (LMPPs), also 

derived from HSCs in the bone marrow, and which are now understood to differentiate into 

granulocyte-monocyte progenitors (GMPs) (5, 6). 

PMN development from HSCs is divided into the three distinct phases, namely the 

stem and precursor cell stages leading to lineage commitment, mitotic proliferation of 

committed PMN progenitors, and post-mitotic differentiation into mature PMNs (Table 

1.1). During the mitotic stage, dividing PMN precursors transition from myeloblasts to 

myelocytes, allowing for expansion and early gradual differentiation. The post-mitotic stage 

encompasses three maturation steps during which cells progress from metamyelocytes, to 

band cells, to fully mature segmented cells (4, 7). Under homeostatic conditions, the 

transition time for complete PMN maturation takes between 96 and 144 hours (i.e., between 

4 to 7 days), although this process can be dramatically shortened in response to acute 

infection, down to 48 hours (8). 

 

Molecular control. The progressive differentiation and development of PMNs in the bone 

marrow is controlled by distinct cues from the bone marrow stroma, which is composed of a 

mix of osteoclasts, osteoblasts, fibroblasts, endothelial cells, and macrophages. As PMNs 

differentiate in the bone marrow, they receive distinct signals such as CXCL12 (CXC 

chemokine ligand 12, also known as stromal derived factor-1, or SDF-1) and VLA-4 (very-

late antigen-4) that together orchestrate their retention in the bone marrow. As PMNs 
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mature, the expression of both CXCR4 (CXC chemokine receptor 4, which binds CXCL12) 

and VCAM-1 (vascular cell adhesion molecule 1, which binds VLA-4) decreases, allowing 

them to exit the bone marrow following cues from the periphery (9). Granulocyte colony 

stimulating factor (G-CSF) is another important regulator of PMN development that 

stimulates increased proliferation and differentiation of PMN progenitors, and release of 

mature PMNs into the periphery through the regulation of the CXCR4/CXCL12 axis. 

Development of PMNs from HSCs in the bone marrow depends on the integration 

of signals that modulate transcription factors, which in turn genetically control the 

commitment of the chain of precursors along the myeloid lineage to granulocytic and PMN 

sub-lineages. In particular, the commitment of myeloid precursors toward granulocyte or 

monocyte sub-lineages is dictated by the balance between expression of the transcription 

factors C/EBP alpha and PU.1 (10-13), while the transcription factor GFI-1 is required for 

downstream PMN differentiation. In addition, to transcription factors, the induction of 

autophagy has been shown recently to be a negative regulator of PMN development (14).  

The pace of PMN production in the bone marrow and overall number of PMNs 

released in to the bloodstream are modulated by signals from the periphery (15). For 

example, during the resolution of an acute inflammatory episode, PMNs die by apoptosis 

and are cleared by scavenging macrophages and dendritic cells in peripheral organs, which 

leads to a reduction in the levels of interleukin (IL)-23. This, in turn, down-regulates the 

amount of IL-17A produced by regulatory T cells, which leads to decreased 

granulocyte/monocyte-colony stimulating factor (GM-CSF) signaling, and a lower pace of 

PMN production in the bone marrow (8) 	
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Granule biogenesis. A hallmark of PMNs and other granulocytes is the presence of a dense 

population of cytosolic granules containing membrane receptors, enzymes and antimicrobial 

effector molecules (16, 17. During PMN development, the various granule components 

emerge sequentially as cells transition from myeloblast to promyelocyte, to segmented stages 

of differentiation. PMN granules are divided into three classes defined by their distinctive 

granule proteins, namely, primary granules which contain myeloperoxidase (MPO) and 

neutrophil elastase (NE), secondary granules with lactoferrin, and tertiary granules which 

contain gelatinase (also known as matrix metalloproteinase-9, or MMP-9). PMN granules are 

formed by sequential transcription and packaging of proteins during bone marrow 

development {Rorvig, 2013 #216, 18, 19). Consistent with this notion, proteins synthesized 

after PMN release from the bone marrow are not found in the granules. In addition, PMNs 

contain a population of secretory vesicles produced by endocytosis of plasma membrane, 

yielding a compartment of ready-to-use receptors (20).  

 

LIFESPAN AND RECRUITMENT TO THE PERIPHERY 

Transendothelial and transepithelial migrations. After mature PMNs are mobilized 

from the bone marrow into the bloodstream, they may exit the bloodstream if they are 

recruited to a peripheral tissue incurring injury or infection. This involves a coordinated 

multi-step process by which PMNs flowing in the bloodstream are slowed down by adhesion 

molecules expressed by endothelial cells, after which they roll, then firmly adhere to the 

endothelium and proceed with diapedesis to cross the endothelium and make their way into 

tissues (21) (Figure 1.1). 

Rolling is initiated first through the activation of endothelial cells by inflammatory 

stimuli such as tumor necrosis factor (TNF)-α and IL-1β. As PMNs roll along the 
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endothelium, their surface adhesion molecule P-selectin ligand-1 (PGSL-1) binds to P- and 

E-selectin on the endothelium. This is followed by binding of lymphocyte function-

associated antigen (LFA)-1 expressed on the PMN surface to intercellular adhesion molecule 

(ICAM)-1 on the endothelium, which slows and arrests PMNs. This in turn promotes 

intercellular communication through the engagement of chemokine receptors and increased 

inside-out signaling (15, 22). Recent studies also suggest that as PMNs adhere and crawl 

along the endothelium, they actively scan for an optimal site for transendothelial migration 

into tissues, a process controlled in part by an intravascular gradient of chemoattractants 

(23). PMNs then migrate by passing through intercellular junctions between endothelial cells. 

In order to make their way through the extracellular matrix of the tissue toward the site of 

injury or infection, PMNs then unleash granule proteases such as MMP-9 and NE. 

  As occurs frequently in the case of mucosal injuries or infection, PMNs transiting 

through tissues continue to travel through the tissue interstitium and epithelium, and into 

the luminal space. In order to cross the epithelium, PMNs must migrate via the paracellular 

route through intercellular junctional complexes. This migratory process is facilitated by 

transient interactions with junction proteins like occludins, claudins and junctional adhesion 

molecules (JAM), and through adherens junctions. When excessive, transepithelial PMN 

migration can result in increased permeability and loss of barrier function (24). 

 

Regulation of lifespan in homeostasis and inflammation. PMNs are conventionally 

viewed as short-lived effectors, with an average lifespan of 4-8 hours in blood. However, a 

recent deuterium pulse-chase study suggested an average lifespan of human blood PMNs as 

long as 5.4 days in normal homeostasis (25). While the assumptions and computational 

model leading to these results are hotly debated, the notion that PMNs last for less than a 
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day needs revisiting nonetheless, since bacterial products and inflammatory mediators have 

long been known to extend PMN lifespan during inflammatory responses (26). PMN 

lifespan is also increased significantly by transepithelial migration, which delays apoptotic 

signaling via down-regulation of pro-apoptotic receptors (e.g., Fas-L), and enzymes (e.g., 

caspases) (27, 28). Reconsidering the question of PMN lifespan in the periphery also pushes 

to reconsider their function, as PMNs can exert not only acute, but also chronic influences 

on the microenvironment in peripheral tissues,. This is particularly important in mucosae, in 

which PMNs interact with the epithelium and with other cells of the adaptive and innate 

immune system. 

In chronic inflammatory diseases such as rheumatoid arthritis (RA), chronic 

obstructive pulmonary disease (COPD), and chronic granulomatous disease (CGD), the 

lifespan of PMNs has been shown to be significantly augmented (29). In fact, in several 

acute and chronic diseases, the length of inflammatory bouts is in part controlled by an 

altered lifespan of PMNs in tissues (30, 31). This illustrates the mutual relationship between 

inflammation and PMN survival, which in chronic diseases can impact disease severity. 

PMN lifespan is also modulated by cell density and inflammatory mediators including 

cytokines, chemokines, and damage-associated molecular patterns (DAMPs) released by host 

cells during infection and tissue damage (29). One example of such mediators is leukotriene 

B4 (LTB4), a significant driver of inflammation in diseases such as cystic fibrosis (CF), 

asthma, and gout. In addition to its well-known role as a PMN chemoattractant, LTB4 can 

delay apoptosis of inflammatory PMNs by increasing degradation of the pro-apoptotic factor 

Bad (29, 32). Another example is granulocyte-colony stimulating factor (G-CSF), a growth 

factor released by endothelial and epithelial cells to induce increased bone marrow 

granulopoiesis, and which also acts as a pro-survival signal by increasing the expression of 
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proliferating cell nuclear antigen (PCNA) in PMNs, thereby inhibiting pro-apoptotic 

caspases (33). 

 

Apoptosis and clearance. The kinetics of PMN clearance from the periphery were studied 

in labeling studies, in which it was observed that PMNs injected in bloodstream have a 

lifespan of 7 hours before being cleared in the liver (8, 34). One caveat of these studies is 

linked to potential changes in surface properties of injected PMNs leading to artefactual 

trapping and/or clearance. This has motivated the use of deuterium pulse-chase and 

mathematical modeling methods, themselves fraught with controversy (35). Regardless, one 

critical mechanism of PMN clearance relies on surface expression of the chemokine receptor 

CXCR4. In mice, senescent blood PMNs increase expression of CXCR4, which leads to 

their sequestration in the bone marrow and subsequent apoptosis, after which they are 

phagocytosed by stromal macrophages (34, 36-39). Interestingly, CXCR4 is expressed highly 

in maturing PMNs, acting as a retention mechanism to promote proper differentiation in the 

bone marrow. The same receptor appears to be co-opted as aging blood PMNs return to the 

bone marrow for clearance. As mentioned above, tissue PMNs can also be phagocytosed by 

scavenger macrophages and DCs, which modulates the production of PMNs in the bone 

marrow (8). 

 

PMN heterogeneity and phenotypes. PMNs were once thought to be terminally 

differentiated cells after their maturation and release from the bone marrow. However, once 

in the periphery, under both homeostatic and inflammatory conditions, distinct PMN 

subsets emerge. These are defined by their function, distinct surface phenotype, relative 

density, and tissue localization (Figure 1.2) (6, 40). One such subset that emerges in the 
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blood under homeostatic conditions corresponds to aged PMNs (CD62Llow, CXCR4+) (41). 

Aged PMNs home to the bone marrow, display a distinct pattern of gene expression that 

follows circadian rhythm, and enact a peripheral signal regulating hematopoiesis (42). Under 

acute inflammatory conditions, another distinct PMN subset emerges termed low-density 

neutrophils (LDN). LDN are detected in various disease settings, and are considered to be 

pro-inflammatory in most occurences. However, in certain cancers, they can act as myeloid-

derived suppressor cells (MDSCs), inhibiting T cell function (43, 44). Another distinct subset 

of mature PMNs emerges upon LPS stimulation, and is defined by distinctive relative 

expression of CD16 and CD62L. Interestingly, these CD16high CD62Llow  PMNs have high cell 

surface CD11b and production of ROS, which contribute to their immunomodulatory 

functions and ability to suppress T cells (45, 46). Finally, following the M1 and M2 

nomenclature used to describe pro- and anti-inflammatory macrophages, respectively, N1 

and N2 subsets of PMNs have been observed in certain cancers as one mechanism of 

tumor-immune evasion and suppression, primarily regulated by TGF-β secretion (47-49). 

Despite the heterogeneity of PMN subsets described in the literature, it is still not clear 

whether or not these subsets represent distinct developmental and/or functional paths, as 

their ontogeny has not been fully elucidated. 

 

CORE FUNCTIONS 

Reactive oxygen species (ROS) release. PMNs are capable of producing ROS upon 

assembly of the multi-protein nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase complex on both plasma and phagosomal membranes, resulting in a respiratory 

burst that uses oxygen and NADPH to produce superoxide, which is the parent ion for 

downstream production of other ROS, including hydrogen peroxide (50, 51). The primary 
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granule enzyme MPO can combine hydrogen peroxide with halide ions to form hypohalous 

acids such as hypochlorous acid (HOCl, the active component of bleach), which act to 

destroy phagocytosed microbes (52). Interestingly, assembly of the NADPH oxidase 

complex NOX2 in close proximity to phagosomes is associated with fusion of both primary 

and secondary granules in PMNs (53). 

 

Degranulation. A key mechanism by which PMNs combat microbes is the mobilization of 

cytosolic granules containing receptors, enzymes and antimicrobial effectors. This 

degranulation process depends on the movement and subsequent fusion of granules with the 

plasma membrane or phagosomal compartment. Cytosolic movements of granules are 

regulated by rearrangements of the actin cytoskeleton and microtubules, which require ATP 

and are modulated by changes in intracellular Ca2+ (54). Secretory vesicles, tertiary, secondary 

and primary granules are released hierarchically and vary in the degree to which they are able 

to be mobilized to the cell surface (55). Secretory vesicles are the first and easiest to mobilize 

(generally upon priming or diapedesis of PMNs while still in the bloodstream), followed by 

tertiary granules during diapedesis and tissue migration, and secondary granules during tissue 

and transepithelial migration, while primary granules are the most difficult to mobilize (56). 

This is of critical importance since primary granules contain the most toxic mediators, (e.g., 

NE and MPO), which can exert severe damage to neighboring cells if these granules are 

mobilized to the plasma membrane and the mediators are released extracellularly (20). In 

vitro, the bacteria-derived formyl peptide fMLF can trigger the release of secretory vesicles, 

while the phorbol ester phorbol myristate acetate (PMA) induces release of secretory vesicles 

and tertiary granules, with limited release of secondary and primary granules (57-59). 
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 Generally, pro-degranulation stimuli work by activating protein tyrosine kinases and 

phospholipases, which in turn trigger the release of Ca2+. The fusion of granules to 

membranes is dependent upon Soluble N-ethylmaleimide-sensitive factor Attachment 

protein Receptors (SNAREs), and their downstream interactions with Rab GTPases, and 

regulated via the reorganization of the actin cytoskeleton (60). One particular Rab GTPase, 

Rab27a, has been implicated in the regulation of the exocytosis of tertiary and secondary 

granules (61). Much remains to be understood regarding how PMNs control the targeted 

release of their various types of granules. This is a highly critical area of research, since 

excessive PMN degranulation underlies numerous intractable inflammatory diseases (e.g., 

RA, COPD, CF), such that specific targeting of degranulation pathways may provide a new 

modality for therapeutic development (62). 

 
Phagocytosis. PMNs depend on phagocytosis to take up extracellular microbes and cell 

debris into an intracellular compartment called the phagosome (63). This process is triggered 

by interactions between pathogen-associated molecular pattern molecules (PAMPs) on the 

surface of microbes, or damage-associated molecular pattern molecules (DAMPs) on host 

cell debris with cognate pattern-recognition receptors (PRRs) at the surface of the PMNs 

(64). Phagocytosis can also be triggered by complement or immunoglobulin (Ig) molecules, 

which serve as bridges (opsonins) between tagged microbes and cognate opsonoreceptors on 

PMNs (65). Once the phagosome has been formed by receptor-mediated endocytosis, 

intracellular granules become available for fusion with this intracellular compartment, thus 

delivering large amounts of antimicrobial and proteolytic effectors therein (66). The 

NADPH oxidase enzyme complex also assembles at the phagosomal membrane, which 

decreases intraphagosomal pH and enhances the activity of proteases (51). 
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Neutrophil extracellular traps (NETs). Recent studies have identified a new modality by 

which PMNs can release the content of their granules extracellularly. This process depends 

on the fusion of primary granules with the nucleus, leading to the release of a mesh of DNA, 

histones, NE and MPO that together form neutrophil extracellular traps, or NETs, which 

are endowed with antimicrobial functions (67). While NET formation from nuclear DNA 

results in the death of PMNs, it has been reported that the DNA scaffold of NETs can also 

originate from mitochondria, after which PMNs may remain alive (68). NET release has 

been observed in the context of infection by S. aureus and other bacteria, against which 

PMNs are able to rapidly release NETs while still maintaining their phagocytic and migratory 

capabilities. NET release is also regulated by NE and MPO, which translocate to the nucleus 

after forming a complex with DNA and degrading F-actin filaments in the cytosol (69, 70). 

 The pathophysiological roles of NETs are still under debate. While NETs may trap 

pathogens and limit their growth, they may also lead to the persistence of DNA-protein 

complexes that can trigger autoimmune reactions in RA, systemic lupus erythematosus 

(SLE), and atherosclerosis. In addition, our current understanding of the mechanisms that 

control and drive NETosis is limited by the use of activators for its in vitro induction. Indeed, 

triggers of NETosis in vivo differ from those used in vitro. Interestingly, some pathogens have 

developed mechanisms to escape NET-mediated killing, such as DNAse release to degrade 

the DNA scaffold of NETs (71-73). 

 

METABOLIC AND TRANSCRIPTIONAL REGULATION  

Fulfilling the energy needs of PMNs. PMN function requires a large amount of energy in 

the form of ATP (74). In order to provide this energy, PMNs metabolize nutrients via either 

fast or slow metabolic turnover (Figure 1.3) (75). A core mechanism providing energy for 
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cell function is glycolysis - the process by which glucose is converted in the cytoplasm to 

pyruvate and then lactate, yielding a rapid, but limited burst of ATP production (2 ATP per 

glucose). Pyruvate may also be shuttled to the mitochondria and converted to acetyl-CoA to 

enter the tricarboxylic acid (TCA) cycle. The TCA cycle produces NADH that then fuels 

oxidative phosphorylation (OxPhos), a slow but high yield ATP-producing route (depending 

on various electron transport processes in the mitochondria, yielding up to 28 ATP per 

glucose). Both glycolysis and OxPhos pathways are not solely catabolic, but also provide 

intermediates for ribose, fatty acids, and non-essential amino acid biosynthesis (74, 76, 77). 

The main energy source for PMN chemotaxis and other functions is glycolysis (78). 

Compared to other immune cells, PMNs have fewer mitochondria, leading to the 

assumption that OxPhos plays a small role in their energy metabolism (79). Consistently, 

inhibitors of OxPhos have little effect on PMN function (78, 80, 81). Using the recently 

developed Seahorse platform, it was confirmed that PMNs have little to no dependency on 

OxPhos, and that glycolysis is not increased when mitochondrial ATP synthase is inhibited, 

although it is highly induced upon activation of the oxidative burst (75, 82). 

 

Glycolysis and pentose phosphate pathway. Warburg described a metabolic switch 

occurring in tumors under normoxic conditions, in which glycolysis dominates despite the 

availability of oxygen for OxPhos (83). In PMNs, glucose consumption increases 

dramatically upon activation by the TLR4 agonist LPS, followed by an increase in oxygen 

consumption after assembly of the NADPH oxidase complex (84). Indeed, glycolysis in 

PMNs is a major source of NADPH, which is the rate-limiting substrate used by NADPH 

oxidase in combination with oxygen to generate superoxide. As discussed above, superoxide 

and downstream ROS are critical mediators for PMN killing of bacteria and other pathogens 
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(85, 86). Consistent with the notion that PMNs strongly depend on glycolysis for adequate 

function, PMN migration, phagocytosis, and bacterial killing capacity are all severely 

impaired upon exposure to glycolysis inhibitors such as 2-deoxyglucose (2-DG) (87, 88). 

Increased glucose uptake in PMNs and macrophages upon LPS stimulation 

promotes both the glycolytic pathway, as detailed above, and the pentose phosphate pathway 

(PPP) (89-91). The PPP pathway is a critical source of 5-carbon sugars, which drive 

nucleotide biosynthesis (notably NADPH), fatty acid synthesis, and the reduction/recycling 

of the intracellular antioxidant and signaling intermediate glutathione (GSH) (75). Glucose 

shuttled through the PPP can be re-appropriated into the glycolysis upstream of pyruvate, 

where it can increase lactate production, or enter the TCA cycle (91). In macrophages, an 

important regulator of this pathway has been identified. Specifically, LPS stimulation of 

macrophages decreases the expression of carbohydrate kinase-like (CARKL) protein, which 

results in increased glucose flow through the PPP (90). Alternatively, increased CARKL 

expression antagonizes glycolytic flux through the PPP, thereby decreasing the rate of 

glycolysis and downstream induction of ROS and inflammatory cytokines (90). Additionally, 

shunting of glucose towards the PPP appears to be an important mechanism to control 

NET production through modulation of the NADPH oxidase complex, which also appears 

to be a key modulator of NETosis (89). 

 

Oxidative metabolism. As stated earlier, PMNs possess a relatively small number of 

mitochondria. Thus, it is not surprising that mitochondrial respiration/OxPhos accounts for 

5 percent or less of the glucose consumed by PMNs, unlike other immune cells in which 

OxPhos is the dominant pathway for glucose metabolism (81). However, because of its 

molar efficiency in generating ATP from glucose (ATP:glucose ratio of about 28:1 for 



	

	
	

15 

OxPhos, compared to 2:1 for glycolysis), OxPhos still provides nearly half the ATP in 

PMNs (92, 93). Additionally, modulation of mitochondrial membrane potential affects redox 

balance, apoptosis, and NETosis in PMNs (94). Despite initial observations suggesting that 

mitochondria contribute little to energy production in PMNs, more recent work has revisited 

this assumption by showing that PMNs possess a developed mitochondrial system. In 

PMNs, chemical uncouplers of the electron transport chain in mitochondria disrupt their 

rate of migration, while having no effect on respiratory burst or phagocytic capacity (81). 

These and other observations suggest that mitochondria may play a more important role 

than generally thought in PMN metabolism and function, although more research is needed 

to further clarify this role. 

 

Lipid metabolism. PMNs and other immune cells can use not only glucose, but also others 

nutrient sources such as lipids which provide energy through the breakdown of fatty acids 

via fatty acid oxidation (FAO) (95). FAO is a metabolic process whereby fatty acyl-CoA 

molecules are used to shuttle acetyl-CoA in the TCA cycle to generate ATP by OxPhos. 

Lipid biosynthesis and utilization are important regulators of PMN function. In DCs, the 

balance between fatty acid synthesis and oxidation plays an important role in governing their 

function. Citrate for example is a rate-limiting substrate for fatty acid synthesis, which is 

required for DCs to increase cell size and support anabolic activities (96, 97). In 

macrophages, a metabolic shift towards fatty acid synthesis and away from FAO drives the 

development of pro-inflammatory functions, and it is possible that other myeloid cell subsets 

such as PMNs increase the production of important inflammatory mediators in part via 

increased lipid biosynthesis (98, 99). More recently, autophagy was discovered to be an 

important regulation of lipid metabolism in PMNs (100). Autophagy-deficient PMN 
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precursors displayed decreased mitochondrial respiration, but excessive glycolysis and lipid 

drop accumulation. It was only through administration of exogenous free fatty acids that 

mitochondrial respiration could be rescued. This finding shows that in PMNs, autophagy is 

an important regulator of FAO and oxidative metabolism to support energy production 

during development and differentiation (101). 

 

mTOR and AMP kinase. The mechanistic target of rapamycin (mTOR) is a 

serine/threonine kinase pathway composed of two complexes (mTORC1 and mTORC2) 

that serves as an important nutrient sensor coordinating cellular responses to changes in the 

supply of amino acids, glucose, and other nutrients (102). The mTOR pathway supports 

increased anabolic activity in highly proliferating cells (e.g., embryonic or tumor cells), or 

other metabolically demanding situations such as acute immune cell activation following 

TLR stimulation (103). For example, activation of the mTOR pathway triggers increased 

synthesis of nucleic acids, proteins, and lipids which are subjected to a highly increased 

turnover during immune activation. 

 In PMNs, treatment with the mTORC1 complex inhibitor rapamycin leads to strong 

inhibition of chemotaxis and migration (104). Consistently, PMN chemotaxis and migration 

are tightly controlled by changes in the actin cytoskeleton occurring at the leading edge of 

PMNs under signaling by Rho GTPases and the Akt2 kinase, both known mTOR targets 

(105-107). Furthermore, inhibition of mTOR also impacts NETosis through the modulation 

of the transcription factor hypoxia inducible factor 1 alpha (HIF-1α, see below) and 

autophagy (107, 108). Counterbalancing mTOR signaling, the energy-sensing enzyme AMP-

activated protein kinase (AMPK) serves to conserve energy when nutrients are limiting by 

inhibiting anabolic activity and enhancing catabolic pathways such as FAO. In vitro, PMN 
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treatment with a pharmacological activator of AMPK, 5-aminoimidazole-4-carboxamide-1-

β-D-ribofuranoside (AICAR), concomitantly with LPS stimulation, inhibits the degradation 

of IκBα and nuclear translocation of NFκB and subsequent synthesis and release of TNF-α 

and IL-6 (109). In vivo, AICAR treatment in a model of acute lung injury decreases the 

amount of inflammatory cytokines, PMN accumulation, and overall injury, consistent with in 

vitro findings (109). 

 

HIF-1α and glycolysis in PMNs. The transcription factor HIF-1α is an important 

molecular checkpoint in metabolism, translocating to the nucleus when cells are exposed to 

low extracellular oxygen, and subsequently binding to transcriptional sequences of genes 

encoding glycolytic enzymes and other important metabolic regulators (110). Functionally, 

HIF-1α promotes the switch to glycolysis that supports the ability of immune cells to 

produce ATP when oxygen is limited but energy demands are increased dramatically. In 

PMNs, HIF-1α supports a metabolic switch to glycolysis (111). Specifically, HIF-1α 

transcriptionally activates the glucose transporter Glut1 and the glycolytic enzyme 

phosphoglycerate kinase (PGK), upregulating glycolysis under conditions of hypoxia and/or 

infection. Importantly, activated PMNs consume oxygen at a very high rate, due to NADPH 

oxidase activity, which triggers profound local hypoxia in the inflammatory 

microenvironment (112). In turn, sustained HIF-1α signaling induced by this local hypoxia 

not only influences the metabolic status of PMNs, but also delays their apoptosis through 

combined HIF-1α and NF-κB signaling (113). 

 

Transcriptional control and plasticity of PMN function. As described earlier, PMN 

production in the bone marrow is a highly coordinated, stepwise process controlled by 
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various transcription factors. In particular, C/EBPϵ acts a key transcription factor induced 

by C/EBPα and G-CSF to regulate the production of mature PMNs. Mature PMNs 

themselves are conventionally thought to be quiescent cells endowed with a short lifespan 

and highly condensed chromatin, and therefore not prone to profound transcriptional and 

functional changes. Importantly, the artillery of cytosolic granules mobilized upon activation 

are also pre-packaged in mature PMNs, and do not require de novo transcription and 

translation. Nevertheless, recent advances in tools for transcriptional analysis have forced 

researchers to revisit this paradigm, demonstrating that mature PMNs are endowed with 

surprising transcriptional plasticity when exposed to environmental signals in peripheral 

tissues, resulting in profound alterations in gene expression as PMNs transition from the 

circulation to sites of inflammation (114). Exposure to bacteria also alters PMN expression 

of genes for cytokines, surface receptors, and apoptosis-related proteins (115-118). In an 

added twist, polymorphisms in regulatory regions (also known as expression quantitative 

trait loci, or eQTLs) have been shown recently to exert significant allelic control on PMN 

gene expression during both bone marrow maturation and peripheral activation, leading to 

significant inter-individual differences (119). Thus, PMNs are transcriptionally plastic, both 

within and among individuals. 

 

PMNs IN CYSTIC FIBROSIS AIRWAY INFLAMMATION 

Cystic fibrosis (CF) pathogenesis. CF is the most frequent lethal genetic disease among 

Caucasians, resulting from mutations in the CF transmembrane conductance regulator (cftr) 

gene (120). Roughly 1 in 25 Caucasians is an heterozygous carrier of one wild-type and one 

mutated cftr allele, leading to an incidence of homozygous CF patients of about 1 in 2,500 

live births (121). The CFTR protein is a cAMP-dependent channel for small anions that is 
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expressed mainly in exocrine epithelia throughout the body, and its loss leads to multiorgan 

disease in CF patients. In CF airways, CFTR dysfunction is associated with PMN-dominated 

inflammation, defective mucus clearance, and chronic microbial infection, leading to luminal 

obstruction and proteolysis and distension of the lung lamina propria, also known as 

bronchiectasis (122). The classic paradigm for CF airway disease pathogenesis holds that 

CFTR dysfunction results in defective chloride efflux and sodium hyperabsorption by the 

airway epithelium, which in turn dehydrates the airway surface liquid and promotes microbial 

stasis, followed by PMN recruitment. CFTR dysfunction has also been shown to hamper the 

normal reabsorption of luminal glucose and amino acids by the epithelium (123). 

 

PMN contribution to CF airway inflammation. It is widely accepted that the presence of 

PMNs and PMN-derived products contributes significantly to CF airway disease progression 

(124). The unique microenvironment of CF airways triggers a pro-inflammatory loop that 

supports the early, massive, and sustained recruitment of PMNs into the lumen (125). 

Recruited PMNs produce reactive oxygen species (ROS) and release granule enzymes like 

NE and other proteases that play a major role in tissue destruction. Consistently, NE activity 

in the airway fluid is the strongest known predictor of CF lung function (125). Powerful 

proteolytic and oxidative activities of PMNs progressively overwhelm normal repair 

capacities, resulting in progressive destruction and lung failure (122). To this day, it is still 

not fully understood how and why PMNs are initially recruited to the CF lung. PMN 

chemoattractants such as LTB4 are known to be elevated in CF airway fluid, especially in 

patients infected with opportunistic P. aeruginosa bacteria (126). Early in the disease, 

detectable levels of the PMN chemoattractant chemokine IL-8/CXCL8 have been reported 

in infants as early as 4 weeks, concomitant with PMN recruitment to the lungs (127). 
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However, it remains unclear why CF airway PMNs undergo profoundly dysregulated 

exocytosis of their granule components, notably primary granules, leading to the hyperactive 

exocytosis of NE and MPO (128), and also the release of DNA by NETosis (129). 

 

PMN conditioning and dysfunction in CF airways. Several studies have suggested the 

existence of intrinsic defects in PMNs from CF patients, following the identification of 

CFTR mRNA and protein in PMNs, albeit at low levels. It has been suggested, in particular, 

that CF PMNs may have reduced chloride transport into the phagosome, resulting in 

impaired intracellular killing (130, 131). In addition, CF PMNs have been shown to 

spontaneously produce higher levels of ROS, which may function to not only mediate lung 

damage, but also further enhance recruitment of blood PMNs (132). CF PMNs have also 

been reported to migrate at an increased rate toward IL-8 (133). Contradicting the notion 

that intrinsic PMN defects underlie CF disease is the fact that CF patients do not present 

with systemic infections typically seen in primary immunodeficiencies. Instead, CF infections 

are localized to the lungs, suggesting a specific effect of the CF airway microenvironment 

(134). This microenvironment is influenced by PMNs themselves. For example, high levels 

of extracellular NE can induce synthesis and secretion of IL-8 by the airway epithelium, 

reduce ciliary beating frequency, and promote tissue damage (135). NE is also known to 

cleave important cell surface receptors such as phagocytic and complement receptors on 

PMNs themselves (136). Thus, excessive NE release coupled with an overwhelmingly high 

bacterial load in CF airways may severely dampen the efficiency of PMN-mediated 

phagocytosis (137, 138). 

Recent research by our group has ushered a new paradigm for CF pathogenesis 

emphasizing a major role for live PMNs in causing airway damage. Indeed, we discovered 



	

	
	

21 

that a large subset of live PMNs present in CF airway fluid displays high surface expression 

of the primary granule marker CD63, reflecting high active release of NE-rich primary 

granules (139). Live CF airway PMNs also show robust pro-survival signaling with stable 

activation of the mTOR pathway	 (140), increased metabolite transporter expression, and 

increased glucose uptake (141), suggesting metabolic adaptation to nutrient-rich conditions 

in CF airway fluid. Based on these in vivo data, we hypothesize that CF airway fluid not only 

induces the migration of PMNs into the airway lumen, but also orchestrates their 

dysfunction therein, following active processes that may be modulated by specific drugs. 

 

Animal models of CF airway disease. Since the cloning of the cftr gene in 1989, several 

murine models of CF disease have been developed (142-(142). These models generally 

recapitulate well pathological defects seen in the intestine, pancreas, and liver of CF patients. 

However, with the exception of some evidence for decreased mucociliary clearance in the 

airways, none of the existing murine models of CF properly mimic PMN-dominated lung 

inflammation as seen in humans (Table 1.2) (143, 144). Because of these limitations, CF 

models were developed in larger animals, such as the pig, ferret, and rabbit (145-147). 

 The pig model was developed using gene targeting technology allowing for the 

generation of CFTR−/− and ΔF508 homozygous animals, the latter reproducing the most 

common mutation of the cftr gene in humans. Phenotypically, these animals show deficient 

anion transport, develop intestinal symptoms, and pancreatic insufficiency like their mouse 

counterparts. Initial studies in that model suggested that CF pigs, similarly to murine models, 

do not present with a dominant lung phenotype like that seen in human disease (147). 

However, recent work suggests that CF pigs display defective antibacterial airway defenses 
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within hours of birth and after a few months begin to exhibit low-grade lung inflammation, 

although the contribution of PMNs to this phenotype is not as obvious as in patients (148). 

In ferrets, CFTR deficiency causes the majority of animals to die within the first 48 

hours of life due to intestinal complications, doubled by severe pancreatic insufficiency 

(149). While CF ferrets are susceptible to lung infections, there is no clear consensus on the 

development of a dominant pathological lung phenotype (144, 149). Recent data from a 

study of newborn CF ferrets identified early innate immune anomalies, abnormal airway 

surface liquid height, and defective secretion of antimicrobial proteins (150). While large CF 

animal models open new avenues for basic research and drug testing, their use is limited due 

to the major cost linked to their maintenance. This critical limitation emphasizes a need to 

establish orthogonal in vitro models to study CF. 

 

Ex vivo  and in v i tro  models of CF airway disease. An early example of ex vivo CF 

models is the approach relying on the development of human fetal lung xenografts in 

immunodeficient mice (151-153). In that model, mature CF xenografts displayed expected 

deficiencies in ion transport and robust signs of inflammation compared to non-CF control 

xenografts, revealing primary defects in the regulation of lung defenses both prior to, and 

after infection (154, 155). Another approach to the development of CF models is based on 

the generation of 3D organoid cultures from induced pluripotent stem cells (IPSCs) (156) or 

foregut stem cells (157) that attempt to approximate the histological complexity of the lung 

microenvironment in vivo. Recent advances have allowed for further refinements of such 

organoid cultures by mimicking physiological conditions of shear stress and tension under 

fluid flow (158). Another approach relies on "organ-on-a-chip" systems based on 

microfluidic technology that can support co-culture of lung cells with other cells, including 
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but not limited to, PMNs. One such model has been developed to study small airway 

inflammation using differentiated bronchiolar epithelial cells cultured with inflammatory 

cytokines and immune cells to recapitulate key features of airway inflammation as it occurs 

in COPD and CF (159, 160). Thanks to the use of primary human cells, and the ability to 

optimize experimental conditions to recapitulate key features of human disease, such models 

can overcome some of the challenges inherent to animal models and serve as screening tools 

to identify new therapeutics relevant to human disease. 

 

 
CONCLUSION 

Recent insights into PMN biology reviewed in this chapter highlight key mechanisms that 

control the functional, transcriptional, and metabolic plasticity of these cells in conditions of 

infection and inflammation. These and other mechanisms play a pivotal role in determining 

the impact of PMNs on disease, and suggest potentially important avenues for novel PMN-

targeted therapies. This is especially important in currently intractable airway inflammatory 

diseases such as CF, in which PMNs play a dominant role and are recognized as key drivers 

of disease pathogenesis, albeit without any adequate short- or long-term treatment option. 
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Table 1.1. PMN development in the bone marrow. Distinct changes occur in nuclear 

morphology, granule production, and surface expression of protein markers of maturation as 

PMNs transition from myeloblasts to fully segmented, mature PMNs (3, 6). 
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Table 1.2. Animal models of cystic fibrosis.  This table have been modified and adapted 
from: (161)	(162)	(142) 
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Figure 1.1. PMN transepithelial migration to the lung. PMNs recruited by cues present 

in the airway lumen undergo stepwise migration through the lung tissue via: 1) adhesion to 

the basal membrane of the epithelium, primarily through CD11b-ICAM-1 interactions; 2) 

diapedesis, which involves the release of proteases that facilitate PMN movement through 

adherens and tight junctions between epithelial cells, and PMN interactions with junction 

proteins such as CAR; 3) tethering and adhesion of recruited PMNs to the apical surface of 

the epithelium; and 4) possible reverse migration from the airway lumen back into the tissue 

and periphery through ICAM-1 and JAM-C junctional interactions. 
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Figure 1.2. Heterogeneity and subtypes of PMNs. Peripheral PMNs demonstrate 

significant heterogeneity, with distinct subtypes appearing under both homeostatic and 

inflammatory conditions, and characterized by diverse pro-inflammatory and anti-

inflammatory functions and cell surface markers. Immunosup: immunosuppressive (40). 
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Figure 1.3. Metabolic pathways that support PMN function. PMNs are dependent on 

the flux of nutrients into the cell to generate the ATP needed to support both fast responses 

such as chemotaxis, as well as slower adaptations. 1) Glycolysis is the process by which 

glucose is converted to lactate producing two ATPs, or shuttled to the mitochondria to 

which fuel the tricarboxylic acid (TCA) cycle. 2) The pentose phosphate pathway (PPP) 

utilizes glucose to produce ribose, which aids in the biogenesis of nucleic acids, amino acids, 

and NADPH. 3) Fatty Acid Oxidation (FAO) allows for the generation of NADH and 

FADH, which are shuttled into the electron transport chain to generate ATP. 4) Oxidative 

metabolism uses pyruvate to drive oxidative phosphorylation, based on the translocation of 

protons across the mitochondrial inner membrane (163).	
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ABSTRACT 

Rationale: Recruitment of neutrophils to the airways, and their pathological conditioning 

therein, drive tissue damage and coincide with the loss of lung function in patients with 

cystic fibrosis (CF). So far, these key processes have not been adequately recapitulated in 

models, hampering drug development. Here, we hypothesized that the migration of naïve 

blood neutrophils into CF airway fluid in vitro would induce similar functional adaptation to 

that observed in vivo, and provide a model to identify new therapies. 

Methods: We used multiple platforms (flow cytometry, bacteria-killing, and metabolic 

assays) to characterize functional properties of blood neutrophils recruited in a 

transepithelial migration model using airway milieu from CF subjects as an apical 

chemoattractant. 

Main findings: Similarly to neutrophils recruited to CF airways in vivo, neutrophils migrated 

into CF airway milieu in vitro display depressed phagocytic receptor expression and bacterial 

killing, but enhanced granule release, immunoregulatory function (arginase-1 activation), and 

metabolic activities including high Glut1 expression, glycolysis, and oxidant production. We 

also identify enhanced pinocytic activity as a novel feature of these cells. In vitro treatment 

with the leukotriene pathway inhibitor acebilustat reduces the number of transmigrating 

neutrophils, while the metabolic modulator metformin decreases metabolism and oxidant 

production, but fails to restore bacterial killing. Interestingly, we describe similar pathological 

conditioning of neutrophils in other inflammatory airway diseases. 

Conclusions: We successfully tested the hypothesis that recruitment of neutrophils into 

airway milieu from patients with CF in vitro induces similar pathological conditioning to that 

observed in vivo, opening new avenues for targeted therapeutic intervention.  
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INTRODUCTION 

Cystic fibrosis (CF) is the most frequent fatal recessive disease in Caucasians, caused 

by mutations in the CF transmembrane conductance regulator (cftr) gene (1). Most of the 

morbidity and mortality in CF is due to airway disease, with a triad of obstruction, infection, 

and inflammation driven by polymorphonuclear neutrophils (PMNs) recruited from blood 

(2). Inflammation occurs early in CF airway disease and persists through the patients’ 

lifetime (3). The first symptoms of airway damage are detected in small airways of CF infants 

(4), with bronchiectasis coinciding with both PMN presence in the lumen, and extracellular 

neutrophil elastase (NE) activity (5). Extracellular NE activity is also a predictor of lung 

function in CF adults (6). Currently, no therapy exists to counter PMNs and PMN-derived 

NE in CF disease. 

In prior in vivo studies, we showed that NE is primarily released via exocytosis by live 

PMNs (7, 8). In the CF airway milieu, PMNs also lose the surface phagocytic receptor CD16 

(8), and modulate T-cell inhibitory molecules arginase-1 (Arg1) and programmed death-

ligand 1 (PD-L1) (9). These functional changes occur in the context of anabolic signaling (7), 

with increased surface Glut1 expression and glucose uptake (10), and track with high 

extracellular lactate levels (11) high oxygen consumption and reactive oxygen species (ROS) 

production (12), and redox imbalance (13). Critically, such changes are not discernable in 

blood PMNs, and PMNs maintain diploid DNA content while undergoing changes in CF 

airways (7-10). 

Together, changes undergone by PMNs in the CF airway milieu constitute a distinct 

fate, characterized by enhanced primary granule release leading to NE exocytosis, 

immunoregulatory function, and metabolic activities, henceforth dubbed the “GRIM” fate. 

Because of the major impact on CF airway disease of NE (14) and other GRIM PMN-
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dependent factors, these cells constitute a bona fide target for therapy (15). However, a key 

limitation has been the absence of models recapitulating the GRIM fate (16, 17). 

Importantly, PMN-driven inflammation is not only a hallmark of CF, but also of 

chronic obstructive pulmonary disease (COPD) and other chronic lung diseases (LD) such 

as severe asthma [18, 19], although the precise functional adaptations that recruited PMNs 

undergo in these contexts have been described in less details. Here, we describe a simple, yet 

robust in vitro model based on blood PMN transepithelial migration into airway milieu from 

patients with CF and other chronic inflammatory airway diseases, which recapitulates the 

multifaceted functional adaptations corresponding to the GRIM fate in vivo (17). Using this 

model, drug effects on effector and metabolic pathways relevant to the GRIM fate of human 

airway PMNs can be tested in vitro, opening new avenues for drug development.  
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METHODS 

Human subjects. The protocol for collection and handling of human samples was 

approved by the Institutional Review Board at Emory University. Informed consent was 

obtained from all subjects for collection and use of their samples. CF was diagnosed by 

sweat chloride (60 mEq/L), using a quantitative iontophoresis test and/or documentation of 

two identifiable cftr mutations. COPD and LD patients were diagnosed using American 

Lung Association criteria. HC subjects were non-smokers, with no history of chronic 

disease. CF patients were assessed at either one or two visits more than 6 months apart. HC, 

COPD and LD subjects were assessed at one visit. Table 2.1 presents demographic data for 

all subjects. 

 

Sample processing and airway supernatant preparation. Blood was collected by 

venipuncture. Sputum was collected from CF patients by spontaneous expectoration, and 

from HC, COPD and LD subjects by induction. Blood and sputum were processed as 

previously described (8). In brief, blood was spun at 400 g to separate cells from platelet-rich 

plasma, which was further spun at 3,000 g to generate platelet-free plasma. Sputum was 

gently dissociated using repeated passage through an 18G needle after addition of 6 ml of 

PBS with 2.5 mM EDTA. Dissociated sputum was then spun at 800 g generating cell and 

fluid fractions. The fluid fraction was further spun at 3,000 g at 4ºC for 10 minutes to 

generate a purified, cell and bacteria-free, airway supernatant -ASN-, which was stored at -

80ºC until use. Blood and airway cell fractions were re-suspended in PBS-EDTA and used 

for flow cytometric analysis. Blood was also used to prepare PMN fractions for in vitro 

experiments, as previously described (7). In brief, blood layered onto Polymorphprep (PMP, 

Nycomed Pharma) was centrifuged at 400 g with minimal brake for 45 minutes at room 
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temperature. The PMN layer was collected and erythrocytes removed by hypotonic lysis by 

30-second incubation in water, after which PMNs were washed and resuspended in RPMI 

until use. 

 

Transepithelial migration (TM) model. PMN transepithelial migration and subsequent 

inflammation occur first in the small airways of CF patients, i.e., the bronchiolar region, 

which is lined with a microvilli-covered epithelial monolayer dominated by Club cells (3-5). 

Therefore, to mimic PMN transmigration into the small airway lumen, we selected the H441 

human Club cell line (20) to grow epithelial monolayers at air-liquid interface (ALI). To 

enable PMN loading in the lamina propria and transepithelial migration (Fig. 2.1A), we used 

Alvetex (Reinnervate) 200 µm-thick inert 3D scaffolds with >90% porosity (pore sizes of 

36-40 µm, with interconnects of 12-14 µm). In brief, inserts were activated with 70% 

ethanol, coated overnight at 37ºC with rat-tail collagen I (3 mg/mL, Sigma) and seeded with 

H441 cells at 2.5x105 cells per 12-well insert. Cells were first grown in submerged cultures 

with DMEM/F12 supplemented with 10% heat-inactivated serum, penicillin, and 

streptomycin. After 2 days, cells were supplemented basally with serum-free DMEM/F12 

with 10% Ultroser G (Pall Life Sciences) to establish ALI. Cultures were grown for 2 weeks 

at ALI and supplemented basally with fresh medium every 48 hours. For TM experiments, 

the ALI cultures were placed with the apical compartment exposed to RPMI, leukotriene B4 

(LTB4, 100 nM), CXCL8 (100 ng/mL), formyl-methionine-leucine-phenylalanine (fMLF, 

100 ng/mL), lipopolysaccharide (LPS, 500 ng/mL), or airway supernatant (ASN) from CF, 

HC, COPD, and LD subjects. TM experiments with 0.5-1 ×106 PMNs loaded onto the 200 

µm-thick basal compartment of the Alvetex scaffold (situated upside), and allowed to 

migrate at 37°C at 5% CO2 through the collagen and epithelial layers into the apical 
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compartment (situated downside, and bathed with either control medium with 

chemoattractant, or ASN). In some experiments, drugs were added to apical ASN and/or 

basal PMN suspensions. In other experiments, LPS-RS (competitive inhibitor of LPS 

binding to TLR4) was added to apical LPS or CF ASN. LPS and LPS-RS were purchased as 

ultrapure reagents from InvivoGen. 

 

Flow cytometry. Blood and airway PMNs collected from human subjects and from our 

transmigration model were assessed by flow cytometry using standard templates for staining, 

acquisition and analysis, as described, enabling quantitative comparison of in vivo and in 

vitro samples throughout the whole study (21). Reagents used for the study included 

Live/Dead (Invitrogen), and antibodies against Arg1 (6G3, Hycult Biotech), as well as 

CD11b (M1/70), CD16 (3G8), CD41a (HIP8), CD45 (HI30), CD63 (H5C6), CD66b 

(G10F5), CD62L (DREG-56), and PD-L1 (29E.2A3) from BioLegend, and the ROS probe 

CellRox (ThermoFisher), using the gating strategy in Fig. 2.7A. Phosphorylated 5' adenosine 

monophosphate-activated protein kinase (AMPK) α1 levels were assessed using an antibody 

against phospho-Thr172 (Biorbyt) using a previously published protocol (7). For Glut1 

detection, we used a specific receptor-binding domain probe (Metafora Biosciences), as 

detailed before (10). Data were acquired on a LSRII cytometer (BD Biosciences) and 

compensated, gated and analyzed in Flowjo (Treestar). Live PMNs were counted using 

CountBright beads (Life Technologies), and expression of all markers is reported as median 

fluorescence intensities. 

 

Pinocytosis assay. Pinocytosis was assessed via Lucifer Yellow (LY, Biotium) uptake, as 

described previously (22), with some modifications. For in vivo samples, a NH4Cl solution 
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(StemCell Technologies) was used to lyse erythrocytes from whole blood, yielding blood 

leukocytes. Airway cells were obtained as described above. Blood leukocytes and airway cells 

were then stained with probes for viability (Live/Dead) and antibody markers for PMNs 

(CD66b) and exocytosis (CD63), as described above. Cells were then incubated with LY 

diluted at 1 mg/mL in RPMI for 30 mins at 37ºC. For in vitro samples, PMNs were 

transmigrated to CFASN containing LY (1 mg/mL) for 2, 10, and 18 hours, after which the 

cells were washed with PBS-EDTA and stained with viability probes and antibodies, as 

above. Cells were then washed with RPMI and pinocytosis was measured by flow cytometry. 

 

Bacteria-killing assay. P. aeruginosa strain PAO1 was grown in LB broth (BD Biosciences) 

at 37ºC with aeration to an optical density (600 nm) of 0.5. Bacteria were pelleted by 

centrifugation at 14,000 g for 5 min at room temperature, resuspended in 500 µl 10% 

autologous plasma in RPMI and opsonized for 30 minutes at 37°C. Opsonized bacteria were 

added to PMNs at a multiplicity of infection of 0.1. After an hour of incubation at 37°C, the 

cultures were lysed using 0.1% Triton for 2 minutes, after which the bacteria were serially 

diluted and plated in triplicate on LB plates and incubated at 37°C in a non-CO2 incubator 

overnight. Viable bacterial CFUs were counted the following day and bacterial viability was 

calculated as a percentage of bacterial counts at time 0. 

 

Metabolic assays. Real-time analysis of the extracellular acidification rate (ECAR) as a 

measure of glycolysis, and Oxygen Consumption Rate (OCR), were performed using a 

Seahorse XFp Extracellular Flux Analyzer (Agilent). In brief, PMNs were collected after 

transmigration, resuspended in Seahorse assay medium (DMEM-based, without serum, 

glucose or bicarbonate) and plated at 7.5 ×105 cells/well on CellTak (BD Biosciences)-
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coated Seahorse assay plates. PMNs were attached to the bottom of the wells by 

centrifugation at 350 g (without brake), and incubated for 45 minutes before the assay in a 

non-CO2 incubator at 37ºC. The glycolysis stress test kit (Agilent) was used to obtain real-

time measurements of ECAR and OCR upon sequential injections of glucose (10 mM) to 

induce glycolytic activity, oligomycin (complex V inhibitor, used at 3 µM) to shut down 

mitochondrial contribution to glucose consumption, 2-deoxyglucose (2-DG, 0.1 M) to 

competitively inhibit glucose use by hexokinase, and when indicated diphenyleneiodonium 

(DPI, 10 µM), an NADPH oxidase inhibitor. Extracellular lactate was measured in culture 

supernatants after Seahorse runs using the lactate assay kit (Biovision), according to 

manufacturer’s instructions. 

 

Murine PMN isolation and transmigration. Bone marrow PMNs were collected from the 

tibias and femurs of wild-type mice by flushing with RPMI with 10% FBS using a 25-gauge 

needle. Cells were then washed with PBS and allowed to migrate in our model to either 

CFASN or LTB4 for 5 or 10 hours. Recruited cells were stained with antibodies and 

analyzed by flow cytometry as detailed above for CD11b (M1/70) and Ly6G (1A8) 

expression to identity mature PMNs, and for CD63 (NVG-2) expression to assess primary 

granule release. Antibodies were from BioLegend. 

 

Immunofluorescence and confocal microscopy. After 10 hours PTM with PMNs 

recruited to LTB4 or CF ASN, epithelialized Alvetex scaffolds were washed twice with PBS, 

and fixed with 4% paraformaldehyde in PBS for 15 minutes at room temperature. Fixed 

scaffolds were washed with PBS, then permeabilized with 0.5% Tween 20 in PBS (PBS-T), 

followed by two washes with PBS-T supplemented with 2% goat serum. After the last wash, 
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scaffolds were incubated overnight at 4oC with a polyclonal anti-ZO-1 antibody (ZMD.437, 

Thermo Fisher Scientific) diluted 1:250 in PBS with 2% goat serum. Scaffolds were then 

washed three times with PBS with 2% goat serum, and incubated for 1 hour at room 

temperature with a secondary anti-rabbit antibody (Invitrogen), followed by a 15 minute 

incubation with 0.5 µg/mL DAPI (BioLegend) as a nuclear stain. Scaffolds were then 

washed twice with PBS with 2% goat serum, and then twice more with PBS alone. Scaffolds 

were then dried and mounted on a glass slide, and stored for confocal imaging. Z-stack 

images were acquired using a Nikon A1plus confocal microscope with Apo TIRF 60X oil 

objective, and analyzed using the Imaris Image Analysis Software (Bitplane, version 8.2).  

 

Dextran permeability assay. After 2 hours PTM with PMNs recruited to LTB4 or CF 

ASN, epithelialized Alvetex scaffolds were assessed for permeability to 4 kDa FITC dextran 

(Sigma) and Texas Red-70 kDa dextran (Thermo Fisher Scientific). Scaffolds were washed 

twice with HBSS plus calcium and magnesium (HBSS+), and incubated for 30 mins at 37oC 

to equilibrate them in this new medium. Then a 500 µl mix of 0.5 mg/mL 4 kDa FITC 

dextran and 0.25 mg/mL 70 kDa Texas Red dextran diluted in HBSS+ was added apically, 

and incubated for 30 mins at 37oC. Basal fluid was then sampled and measured for 

concentrations of both FITC and Texas Red dextrans in a clear bottom black well plate 

using the SpectraMax iD3 microplate reader (Molecular Devices). Relative percentage 

permeability of each scaffold was calculated against the maximum permeability condition to 

4 kDa Dextran and 70kDa dextran obtained by treatment of an epithelialized Alvetex 

scaffold with 1% Triton X100 in HBSS+ for 2 hours. 
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Data analysis. Statistical analyses were performed using JMP12 (SAS Institute). Between-

group and matched-pair statistical analyses used the Wilcoxon rank sum and signed-rank 

tests, respectively. Correlations were tested using the non-parametric Spearman test. A 

threshold of p<.05 was used to determine significance.  
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RESULTS 

Core features of CF airway PMNs are recapitulated upon blood PMN transmigration 

in vitro. We designed a model (Fig. 2.1A) in which purified airway supernatant (ASN) from 

CF patients leads to the transepithelial migration of blood PMNs, yielding large numbers of 

“airway-like” PMNs that can be identified by flow cytometry (Fig. 2.7A). PMNs 

transmigrated into CF ASN shed the CD62L receptor, as expected after transmigration (Fig. 

2.1B). Remarkably, these cells also recapitulated core phenotypes of PMNs recruited to the 

CF airway lumen in vivo, namely downmodulation of the phagocytic receptor CD16 (Fig. 

2.1C), and high CD63 expression (Fig. 2.1D), reflecting active release of NE-rich granules 

[18]. While in vivo samples contain a mixed population of PMNs recruited to CF airways over 

hours/days, our model enables collection of transmigrated PMNs at precise intervals, so that 

the dynamic course of pathological conditioning can be resolved (Fig. 2.7B). We assessed 

the status of the epithelial layer after PMN transmigration induced by LTB4 and CF ASN, 

and found that both conditions mostly preserved epithelial viability and junctionality (Fig 

2.8A), although permeability to low- and high-molecular weight dextran was expectedly 

increased compared to baseline (Fig 2.8B). 

 

Healthy control airway milieu promotes transmigration, but not pathological 

conditioning, of PMNs. PMNs transmigrated to HC and CF ASN showed similar loss of 

CD62L, while CD16 downregulation and CD63 upregulation were less pronounced at all 

time points for PMNs transmigrated to HC ASN (Fig. 2.2A-C). In addition, HC ASN 

recruited PMNs in lesser numbers than CF ASN at 10 and 18 hours PTM (Fig. 2.2D). 

These patterns recapitulate differences between HC and CF airway PMNs observed in vivo 

[8] (independently reproduced in Fig. 2.9A-C). We also showed previously [9] that the 
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immunomodulatory receptor PD-L1 is uniformly increased in vivo on HC airway PMNs 

compared to HC blood PMNs, as also seen in our model, while CF airway PMNs cluster 

into PD-L1Lo and PD-L1Hi subsets, a bimodal pattern also recapitulated in our model (Fig. 

2.10A). In both HC and CF subjects, airway PMNs increase surface expression of Arg1 

compared to blood PMNs [9], a pattern again recapitulated in vitro (Fig. 2.10B). 

 

Pathological conditioning induced by CF ASN on transmigrated PMNs is 

independent of their origin. Next, we investigated whether the origin of blood PMNs 

affected transmigration and pathological conditioning. We found that blood PMNs from HC 

and CF subjects do not markedly differ in their recruitment and exocytosis profile after 

transmigration to CF ASN (Fig. 2.11D). Murine PMNs (from wiild-type animals) also 

undergo transmigration and primary granule hyperexocytosis in the context of CF ASN 

(Fig. 2.11E). Thus, our data demonstrate a dominant role for CF ASN in causing 

pathological conditioning of transmigrated PMNs, irrespective of their origin. 

 

CF airway milieu and transmigration are both critical to pathological conditioning of 

PMNs. A low dilution of CF ASN (1:3) leads to levels of primary granule exocytosis in 

transmigrated PMNs matching those seen in CF patients in vivo, while intermediate (1:30) 

and high (1:300) dilutions lead to two- and four-fold lower levels, respectively (Fig. 2.2E). 

Diluting CF ASN also decreases transmigrated PMN count (Fig. 2.2F). CF ASN contains 

multiple factors able to recruit and activate PMNs, including host chemoattractants [23] like 

LTB4 and CXCL8, and bacterial products [14] like fMLF and LPS. In our model, LTB4, 

CXCL8, and fMLF alone failed to induce primary granule exocytosis, despite promoting 

transmigration (Fig. 2.2G-H). Importantly, direct incubation of blood PMNs in CF ASN 
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without transmigration failed to induce primary granule exocytosis, and delayed the 

downregulation of CD16 (Fig. 2.2I-J). Thus, pathological conditioning of blood PMNs by 

CF ASN requires transmigration, and can be modulated by experimental dilution of the 

ASN. 

 

Inhibition of LPS and LTB4 signaling does not impact the pathological conditioning 

of PMNs by the CF airway milieu. LPS alone failed to induce primary granule exocytosis 

or CD16 downregulation when used as an apical stimulus in the model (Fig. 2.3A-B). LPS 

signals through Toll-like receptor 4, and blockade of this signaling cascade in PMNs using 

LPS-RS (24) did not affect primary granule exocytosis and CD16 modulation, whether in the 

context of CF ASN or LPS (Fig. 2.3A-B). LPS-RS down-modulated surface CD11b 

expression and intracellular ROS accumulation in PMNs in the context of both LPS and CF 

ASN at 2 hours PTM, confirming the activating potential of LPS on airway PMNs, and the 

inhibitory mode of action of LPS-RS on LPS-induced activation. LTB4 is a critical host-

derived chemoattractant orchestrating PMN migration through the lamina propria (25). 

Acebilustat blocks LTB4 production by inhibiting LTA4 hydrolase, the rate-limiting enzyme 

for LTB4 synthesis (26). In our model, acebilustat decreased the apical PMN count at 2, 10 

and 18 hours PTM (Fig. 2.3C), but it did not affect primary granule exocytosis or CD16 

downregulation in PMNs (Fig. 2.3D). 

 

ASN from various airway diseases induce the GRIM fate upon transmigration. Severe 

asthma and bronchiolitis are examples of other diseases in which PMN dysfunction has been 

implicated as a potential pathogenic process (18). In our model, airway milieu from patients 

with these conditions leads to PMN transmigration and primary granule exocytosis, again 
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recapitulating in vivo data (Fig.2.11A-C). In patients with COPD, disease symptoms, airway 

PMN dysfunction, and release of toxic by-products such as NE are similar to those observed 

in CF (19). In our model, COPD ASN leads to PMN recruitment and exocytosis of primary 

granules, mimicking in vivo data (Fig. 2.11D-E). Similarly to what we observed for CF 

ASN, CD16 is also downregulated upon PMN transmigration to COPD ASN (Fig. 2.11E). 

 

Increased pinocytosis is a newly identified feature of PMNs transmigrated to the CF 

airway milieu, in vivo and in vitro. A prior study linked enhanced primary granule release 

by PMNs to pinocytosis (27). In CF patients, airway PMNs showed enhanced pinocytosis 

compared to blood PMNs, and pinocytic activity in CF airway PMNs correlated with 

primary granule release (Fig. 2.4A). In our model, PMNs transmigrated to CF ASN 

increased their pinocytic activity over time, with a similar correlation with primary granule 

release to that observed in vivo (Fig. 2.4B). 

 

PMN transmigration to CF airway milieu leads to increased metabolism, but 

decreased bacterial killing. In vivo, CF airway PMNs undergo metabolic activation (7, 10). 

In vitro, PMNs transmigrated to CF ASN show increased glycolysis, as reflected by a higher 

extracellular acidification rate, and increased surface Glut1 expression, compared to those 

transmigrated to LTB4 (Fig. 2.5A-D). PMNs transmigrated to CF ASN also showed a 

strong upregulation of their oxygen consumption rate, which was not sensitive to the 

inhibitor of mitochondrial oxidative phosphorylation oligomycin (Fig. 2.5E-F), but was 

associated with an increased ROS production (Fig. 2.5G). This is consistent with the notion 

that activated PMNs use oxygen for ROS production via either NADPH oxidase or 

mitochondrial complex I, with support from glycolysis (28, 29). Despite this metabolically 
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activated state, PMNs transmigrated to CF ASN showed lower ability to kill P. aeruginosa than 

those transmigrated to LTB4 (Fig. 2.5 H). Thus, our model recapitulates a key paradox in 

CF, namely the inability to kill bacteria (14), despite PMN recruitment and their metabolic 

activation. 

 

Metformin inhibits key pathological phenotypes of PMNs recruited to the CF airway 

milieu. Metformin is a metabolic modulator able to curb down glucose-dependent cell 

activation, ROS production, and inflammation (29, 30). Metformin had a mild effect on 

glycolysis, but strongly inhibited oxygen consumption in PMNs transmigrated to CF ASN 

(Fig. 2.6 A-B). Metformin acts, in part, via activation of the metabolic checkpoint enzyme 5' 

adenosine monophosphate-activated protein kinase α1 (AMPKα1), by facilitating its 

phosphorylation (31). We observed that phosphorylated AMPKα1 levels were indeed 

reduced in CF airway compared to blood PMNs in vivo, and in PMNs transmigrated to CF 

ASN compared to LTB4 in vitro, and that treatment with metformin increased 

phosphorylated AMPKα1 levels in PMNs transmigrated to CF ASN (Fig. 2.6C). This effect 

was associated with a reduction of ROS production and primary and secondary granule 

exocytosis (Fig. 2.6D). Interestingly, metformin treatment did not rescue the ability of 

PMNs transmigrated to CF ASN to kill bacteria (Fig. 2.6E).  
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DISCUSSION 

Massive airway recruitment of PMNs, and their pathological conditioning resulting in 

heightened granule release, immunoregulatory, and metabolic activities (“GRIM” fate), and 

depressed bacterial killing, drive early and chronic lung damage in CF and other intractable 

diseases. These processes are incompletely understood and remain untapped as potential 

therapeutic targets, in large part due to the lack of adequate models. The model described 

here enables transepithelial recruitment and pathological conditioning yielding GRIM PMNs 

that feature characteristic hyperexocytosis of NE-rich granules, but also decreased surface 

CD16, increased Arg1 expression, bimodal PD-L1 expression, increased metabolic activity 

and decreased bacterial killing, all hallmarks of CF airway GRIM PMNs in vivo. In addition, 

we describe a new metabolic and functional feature of these cells in vivo and in vitro, which 

relates to their enhanced pinocytosis. 

A dominant conditioning effect of CF airway secretions was noted in studies where 

these were acutely added to healthy or CF airway epithelium (32), and macrophages (33), 

although their effect on PMNs was not explored. In our model, apical CF ASN was 

necessary and sufficient to recruit and condition blood PMNs to adopt the GRIM fate, 

regardless of whether these PMNs originate from CF or HC subjects. Thus, our data 

demonstrate a dominant environmental effect of factors present in CF airway milieu onto 

recruited PMNs. However, they do not exclude a contribution of endogenous CFTR in 

PMNs (34, 35), although such an effect appears to be secondary relative to the induction of 

the pathogenic GRIM fate. Further studies are needed to fully delineate the still debated 

issue of whether endogenous CFTR is key to the function of PMNs recruited to CF airways 

in vivo, and in this model. 
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Our data show that PMN transmigration toward ASN from COPD and LD patients 

also lead to substantial primary granule exocytosis, similar to the results obtained with CF 

ASN, while HC ASN induced transmigration but not primary granule exocytosis. Thus, 

PMN pathological conditioning into the GRIM fate is not unique to CF. Murine PMNs also 

undergo transmigration and hyperexocytosis of NE-rich granules, suggesting that factors in 

CF ASN leading to PMN pathological conditioning are cross-specific. This result is 

reminiscent of the cross-specific recruitment of murine PMNs in human CF small airway 

xenografts (36). It also opens potential avenues for future studies using relevant mouse 

strains in our model to assess mechanisms of PMN plasticity and conditioning (14), and 

further delineate the role of endogenous CFTR using PMNs from wild-type and CFTR 

knockout or mutant mice. 

CF ASN is characterized by an abnormal molecular composition (including altered 

lactate (11), small metabolite (37), and protein (38) contents), itself caused by altered 

epithelial function, and the sustained presence of bacteria and PMNs in the CF airway lumen 

(14). It is interesting to note that at concentrations similar to those used to promote PMN 

transmigration and conditioning in our model, CF ASN induces T-cell apoptosis (9). At 

lower concentrations, T-cells survive but their ability to activate and proliferate is 

dramatically reduced, due in part to Arg1 activity originating from GRIM PMNs. Both Arg1 

and PD-L1, another prominent T-regulatory molecule, are modulated in the model in similar 

fashion to in vivo (9). Thus, CF ASN exerts paradoxical effects on PMNs and T-cells, 

promoting the former while demoting the latter, which further contributes to the build-up of 

a PMN-dominated inflammatory environment in the CF airway lumen. 

The ability of CF ASN to license recruited PMNs metabolically toward increased 

Glut1 expression and glycolytic activity is of particular significance, since PMNs are generally 
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thought of as short-lived, yet thrive and undergo transcriptional changes (10) in this 

pathological milieu. In addition, GRIM PMNs obtained by transmigration into CF ASN 

show decreased killing of P. aeruginosa as compared to those transmigrated to LTB4, despite 

their metabolic licensing, which is consistent with CF pathology in vivo (14, 15). Further 

studies will focus on this paradox and screen for drugs capable of rewiring GRIM PMNs to 

enact proper bacterial clearance. The correlation between pinocytic activity and primary 

granule exocytosis in PMNs migrated to the CF airway lumen in vivo and in vitro also suggests 

a link between metabolic activity and abnormal granule mobilization (27), which warrants 

further study. 

In typical Transwell models, PMNs are forced to squeeze one-by-one through pre-

drilled 3 µm-wide cylindrical pores before reaching the epithelial basement membrane. By 

contrast, our model includes a highly porous lamina propria-like scaffold with 36-40 µm-

wide pores that can each accommodate 20+ cells, thus enabling PMNs to congregate and 

migrate in physiologically relevant manner (25). Confocal imaging confirmed that LTB4- and 

CF ASN-induced PMN transmigration largely preserved the viability and typical peripheral 

ZO-1 staining pattern. Dextran permeability assays showed that both LTB4- and CF ASN-

induced PMN transmigration led to an expected increase in transepithelial permeability. 

However, this increase in permeability remained well below that observed Triton X-treated 

monolayers (maximum permeability control). These results emphasize the physiological 

relevance and robustness of this experimental model. 

While we plan to test the use of primary epithelial cells from CF patients in our 

model in future studies, the present set-up including a commercial 3D substrate, a small 

airway epithelial cell line, standard culture media, and human blood PMNs, provides a highly 

robust and reproducible platform to mass-produce airway-like PMNs for research. The CF 
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ASN used to induce PMN migration and pathological conditioning is a very abundant 

material easily collected from expectorations. Our model is advantageous not only because it 

integrates patient airway milieu as the apical stimulus; but also because blood PMNs from 

patients can be integrated as target cells; and because drugs can be readily added to blood 

and/or airway sides, mimicking systemic and airway routes of administration. These 

combined features provide the ability to de-risk drugs at an early stage, in conditions close to 

those seen in vivo. 

Because of the long-held belief that PMNs die rapidly after migration into CF 

airways, PMN-targeted therapies have focused on reducing their recruitment via 

corticosteroids or non-steroidal anti-inflammatories (39). Because GRIM PMNs found in CF 

airways are alive when they release their toxic contents (7, 8), the pathological conditioning 

of PMNs, rather than their recruitment, may be a more effective target for new therapeutic 

agents to benefit patients with CF and other similar diseases (40). Our data obtained with the 

metabolic regulator metformin illustrate that point. Indeed, combined effects of metformin 

on GRIM PMN metabolism (i.e., oxygen consumption), ROS production, and 

degranulation, suggest that pathogenic functions in these cells are fueled by dysregulated 

metabolism, and that targeting metabolism in GRIM PMNs may be a relevant strategy for 

therapeutic intervention. Whether metformin is a relevant drug in the context of CF is 

questionable, however, since it did not rescue but rather seemed to further depress the ability 

of PMNs transmigrated to CF ASN to kill bacteria. Further studies are required to determine 

whether this adverse effect of metformin treatment may be linked to its ability to counter 

ROS production and degranulation, an otherwise beneficial effect of metformin considering 

the self-damaging impact of ROS and granule effectors unleashed by pathologically 

conditioned PMNs in CF airways. 
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Together, this study emphasizes the complex roles of GRIM PMNs, which represent 

a promising target for immunotherapy in CF and other human airway diseases. We also 

introduce a simple, robust and flexible in vitro model for basic studies and drug development 

efforts focused on this key pathogenic subset. 
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Table 2.1. Patient demographics. 

 

CF: cystic fibrosis; COPD: chronic obstructive pulmonary disease; FEV1 (%pred): forced 

expiratory volume in 1 second (%predicted); LD: lung disease other than CF or COPD; 

N/A: not available; SA: severe asthma. Numerical data presented as median [interquartile 

range] 

  

Condition N Gender 

(F:M) 

Age (years) FEV1 

(%pred) 

CF 33 17:16 25 [24; 31] 50 [37; 61] 

COPD 9 0:9 67 [59; 72] 40 [30; 47] 

LD 5 (4 SA, 1 bronchiolitis) 3:2 34 [31; 58] N/A 
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Figure 2.1. In vitro model mimicking human PMN transmigration and pathological 

conditioning in small airways. (A) We established a model emulating the small airway 

mucosa by growing the H441 Club-like human small airway cell line at air-liquid interface 

(upper left insert, arrowheads pointing to apical microvilli typical or Club cells) onto a 

continuous collagen layer covering a 200 µm thick, porous scaffold (lower left insert). The 

apical milieu impacts the conditioning of transmigrated PMNs, depending on its origin, e.g., 

airway supernatant (ASN) from CF or control subjects, or medium containing 

chemoattractants. Drugs can be tested in the model, via apical and/or basal addition. 

Transmigrated PMNs conditioned by the apical milieu of choice, exposed or not to 

candidate drugs, can be retrieved in large numbers and submitted to downstream assays. (B-

D) Analysis of CD62L, CD16, and CD63 expression, respectively, shown in box plots (left 

panels) and representative histograms (right panels) for blood PMNs at 2 and 18 hours post-
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transmigration (PTM) into CF ASN (black), compared to PMNs pre-transmigration (grey). * 

indicates p < .05 at 2 or 18 hours PTM vs. pre-transmigration (n = 8 experiments).  
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Figure 2.2. CF ASN and transmigration are both required to induce pathological 

conditioning of PMNs in v i tro . (A-D) Analysis of CD62L, CD16, and CD63 expression 

and relative PMN accumulation, respectively, for PMNs transmigrated to HC control (light 

grey) vs. CF ASN (black) at 2, 10 and 18 hours PTM, compared to PMNs pre-transmigration 

(grey). The relative PMN accumulation at each time point was calculated as % fold change 

compared to the number of PMNs transmigrated into CF ASN at 2 hours PTM (set at 

100%). *indicates p<.05 for HC vs. CF ASN (n = 8 experiments). (E-F) Analysis of CD63 

expression and relative PMN accumulation, respectively, for PMNs transmigrated to CF 

ASN at various dilutions, 2, 10, and 18 hours PTM. The relative PMN accumulation at each 

time point was calculated as % fold change compared to the number of PMNs transmigrated 

into CF ASN at the minimal dilution at 2 hours (set at 100%). * indicates p<.05 in matched 

pairs statistics between dilutions (n = 5 experiments). (G-H) Analysis of CD63 expression 

and relative PMN accumulation, respectively, for PMNs transmigrated to CF ASN, CXCL8 

(100 ng/mL), fMLF (100 nM), or LTB4 (100 nM) at 2, 10, and 18 hours PTM. The relative 

PMN accumulation at each time point was calculated as % fold change compared to the 

number of PMNs transmigrated into CF ASN at the minimal dilution at 2 hours (set at 

100%). * indicates p<.05 in matched pairs statistics between conditions (n = 5 experiments). 

(I-J) Analysis of CD63 and CD16 expression, respectively, for PMNs transmigrated to CF 

ASN (TRM, black), or incubated in it without transmigration (INC, grey) for 2 and 18 hours. 

* indicates p<.05 in matched pairs statistics between conditions (n = 5 experiments).  
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Figure 2.3. Inhibition of LPS and LTB4 signaling does not impact pathological 

conditioning of PMNs by CF ASN. (A-B) Analysis of CD63 and CD16 expression, 

respectively, for PMNs transmigrated to LPS (500 ng/mL) or CFASN, each tested in the 

context of vehicle control (black) or LPS blockade by LPS-RS (5 µg/mL, grey), 2 and 10 

hours PTM (n = 5 experiments). (C-D) Analysis of CD11b expression and intracellular ROS 
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levels (CellRox probe) in PMNs transmigrated to LPS (500 ng/mL) or CFASN combined 

with either vehicle (black) or LPS-RS (5 µg/mL, grey) for 2 and 10 hours. Shown here in 

representative histograms. (E-F) Analysis of CD63 expression and relative PMN 

accumulation, respectively, for PMNs transmigrated to CF ASN with vehicle control (black) 

or the LTA4H inhibitor acebilustat (0.1 µM, grey) for 2, 10, and 18 hours PTM. The relative 

PMN accumulation at each time point was calculated as % fold change compared to the 

number of PMNs transmigrated to CF ASN with vehicle control at 2 hours (set at 100%). * 

indicates p<.05 when comparing PMNs transmigrated to CF ASN with vehicle control vs. 

acebilustat (n = 3 experiments).  
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Figure 2.4. PMN transmigration to CF ASN in v ivo  and in v i tro  induces increased 

pinocytosis, concomitant with primary granule exocytosis. (A) Lucifer Yellow (LY) 

uptake was used to assess pinocytosis in whole blood (WB, grey) and airway (AW, black) 

PMNs from CF patients as illustrated in box plot (n =12 patients, left panel), and 

representative histograms (n = 3 patients, middle panel). Correlation of primary granule 

exocytosis (reflected by surface CD63) with pinocytosis (LY uptake) within CF airway PMNs 

in vivo was assessed using the Spearman test (n = 12 patients, right panel). (B) LY uptake was 

assessed on PMNs transmigrated to CF ASN at 2, 10, and 18 hours PTM as illustrated in 

box plot (n = 6 experiments, left panel), and representative histograms (middle panel). * 

indicates p < .05 comparing pinocytosis at 10 and 18 hours PTM vs. 2 hours PTM (left 

panel). Correlation of primary granule exocytosis (reflected by surface CD63) with 
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pinocytosis (LY uptake) within CF airway PMNs in vitro was assessed using the Spearman 

test (right panel, all time points, as labeled).  
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Figure 2.5. PMN transmigration to CF ASN increases glycolysis, oxygen 

consumption, and ROS production, but impairs killing of P. aeruginosa.  (A) Analysis 

of extracellular acidification rate (ECAR) by PMNs transmigrated to LTB4 (100 nM, grey) or 

CF ASN (black) for 10 hours, then washed, and placed in fresh assay medium in a Seahorse 

XFp system, with subsequent injections of glucose, oligomycin, and 2-DG (representative 

tracing). (B) Maximal ECAR value was measured after injection of glucose during Seahorse 

runs. (C) Extracellular L-lactate was measured in PMN supernatants after Seahorse runs. 

(D) Analysis of surface Glut1 glucose transporter expression in PMNs transmigrated to 

LTB4 (grey) or CF ASN (black) shown in representative histograms at 2, 10, and 18 hours 

PTM. (E) Analysis of oxygen consumption rate (OCR) by PMNs transmigrated to LTB4 

(grey) or CF ASN (black) for 10 hours in a Seahorse XFp system (representative tracing, as 

above). (F) Maximal OCR value was measured after injection of glucose during Seahorse 

runs. (G) Analysis of intracellular ROS levels (CellRox probe) by PMNs transmigrated to 

LTB4 (grey) or CF ASN (black) shown in representative histograms at 10, and 18 hours 

PTM. (H) PMNs transmigrated to LTB4 (grey) or CF ASN (black) for 10 hours were 

washed and incubated with serum-opsonized P. aeruginosa (PAO1 strain), after which 

bacterial survival was assessed by colony count. Box plots (B, C, F, H) show * for p<.05 

comparing PMNs transmigrated to CF ASN vs. LTB4 (n = 5 experiments). 
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Figure 2.6. Metformin modulates oxygen consumption, ROS production, granule 

exocytosis, and bacterial killing capacity by PMNs transmigrated to CF ASN in 

v i tro . (A-B) Analysis of ECAR and OCR, respectively, for PMNs pre-incubated for 4 hours 

with either metformin or vehicle control, and subsequently transmigrated to CF ASN with 

vehicle control (black) or CF ASN containing metformin (50 µM, grey) for 18 hours, 

followed by washing, and suspension in fresh assay medium in the Seahorse system. Shown 

are representative tracings (left panels), and box plots for peak ECAR and OCR at baseline 

and after glucose, DPI, and 2-DG injections (right panels), n = 4 experiments, with 

*indicating p<.05 comparing with vehicle control vs. metformin conditions. (C) 

Representative histograms are shown for the metformin target phosphorylated AMPKα1 

(pAMPKα) in CF blood (grey) and airway (black) PMNs in vivo (left panel); in PMNs 

transmigrated to LTB4 and CF ASN at 10 and 18 hours PTM (middle panel); and in PMNs 

transmigrated to CF ASN with either vehicle or metformin treatment at 10 and 18 hours 

PTM (right panel). Hashed lines in all panels represent median in control conditions (n = 4 

experiments). (D) Representative histograms are shown for intracellular ROS levels (CellRox 

probe, left panel), as well as CD66b (middle panel), and CD63 (right panel) expression 

assessed in PMNs transmigrated into CF ASN with either vehicle (black) or metformin 

(grey) treatment at 10 and 18 hours PTM, with hashed line in all panels representing median 

in control conditions (n = 3 experiments). (E) PMNs transmigrated for 18 hours into CF 

ASN combined with either vehicle control (black) or metformin (50 µM, grey) were washed 

and incubated with serum-opsonized P. aeruginosa (PAO1 strain), after which bacterial 

survival was assessed by colony count, as shown here in a box plot (n = 4 experiments). 
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Figure 2.7. In vivo  and in v i tro  gating of live PMNs and two-dimensional analysis of 

pathological conditioning of PMNs. (A) To distinguish live PMNs in vivo from blood (left 

panels) and airway samples (middle panels), and in vitro from the apical compartment of our 

transmigration model (right panels), we used three-step flow cytometry gating, including (i) a 

singlet gate based on forward scatter area vs. height (top row); (ii) a viability gate based on 

side scatter and Live/Dead staining (middle row); and (iii) a PMN gate based on side scatter 

and CD66b staining (bottom row). (B) Shown are representative two-dimensional plots 

illustrating surface CD63 (surrogate for primary granule release) and CD16 (phagocytic 

receptor) expression in PMNs freshly isolated from blood by Polymorphprep (PMP, top 

panel), and after transmigration in the model for 2, 10 and 18 hours toward either LTB4 or 

CF ASN (bottom panels). Note the dramatic shift toward the pathological CD63hiCD16lo 

phenotype in the context of CF ASN after 10 and 18 hours PTM (green boxes). 
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Figure 2.8. Assessment of epithelialized scaffolds after PMN transmigration. (A) 

Junctional ZO-1 (red) and nuclear DAPI (blue) staining was assessed after PMN 

transmigration to LTB4 and CFASN for 10 hours. Representative XYZ confocal images 

collected at 0.21 µm steps with a 60X oil objective are shown. (B) Permeability to 4kDa 

FITC and 70 kDa Texas Red dextran was assessed after PMN transmigration for 2 hours to 

LTB4 and CFASN (n = 3 independent repeats).   
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Figure 2.9. Impact of ASN and PMN origin on pathological conditioning. (A-C) In 

vivo analysis of CD63, CD16, and CD62L surface expression on PMNs from HC (grey, n = 

9) and CF (black, n = 60 visits, n = 33 patients) blood and airway samples is illustrated in 

box plots. * indicates p<.05 in HC vs. CF between-group comparisons, while § indicates 

p<.05 in matched blood vs. airway within-group comparisons. (D) Surface expression of 

CD63, CD16, and CD62L was assessed pre- and post-transmigration to CF ASN (18 hours) 

comparing human PMNs from HC and CF subjects.  (E) Naïve bone marrow PMNs 

isolated from wild-type mice were allowed to transmigrate towards either LTB4 (100 nM, 
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grey) or CF ASN (black), and assessed for CD63 surface expression at 5 and 10 hour PTM. 

Shown are representative histograms.  
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Figure 2.10. Transmigration to CF ASN induces Arg1 and PD-L1 expression patterns 

similar to in v ivo . Surface expression of the T-modulatory molecules PDL1 (A-B) and 

Arg1 (C-D) by PMNs transmigrated to HC ASN (grey) or CF ASN (black) was assessed at 

2, 10, and 18 hours PTM. PMNs from the Polymorphprep (PMP) pre-transmigration 

fraction are also shown as a control. Shown here are representative histograms (A, C) and 

boxplots (n = 5) (B, D). * indicates p<.05 in HC vs. CF between-group comparisons, while 

§ indicates p<.05 in matched blood vs. airway within-group comparisons. 
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Figure 2.11. PMN reprogramming is seen in other lung diseases, similarly to CF. 

Surface expression of CD63 (A), CD16 (B), and CD62L (C) were assessed in vivo (left 

panels, box plots) in live PMNs from non-CF lung disease (LD, n = 5, grey) and CF (n = 60 

visits, n = 33 subjects, black) blood and airway (sputum) samples. The same markers were 

assessed in vitro on PMNs transmigrated to LD or CF ASN at 18 hours PTM (right panels, 

representative histograms). LD and CF ASN dilutions were normalized based on urea levels. 

PMNs from the Polymorphprep (PMP) pre-transmigration fraction are also shown as a 

control. . In vivo analysis (D) of CD63 surface expression shows similar expression levels on 

CF (black, n = 60 visits, n = 33 patients) and COPD (grey, n = 9) airway PMNs. In vitro 

analysis (E) of CD63, CD16, and CD62L surface expression on HC blood PMNs 
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transmigrated into either COPD ASN (light grey), or CF ASN (black) in our model shows 

similar modulation of these markers in these two conditions after 2, 10 and 18 hours PTM, 

as compared to the pre-transmigration fraction shown at time 0 (PMP, dark grey). 

  



	

	
	

93 

 
 
Figure 2.12. Schematic of pathologic conditioning of human PMNs in small airways. 

(A) Upon transmigration across H441 Club-like human small airway cell line at air-liquid 

interface (upper left insert) grown on a collagen layer coated 200 µm thick porous scaffold 

(lower left insert), to airway supernatant (ASN) from CF donors (green), PMN decrease 

CD16 expression while increasing primary granule release (CD63). This conditioning is not 

observed when PMNs are recruited to HC airway fluid or LTB4 (orange). The model is 

advantageous, because it allows for the screening of drugs via apical and/or basal addition. 

Transmigrated PMNs conditioned by the apical milieu of choice, exposed or not to 

candidate drugs, can be retrieved in large numbers and submitted to downstream assays.  
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INTRODUCTION 
 
 Interleukin-1β (IL-1β) is a key regulator of both sterile and infection-induced 

inflammatory responses (1, 2).  The release of this pro-inflammatory mediator is a tightly 

regulated process that requires two distinct signals; the first initiating the increased 

transcription of the pro-form of IL-1β and a second to induce cleavage and activation of a 

17 kDa bioactive form that is secreted from the cell through a non-canonical pathway. The 

secretion of IL-1β and IL-18 is regulated by the assembly of a multi-protein signaling 

platform called the inflammasome. Inflammasome activation is generally initiated by binding 

of diverse stimuli to NOD-like receptors (NLRs), which serve as intracellular sensors. This 

in turn leads to the recruitment of an adaptor molecule, the apoptosis-associated speck-like 

protein containing a caspase activation and recruitment domain (CARD) (ASC), and the 

proteolytic cleavage and activation of the key effector molecule caspase-1. Caspase-1 

activation is required for the cleavage and activation of IL-1β (3). 

Inflammasome activation is a central response critical to myeloid cell-mediated 

immunity, but it has also been shown to form a key innate response in epithelial and 

endothelial cells (4-6). In macrophages, inflammasome activation is followed by pyroptotic 

cell death, which leads to the mass release of IL-1β and perpetuation of inflammation (7). 

However, in neutrophils, inflammasome activation can proceed without concomitant cell 

death, which illustrates that this pathway may be differentially regulated in various cell types 

(8, 9). Interestingly, IL-1β can also be activated in neutrophils in a caspase 1-independent 

manner through the activity of serine proteases such as neutrophil elastase (NE), which is 

located in primary granules (10, 11). Another interesting property lies in the ability of key 

components of the inflammasome (ASC, caspase-1) to be released by activated cells for 

uptake by bystander cells, thus serving as pyretic signals to perpetuate inflammasome 
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activation (12, 13). One mechanism of release for these proteins is through packaging in 

extracellular vesicles (EVs), which are released and endocytosed by neighboring cells to 

induce inflammatory signaling, cell injury, and death (14-16).  

Inflammasome activation contributes to disease through binding and intracellular 

signaling induced by the IL-1 family of cytokines in a variety of inflammatory diseases. IL-1β 

in particular signals by binding to IL-1R1, a widely expressed activating IL-1 receptor (1, 17, 

18). IL-1β signaling can be counteracted through various mechanisms, including competitive 

binding of IL-1 receptor antagonist (IL-1RA) to IL-1RI, or through binding of IL-1β to IL-

R2, a decoy receptor expressed at the cell surface (19, 20).  

In cystic fibrosis (CF), patients are affected by progressive lung disease which is 

dominated a pathological triad of airway obstruction by mucus, bacterial infection, and 

recruitment of polymorphonuclear neutrophils (PMNs) from blood (21). Inflammasome 

activation is thought to contribute significantly to the chronic recruitment of PMNs to CF 

airways, via both IL-1α from the diseased epithelium and IL-1β from activated myeloid cells 

(3, 22, 23). In myeloid cells, activation of caspase-1 is believed to be initiated in part by the 

gram negative bacterium P. aeruginosa which infects a majority of CF patients (24, 25). 

However, it remains unclear how inflammasome activation in PMNs in particular may 

contribute to the perpetuation of IL-1/IL-1R1 signaling and chronic inflammation in the 

airways of CF patients.  

In this study, we focused specifically on the role of inflammasome activation in 

PMNs as a potential driving force in CF airway pathogenesis. We observed that the 

inflammasome pathway is activated in CF airway PMNs. In addition, we show that EVs 

from CF sputum can serve as activators of the inflammasome pathway in PMNs and 
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epithelial cells through the delivery inflammasome signaling mediators, working in a positive-

feedback loop.   
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METHODS 
 

Human subjects.  Samples were collected from human donors according to Emory 

University IRB approved protocols for collection and handling of human samples. Informed 

consent was obtained from all subjects for collection and use of their samples.  CF was 

diagnosed by sweat chloride (60 mEq/L), using a quantitative iontophoresis test and/or 

documentation of two identifiable cftr mutations.  

 

Sample processing. Whole blood was collected by venipuncture using EDTA vacutainer 

tubes. Sputum was collected from CF patients by spontaneous expectoration, and from HC 

subjects by induction.  Samples were processed according to a previous described protocol 

(26). Briefly, whole blood was spun at 400g to remove cells from the plasma, which was 

further spun at 3,000g to deplete platelets. Sputum samples were mechanically dissociated by 

repeated passage through an 18G needle after addition of 6 ml of PBS with 2.5 mM EDTA. 

The sputum was then spun at 800g to generate both cell and fluid fractions. The latter was 

spun at 3,000g at 4ºC for 10 minutes to generate airway supernatant (ASN), which was 

stored at -80ºC until use. Washed blood and sputum cells were re-suspended in PBS-EDTA 

for antibody staining and flow cytometry analysis.  

 

PMN purification. PMNs were purified from whole blood samples from healthy control 

donors based on a previously described protocol (26). Blood was layered onto 

Polymorphprep (Nycomed Pharma) and centrifuged at 400g with minimal brake for 45 

minutes at room temperature. The PMN layer was collected and remaining erythrocytes 

removed by hypotonic lysis.  
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ELISA assays. Commercial ELISA assays were used to quantify the levels of IL-1β, IL-

1α, and IL-1RA (R&D), and IL-18 (Raybiotech) in sputum of CF and HC subjects. 

 

Flow cytometry. Blood and airway cells from CF and HC subjects, and from our in vitro 

transmigration model, were stained with fluorescently labeled antibodies. These included 

antibodies against CD63 (H5C6), CD66b (G10F5), EpCAM (9C4), and ICAM-1(HA58) 

(from BioLegend), IL-R1, IL-1R2, and IL-1β (R&D Systems). Cells were also stained with 

the Live/Dead probe (Invitrogen) to ascertain viability. Data were acquired on a LSRII 

cytometer (BD Biosciences) and compensation and analysis were performed using the 

Flowjo software (Treestar).  

 

Transepithelial migration (TM) model. PMNs were allowed to migrate in our previously 

published in vitro model of transepithelial migration mimicking conditions of the CF lung 

(Forrest et al., J. Leukocyte Biology, 2018, accepted). In brief, the H441 Club-like cell line 

was seeded on Alvetex scaffolds (Reinnervate) and grown at air-liquid interface (ALI). 

Subsequently, 0.5-1 × 106 purified PMNs from blood were allowed to migrate at 37°C under 

5% CO2 towards either leukotriene B4 (LTB4, 100nM, chemoattractant serving as 

transmigration control), or ASN from CF or HC subjects, placed apically. For some 

experiments, drugs were placed apically, mixed with the ASN.  

 

Murine bone marrow cell isolation and transmigration. Bone marrow cells were 

collected from the tibias and femurs of wild-type mice by flushing with RPMI with 10% FBS 

using a 25-gauge needle. Cells were then washed with PBS and allowed to migrate in our 
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model to either CFASN or LTB4 for 5 or 10 hours. Recruited cells were stained with 

antibodies and analyzed by flow cytometry as detailed above for CD11b (M1/70) and Ly6G 

(1A8) (BioLegend) expression to identity mature PMNs, and for intracellular caspase-1 

activity using the membrane-permeable FLICA probe (Immunochemistry, Ltd.).  

 

Pinocytosis assay. Pinocytosis was assessed via Lucifer Yellow (LY, Biotium) uptake, as 

described previously	(27).	Briefly, murine bone marrow cells were transmigrated to CF ASN 

containing LY (1 mg/mL) for 5 and 10 hours, after which the cells were washed with PBS-

EDTA and stained with viability probes and antibodies, as above. Cells were then washed 

with PBS-EDTA and fixed with Lyse/Fix Phosflow buffer (BD Biosciences) and pinocytosis 

was measured by flow cytometry. 

 

In vitro inflammasome activation. In vitro inflammasome activation was performed 

according to a previously published protocol (28). In brief, purified PMNs from blood were 

stimulated with ultra-pure LPS (Invivogen) at 10 ng/ml in RPMI at 37 °C under 5% CO2 for 

4 hours, followed by treatment with nigericin (Sigma) at 5 µM for an additional 2 hours. 

 

Isolation and characterization of EVs. EVs were isolated from plasma and CF ASN as 

follows. Samples were first spun at 20,000g for 15 mins to remove any cell debris after which 

they were loaded unto a 300 kDa molecular weight (MW) exclusion column (Vivaspin) and 

spun for 15 mins at 15,000g. EVs were further purified using the Exoflow kit (SBI) 

according to the manufacturer's guidelines. Briefly, anti-CD63 biotinylated antibodies were 

first conjugated to magnetic streptavidin-labeled beads. The retentate from the 300 kDa MW 

columns was then re-suspended in PBS and incubated with anti-CD63-bead complexes 
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overnight at 4oC, washed 3 times with wash buffer and then stained with Exostain-FITC 

and/or ExoOne stains (SBI), and the mmbrane-permeable fluorescent probe against 

intracellular active caspase-1 (FLICA, from Immunohistochemistry, Ltd.). Labeled EV-bead 

complexes were then assessed by flow cytometry using an LSRII FACS analyzer (BD). 

 

Primary airway epithelial cell culture. Primary healthy control tracheal epithelial cells 

(NhTE) were grown on semi-permeable Transwell supports (Corning) in conditionally 

reprogrammed cell (CRC) culture medium by the CF@LANTA RDP Experimental Models 

Core at Emory University, as previously described (29), with some modifications. In brief, 

NhTE cells were first plated on human type IV placental collagen-coated 12-mm in CRC 

culture medium and fed every other day basolaterally for at least two weeks to allow for 

differentiation at ALI. All experiments were performed between 2 and 4 wk of ALI culture.  

 

Immunofluorescence and confocal microscopy. After 24 or 48 hours of activation with 

isolated EVs and/or LPS plus nigericin, primary NhTE cells were stained with the active 

caspase-1 probe (FLICA) for 1 hour at 37 oC , after which the Transwells were washed twice 

with PBS, and fixed with 4% paraformaldehyde in PBS for 15 minutes at room temperature. 

Fixed Transwells were washed with PBS, permeabilized with 0.5% Tween 20 in PBS (PBS-

T), followed by two washes with PBS-T supplemented with 2% goat serum. After the last 

wash, Transwells were incubated overnight at 4oC with a polyclonal anti-ZO-1 antibody 

(ZMD.437, Thermo Fisher Scientific) diluted 1:250 in PBS with 2% goat serum. Transwells 

were then washed three times with PBS with 2% goat serum, and incubated for 1 hour at 

room temperature with a secondary anti-rabbit antibody (Invitrogen), followed by a 15 

minute incubation with 0.5 µg/mL DAPI (BioLegend) as a nuclear counterstain. Transwells 



	

	
	

109 

were then washed twice with PBS with 2% goat serum, and then twice more with PBS alone, 

then dried and mounted on a glass slide, and stored for confocal imaging. Z-stack images 

were acquired using an inverted FV1000 confocal microscope (Olympus), and analyzed 

using the Fiji image analysis software (National Institutes of Health). 

 

Data analysis. Statistical analyses were performed using JMP12 (SAS Institute). Between-

group and matched-pair statistical analyses used the Wilcoxon rank sum and signed rank 

tests, respectively, with a threshold of p<.05 to determine significance. 
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RESULTS 
 

Inflammasome pathway mediators IL-1β, IL-1α and IL-18, and key receptor IL-1R1 

are present in CF airways. We first sought to validate previous work linking soluble 

mediators of the inflammasome pathway to CF airways in our cohort of CF patients. Here 

saw that IL-1β, IL-1α, and IL-18, were elevated in the sputum of patients with CF compared 

to healthy control (HC) subjects (Fig. 3.1A-C). This increase in inflammasome-mediated 

cytokine production was not accompanied by commensurate changes in IL-1RA levels 

comparing CF and HC sputum (Fig. 3.1D). Next, we assessed if inflammasome activation 

in CF airway fluid also involved increased receptor expression on PMNs. By flow cytometry 

analysis of live blood and airway PMNs from CF subjects, we observed a significant increase 

in surface IL-1R1 in the latter, in both inpatient (exacerbation) and outpatient (stable) visits 

(Fig. 3.2A), while surface IL-1R2 expression was unchanged (Fig. 3.2B). 

 

PMNs recruited to CF airways in v ivo  and in v i tro  activate caspase-1 signaling. Next, 

we assessed activation of caspase-1, a key step in inflammasome activation, in PMNs 

recruited to CF airways. We observed increased intracellular caspase-1 activity based on 

FLICA staining of CF airway compared to blood PMNs (Fig. 3.3A). This finding was 

confirmed by image cytometry, showing intracellular nucleation of caspase-1 specks in CF 

airway PMNs (Fig. 3.3B). To further validate these in vivo findings, we used an in vitro 

transmigration model that recapitulates the recruitment and activation of PMNs in CF 

airways. Using this model system, we observed that PMNs recruited to CF airway fluid 

underwent increased intracellular caspase-1 activation (Fig. 3.3C), which was partially 

inhibited by the NLRP3 inflammasome inhibitor MCC950 (Fig 3.3D). Next, we assessed 
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whether caspase-1 activation in CF airway compared to blood PMNs in vivo was concomitant 

with increased production of IL-1β, which we confirmed by intracellular cytokine staining 

(Fig. 3.3E). Finally, we sought to determine the effect of exogenous activation of PMNs in 

vitro using LPS plus nigericin, a prototypical inflammasome agonistic treatment. We observed 

significant intracellular caspase-1 activity and primary granule release in activated PMNs 

(Fig. 3.4A-B). Similar treatment of primary tracheal epithelial cells from non-CF controls 

(NhTE) showed increased ICAM-1 and secretion of IL-1α (Fig. 3.4C-D). These findings 

confirm that both PMNs and epithelial cells are potentially contributing to inflammasome 

signaling. 

 

Extracellular vesicles from CF sputum perpetuate inflammasome activation in 

PMNs. Building upon our observation that airway fluid from CF patients can induce 

inflammasome signaling in recruited PMNs in vitro, we next explored uptake of EVs the CF 

sputum as one potential inducing mechanism. First, we isolated EVs from CF sputum and 

from supernatants of PMNs treated in vitro with LPS plus nigericin to activate inflammasome 

signaling. We then incubated PMNs in vitro with those EVs, and observed both caspase-1 

activation and secondary granule exocytosis in treated PMNs (Fig. 3.5A). Then, using our in 

vitro transmigration model, we observed that depleting the apical airway fluid of EVs using a 

size exclusion MW column decreased intracellular caspase-1 activity in recruited PMNs, and 

this dampening effect was counteracted by adding back purified EVs into the fluid (Fig. 

3.5B). When using murine PMNs in our transmigration model, we found that those 

recruited to CF airway fluid, but not the chemoattractant control LTB4, displayed significant 

intracellular caspase-1 activity based on FLICA staining, which was concomitant with 

increased pinocytosis and uptake of Lucifer yellow (Fig. 3.6A-B). Interestingly, PMNs from 
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caspase-1-/-knockout mice (genetically devoid of intrinsic caspase-1 activity) were also 

recruited to CF airway fluid in our transmigration model, and showed similar intracellular 

caspase-1 activity after recruitment, which strongly suggests uptake from the fluid (Fig 

3.6C-D). 

 

Extracellular vesicles from CF sputum perpetuate inflammasome activation in 

airway epithelial cells. We next assessed the effect of isolated EVs from CF sputum upon 

apical addition to primary airway epithelial ALI cultures. Using confocal microcopy, we 

observed that incubation of primary tracheal epithelial cells with isolated EVs induced 

intracellular caspase-1 activity (Fig. 3.7A). We validated this finding using flow cytometry 

and observed that epithelial not only took up labeled EVs during incubation (Fig 3.7B), but 

indeed quantitatively increased intracellular caspase-1 activity and surface expression of the 

activation marker intercellular adhesion molecule -1 (ICAM-1). This effect was particularly 

marked when EVs were incubated along with LPS, to mimic concomitant gram-negative 

infection which is common in CF (Fig 3.7C-D). Uptake by primary airway epithelial cells of 

EVs isolated from CF sputum also led to increased production of IL-1α and surface 

expression of the other activation marker epithelial cell adhesion molecule (EpCAM) (Fig 

4.4E-F).  
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DISCUSSION 
 

Inflammasome signaling plays a key role in the pathogenesis of inflammatory 

disorders (1, 30). Inflammasome activation is a tightly regulated process that culminates in 

the oligomerization of a multi-protein complex controlling the downstream secretion of IL-1 

cytokine family members IL-1α, IL-1β and IL-18. These cytokines regulate the recruitment 

of immune cells and support their continued activation, as exemplified in CF and asthma (2, 

4, 31). Consequently, there is a great clinical need to better understand the molecular cues 

that control inflammasome activation in disease so we can effectively target potential 

deleterious effects occurring upon aberrant signaling. Findings presented here confirm the 

role of inflammasome activation in CF airway inflammation, and support a role for IL-1 

family members in the recruitment and activation of PMNs, which are key drivers of 

pathogenesis. Finally, we uncovered a novel mechanism of inflammasome signaling in CF, 

dependent on the uptake of EVs present in the CF airway milieu by PMNs and epithelial 

cells. 

Although the majority of prior work on inflammasome signaling has focused on 

monocytes and macrophages, several studies have established PMNs as an important source 

of IL-1β in inflammation and shown that these cells modulate inflammasome signaling 

differently from monocytes and macrophages (8, 10, 11, 32). In addition to IL-1β, PMNs are 

also a source of IL-18, which can be further cleaved by serine proteases also released during 

inflammation to render it more active (33). Moreover, PMNs appear resistant to pyroptotic 

cell death unlike monocytes and macrophages, and therefore can release IL-1β and remain 

viable (8). Our study confirms that inflammasome activation and IL-1β release by airway 

PMNs in CF do not require pyroptotic death of these cells. 
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 Inflammasome activation is also a key part of innate effector responses of epithelial 

cells (34). For example, intestinal epithelial cells have been identified as potentially high 

producers of IL-1β (35). In alveolar epithelial cells, barrier integrity appears to be regulated 

in part by the NLRP3 inflammasome, although this effect is independent of IL-1β and IL-18 

(36). Instead, recent studies have highlighted the role of epithelial-derived IL-1α in activating 

pro-inflammatory responses in fibroblasts, with a proposed role in mediating lung injury in 

the context of chronic inflammatory lung diseases (37-39). Epithelial-derived IL-1α has 

particular relevance to CF airway inflammation and PMN recruitment via IL-1R1 

signaling.Indeed, prior work in the βENaC mouse model of CF airway inflammation has 

identified hypoxia-induced epithelial necrosis as a strong inducer of IL-1α secretion and 

downstream recrutiment of PMNs (22). These findings, along with data presented here 

highlight a role for epithelium-derived IL-1α in sputum and IL-1R1 mediated signaling at the 

surface of PMNs, as a potentially critical ligand / receptor pair in CF airway inflammation. 

 Another mechanism by which inflammasome activation may be perpetuated in CF 

airways is via the active release of inflammasome complex proteins caspase-1 and ASC, 

which are then phagocytosed by naïve cells. These in turn initiate inflammasome activation 

extrinsically, independent of typical signals needed for intrinsic inflammasome activation. 

Caspase-1 and ASC found free in the extracellular milieu, or in some cases packaged in EVs 

(12-14, 40). Our work here confirm that EVs which are known to contain active caspase-1, 

ASC, and even IL-1β can be taken up and induce inflammasome activation in PMNs and 

epithelial cells. Additionally, we show that PMNs secrete these EVs upon inflammasome 

activation in vitro, and by so doing may be a major source of these EVs, at the same time as 

they may serve as targets, within CF sputum. An open question is whether inflammasome 

regulators such as MCC950 (41) or recombinant IL-1RA (anakinra) (42) may be beneficial in 
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CF. In addition, our study identifies EVs as potential new targets to modulate inflammasome 

activation and airway inflammation in CF airways. Further studies are required to explore the 

therapeutic potential of EVs in more pointed fashion.  
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Figure 3.1. The IL-1β/IL-1α /IL-18 axis is activated in the CF airways. (A-D) L-1β, 

IL-1, IL-1RA, and IL-18 levels were measured in expectorated and induced sputum from CF 

(black) and HC (grey) subjects, respectively. *indicating p<.05 in between-group analysis 

comparing HC (N=9) and CF (N=20-30, depending on analyte).  
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Figure 3.2. Surface IL-1R1 expression is increased on CF airway PMNs. Analysis of 

surface IL-1R1 (A) and IL1-R2 (B) expression on whole blood (WB, grey) and airway (AW, 

black) PMNs from CF patients (N=16) is shown as representative histograms (left panels), 

and as blox plots representing median fluorescence intensities of all samples (right panels). * 

indicates p<.05 in within-group analysis comparing whole blood and airway PMNs. 
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Figure 3.3. Intracellular caspase-1 activity and IL-1β are increased in CF airway 

PMNs. Intracellular caspase-1 activity was assessed in samples collected from CF patients 

(N=33) at both inpatient and outpatient visits (N=60 total) via analysis of FLICA staining of 

blood (grey) and airway (black) PMNs using flow cytometry (A), shown here as 

representative histograms (left panel) and box plots (right panel), and confirmed by image 

cytometry (B). (C) Intracellular caspase-1 activity was assessed in PMNs transmigrated in 

vitro into CF ASN (black). after 2, 10 and 18 hours post-transmigration (PTM), compared to 

whole blood control (WB, grey). (D) Intracellular caspase-1 activity was assessed in PMNs 

transmigrated in vitro into CF ASN (black). after 2 and 18 hours PTM in the presence of the 

NLRP3 inflammasome inhibitor MCC950 (grey), or vehicle control (black). *indicates p<.05 

in within-group analysis comparing MCC950- to vehicle-treated conditions (N=9). (E) 

Intracellular IL-1β levels were assessed by flow cytometry in whole blood (WB, grey) and 

airway (AW, black) PMNs from CF patients, shown here as two sets of representative 

histograms.  
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Figure 3.4. Treatment with LPS plus nigericin activates inflammasome signaling in 

PMNs and primary airway epithelial cells. PMNs were treated with LPS plus nigericin 

and assessed for intracellular caspase-1 activity with the FLICA probe (A), and primary 

granule exocytosis reflected by surface CD63 expression (B) using flow cytometry, as shown 

here in representative histograms. Primary NhTE cells were treated with LPS plus nigericin, 

after which supernatants were analyzed for IL-1α by ELISA (C), and cells were assessed for 

surface ICAM-1 (D), and intracellular caspase-1 activity with the FLICA probe (E) using 

flow cytometry. *indicates p<.05 for within -group analysis comparing unstimulated 

*unstim) conditions to LPS, or LPS plus nigericin (LPS+N) treatment conditions (N=4).  
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Figure 3.5. Extracellular vesicles activate inflammasome signaling in PMNs. (A) 

PMNs were incubated with EVs isolated from CF airway supernatant (CF ASN EVs) 

prepared from sputum or from in vitro culture supernatants from LPS plus nigericin-treated 

PMNs (LPS+N EVs). and assessed for intracellular caspase-1 activity with the FLICA 

probe, and surface CD11b and CD66b expression, as shown here in representative 

histograms. (B) PMNs were transmigrated in vitro into CF ASN, CF ASN depleted of EVs 

(CFASN w/o EVs), and CFASN with additional EVs (CFASN+EVs), and assessed for 

intracellular caspase-1 activity with the FLICA probe after 10 hours PTM, as shown here in 

representative histograms for 2 donors. Hashed red line represents median in control 

condition for each panel.  
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Figure 3.6. Mouse PMNs transmigrated to human CF airway fluid in v i tro  acquire 

intracellular caspase-1 activity. PMNs from WT or caspase-1 KO mice were recruited to 

CF ASN and assessed after 5 and 10 hours PTM for intracellular caspase-1 activity with the 

FLICA probe (A) and pinocytic activity using the LY uptake assay (B), as shown here in 

representative histograms. 
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Figure 3.7. Extracellular vesicles activate inflammasome signaling in primary airway 

epithelial cells. Primary NhTE cells were incubated with control medium (Untreated), or 

with EVs isolated from the culture supernatant of PMNs treated with LPS plus nigericin in 

vitro (LPN+N), or EVs from CF sputum (EVs), after which they were assessed using 

confocal microscopy for intracellular caspase-1 activity with the FLICA probe, along with 

the junctional protein Z0-1, and the nuclear stain DAPI (A). Uptake of labeled EVs (B), 

intracellular caspase-1 activity with the FLICA probe (C), surface ICAM-1 expression (D), 

IL-1α levels in supernatant (E), and surface EpCAM expression (F) were assessed. 
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ABSTRACT 

Background. Resistin is an immunometabolic mediator that is elevated in several 

inflammatory disorders. A ligand for Toll-like receptor 4, resistin modulates the recruitment 

and activation of myeloid cells, notably neutrophils. Neutrophils are major drivers of cystic 

fibrosis (CF) lung disease, in part due to the release of human neutrophil elastase- and 

myeloperoxidase-rich primary granules, leading to tissue damage. Here we assessed the 

relationship of resistin to CF lung disease. 

Methods. In vivo levels of resistin in plasma and sputum of CF patients were measured in 

three cohorts spanning a wide range of disease. We also assessed the ability of neutrophils to 

secrete resistin upon activation in vitro. Finally, we constructed a multivariate model assessing 

the relationship between resistin levels and lung function. 

Results. Plasma resistin levels were higher in CF than in healthy control subjects. Sputum 

resistin levels were strikingly high in CF, reaching 50-100 fold higher levels than in plasma. 

Among CF patients, higher plasma resistin levels were associated with allergic 

bronchopulmonary aspergillosis, and higher sputum resistin levels were associated with CF-

related diabetes. Mechanistically, the in vitro release of neutrophil primary granules was 

concomitant with resistin secretion. Overall, sputum resistin levels were highly and 

negatively correlated with lung function in CF patients, independent of other variables (age, 

sex, and genotype). 

Conclusions. Our data establish strong relationships between resistin levels in the plasma 

and sputum of CF patients that correlate with disease status, and identify resistin as a novel 

mechanistic link between neutrophilic inflammation and lung function decline in CF.
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 INTRODUCTION 

Resistin was originally cloned as a 12.5KDa cysteine-rich adipokine in mice, and was 

implicated in mediating insulin resistance and diabetes (204, 205). Human resistin shares only 

55% homology at the amino acid level with murine resistin, and has a divergent promoter 

region (206). It differs significantly from its mouse homolog in that its expression is found 

mainly in monocytes and neutrophils, not in adipocytes. Resistin has been linked to 

numerous inflammatory disorders including, but not limited to, rheumatoid arthritis, asthma, 

and cardiovascular disease (207-209). Resistin regulates inflammation in part by binding the 

lipopolysaccharide (LPS) receptor toll-like receptor 4 (TLR4), leading to modulation of 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), and mitogen-activated 

protein kinase signaling, and downstream cytokine secretion (210, 211). Resistin can also 

bind to other putative receptors, namely, adenylyl cyclase-associated protein 1, and decorin, 

which may also play important roles in the regulation of inflammation and metabolic 

disorders (212, 213). 

A hallmark of cystic fibrosis (CF) lung disease is inflammation that starts shortly 

after birth, and progresses throughout the life of patients (214, 215). This inflammatory 

response is driven in large part by the recruitment and activation of polymorphonuclear 

neutrophils (PMNs) and subsequent extracellular release of their toxic granules laden with 

the protease human neutrophil elastase (HNE), myeloperoxidase, and other mediators. 

HNE, in particular, is a robust biomarker of CF lung disease, since its levels in airway fluid 

predict bronchiectasis risk in infants, and correlates strongly (negatively) with lung function 

in adults (216-218). 

 Here, we explored the role of resistin in CF because of its link to PMN-dominated 

inflammatory disorders. Using longitudinal and cross-sectional cohorts, we assessed the 
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relationship between resistin and clinical outcomes in CF. We show that resistin is elevated 

in CF plasma and sputum, correlates negatively with lung function, and can be reliably 

measured at various stages of disease. Our data establishes resistin as a biomarker of CF 

airway disease, and a contributor to chronic inflammation that may serve as a new target for 

intervention. 
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METHODS 

Human Subjects.  We conducted a retrospective analysis of CF patients from three IRB-

approved studies (summarized in Table 4.2). Cohort 1 (detailed in Table 4.3) included CF 

patients from whom expectorated sputum and blood were collected at the time of 

hospitalization for an acute pulmonary exacerbation and upon follow-up visit either 3 or 12 

months later. Cohort 2 (detailed in Table 4.4) included CF patients from whom induced 

sputum and blood were collected at 3 visits separated by 4-week intervals. Cohort 3 (detailed 

in Table 4.5) included CF patients divisible into three categories based on clinical diagnosis 

prior to enrollment: (i) patients with allergic bronchopulmonary aspergillosis diagnosed 

according to CF Foundation guidelines using elevated blood IgE levels (CF-ABPA); (ii) 

patients stably colonized by Aspergillus fumigatus (AF), indicated by two or more positive 

sputum cultures without hypersensitization (CF-AC); and (iii) patients without stable AF 

colonization or sensitization. For all studies, CF was diagnosed by sweat chloride of 60 

mEq/l using a quantitative iontophoresis test and/or documented CFTR mutations. Healthy 

control (HC) subjects were also enrolled for plasma and induced sputum collection under an 

IRB-approved protocol. 

 

Sample collection and processing. Blood was collected by venipuncture using EDTA 

tubes, and sputum samples were collected as previously described by either spontaneous 

expectoration (141), or induction using hypertonic saline (140), and processed at 4ºC. Briefly, 

sputum samples were mixed with PBS-EDTA (2.5 mM final), and submitted to gentle 

mechanical dissociation by passing through an 18G needle, after which the supernatant was 

purified by centrifugation at 800G and 3,000G (to remove cells, and bacteria and debris, 

respectively). Platelet-free plasma was generated by centrifugation at 400G and 3,000G (to 
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remove cells, and platelets, respectively). Purified sputum supernatant and platelet-free 

plasma were stored at -80ºC until use. 

 

In v i tro  PMN stimulation.  PMNs were isolated from whole blood using a Polymorphprep 

gradient (Nycomed Pharma), as detailed previously (219). Briefly, blood was layered onto the 

gradient, spun at room temperature at 400G with minimal brake, after which the PMN layer 

was removed, and residual red blood cells were lysed by hypotonic shock. Isolated PMNs 

were then re-suspended in RPMI without FBS and stimulated at 37oC with latrunculin B 

(LB, 5 µM) for 5 minutes, followed by formyl-methionine leucine phenylalanine (fMLF, 5 

µM) for 10 minutes. Stimulated PMNs were then spun at 400G to remove culture 

supernatant, washed with PBS-EDTA, and stained with antibodies for CD63 (clone H5C6), 

CD66b (clone G10F5) from BioLegend, and the Live/Dead probe (Thermo Scientific), and 

analyzed by flow cytometry as detailed before (141). Culture supernatant was stored at -80ºC 

until use. 

 

Fluid measurements. Resistin was measured in plasma and sputum fractions prepared 

from CF patients and HC subjects, and in culture supernatant from in vitro PMN stimulation 

experiments using an ELISA kit (R&D Systems) according to the manufacturer’s protocol. 

IL-8 was measured in sputum with an ELISA kit (R&D Systems) according to the 

manufacturer’s protocol. HNE activity was measured using a spectrophotometric assay, as 

previously described (15).  

 

Neutrophil extracellular trap stimulation and quantification. MPO-DNA, NE-DNA, 

and resistin-DNA complexes were measured using an ELIA previously described here (220). 
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Briefly, purified PMNs were stimulated with 100 nM phorbol-myristate-acetate (PMA) for 4 

hrs. Cell free supernatants and CF airway fluid were then treated with DNAse (2 U/mL) at 

RT for 15 mins and then stopped by adding 25 mM EGTA for final concentration 2.5 mM.  

Supernatants were diluted and added to a high-binding 96-well plate coated with either anti-

MPO (Upstate), HNE (Calbiochem), or resistin (R&D) antibodies overnight and blocked 

with 5% BSA. Secondary, anti-DNA antibody conjugated to peroxidase (Roche) was added 

for 60 mins, then the plate was washed 3 times after which TMB substrate was added. The 

reaction as stopped and measured using a microplate reader. 

 

Flow cytometry. Blood and airway cells from CF subjects were stained with fluorescently 

labeled antibodies. These included antibodies against CD63 (H5C6), CD66b (G10F5) (from 

BioLegend), Resistin (R&D),  and TLR4/MD2 (7E3) (InvivoGen). Cells were also stained 

with the Live/Dead probe (Invitrogen) to ascertain viability and FcBlock (BioLegend). Data 

were acquired on a LSRII cytometer (BD Biosciences) and compensation and analysis were 

performed using the Flowjo software (Treestar).  

 

Isolation and characterization of EVs. EVs were isolated from plasma and CF ASN as 

follows. Samples were first spun at 20,000g for 15 mins to remove any cell debris after which 

they were loaded unto a 300 kDa molecular weight (MW) exclusion column (Vivaspin) and 

spun for 15 mins at 15,000g. EVs were further purified using the Exoflow kit (SBI) 

according to the manufacturer's guidelines. Briefly, anti-CD63 biotinylated antibodies were 

first conjugated to magnetic streptavidin-labeled beads. The retentate from the 300 kDa MW 

columns was then re-suspended in PBS and incubated with anti-CD63-bead complexes 

overnight at 4oC., washed 3 times with wash buffer and then stained with Exostain-FITC 
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stain (SBI), and  an anti- Resistin  antibody (R&D). Labeled EV-bead complexes were then 

analyzed by flow cytometry using an LSRII instrument (BD). 

 

Statistical Analysis.  Statistical analyses were performed using JMP12 and SAS 9.4 (SAS 

Institute). Significant differences were determined by using p-values <0.05. Multivariate 

models were constructed to assess the relationship between resistin and lung function 

(expressed as FEV1 %predicted). All models were adjusted for demographic information 

(age, sex, genotype). 

 

RESULTS 

Increased plasma and sputum resistin correlate negatively with lung function in CF. 

We first compared resistin levels in CF Cohort 1 and HC subjects. In both the plasma and 

sputum of CF patients, resistin levels were significantly elevated compared to HC subjects. 

The most striking difference was for sputum, in which resistin levels were more than 100-

fold higher in CF than in HC subjects (Fig. 4.1A). We then assessed the relationship 

between resistin levels and lung function in CF Cohort 1, and found that plasma and, even 

more so, sputum resistin levels showed a strong negative correlation with FEV1% of 

predicted for age (Fig. 4.1B-C). Comparison of plasma and sputum resistin levels within the 

CF cohort showed that sputum levels were at least two orders of magnitude (50- to 100-

fold) higher than plasma levels, whether collected during pulmonary exacerbations or in a 

stable condition three or twelve months later (Fig 4.1D). Because of the proposed role of 

resistin in metabolic regulation, we tested if patients with CF-related diabetes (CFRD) 

showed differences in resistin levels compared to non-diabetic patients, and found higher 

levels of sputum resistin at inpatient visits in CFRD compared to non-diabetic patients (Fig. 
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4.1E-F). Age, sex, and CFTR genotype, did not significantly impact plasma and sputum 

resistin levels. 

 

Resistin levels are stable in the short term in CF patients, and track with established 

markers of airway inflammation. In CF Cohort 2, induced sputum and plasma were 

collected from 16 patients at three consecutive stable visits 4 weeks apart, enabling us to 

assess short-term stability of resistin levels. There was no significant time effect (Wilcoxon 

signed-rank test for each pair of visits) on resistin levels in plasma and sputum over an 8-

week period (Fig. 4.2A-B). Sputum IL-8 and NE, two established markers of CF airway 

inflammation linked to PMN dysfunction, were also measured and showed strong positive 

correlations with sputum resistin at all time points (Fig. 4.2C-D). 

 

CF patients with allergic bronchopulmonary aspergillosis have elevated plasma 

resistin levels. In CF Cohort 3, we studied the relationship between resistin and ABPA. In 

plasma, CF-ABPA patients had higher levels of resistin compared to both Aspergillus-

colonized (CF-AC), and non-colonized CF patients (Fig. 4.3A). However, sputum resistin 

levels were similar in the three groups, and stable over two years (Fig. 4.3B). We applied 

repeated measures linear model to assess the impact of sputum resistin on lung function 

(measured as FEV1, while adjusting for potential confounders, age, ABPA status, genotype, 

and the presence of PA. The repeated measures linear model appropriately accommodates 

the correlations among the measurements taken from the same subjects across different 

visits through a flexible AR(1) structure. The repeated measures analysis showed that higher 

sputum resistin is significantly associated with lower lung function (p=0.024) (Table 4.6). 
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Combined analysis across all patient cohorts reveals a strong negative correlation 

between sputum resistin and lung function. Next, we combined data from cohort 1-3 

and used the data at the first visit (inpatient visit for Cohort 1 and enrollment visits for 

Cohorts 2 and 3).  We conducted multivariate longitudinal analysis based on repeated 

measures linear model to investigate the association of resistin with lung function (measured 

as FEV1). The model included sputum resistin and plasma resistin, and adjusted for 

confounders including age, gender, genotype. It is found that sputum resistin is a strong 

independent predictor of lung function. Age, gender, and genotype do not show significant 

effects on FEV1. It is interesting to note that plasma resistin shows little prognostic power 

once sputum resistin is adjusted for. This may further confirm the prognostic value of 

sputum resistin on predicting the progression of lung function. 

 

Neutrophils secrete resistin upon release of primary granules in vitro.  Since levels of 

both resistin and NE are highly elevated in CF sputum, and correlate strongly with one 

another, we explored whether the release of NE-rich primary granules by PMNs, as we 

previously observed in CF airways (140), could also result in the extracellular release of 

resistin, thereby explaining the high levels observed in CF sputum fluid. Upon in vitro 

stimulation with LB and fMLF, PMNs increased both surface CD63 and CD66b compared 

with unstimulated PMNs, consistent with the induced release of primary and secondary 

granules (Fig. 4.4A-B). This release was concomitant with increased levels of extracellular 

resistin in the supernatants of activated PMNs (Fig. 4.4C). Consistently, we observed that 

sputum resistin levels were positively correlated with the count of degranulating PMNs in 

Cohort 1 at inpatient visits (Fig. 4.5). 
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Resistin is compartmentalized on the surface of PMNs, NETs, and extracellular 

vesicles in the CF airways. Building upon our observation that resistin was elevated in CF 

sputum and plasma, we next sought to assess in which fraction of the sputum resistin is 

compartmentalized. Using flow cytometric analysis of live blood and airway PMNs from CF 

donors, we observed increased surface expression of resistin on CF airway PMNs (Fig. 

4.6A). This increased surface expression of resistin was concomitant with active exocytosis, 

as these cells were dually positive for surface resistin and CD63, a marker of primary granule 

exocytosis (Fig. 4.6B). We next explored the expression of the putative resistin receptor 

TLR4 on the surface of CF airway PMNs by tracking TLR4/MD2 complexes that form 

when TLR4 is activated. From these analyses, we observed that CF airway PMNs had 

increased surface expression of TLR4/MD2 complexes compared to PMNs from blood 

(Fig. 4.6C).  Additionally, we explored if resistin could also be present on NETs, similarly 

to other PMN granule proteins. Using ELISA assays for DNA-MPO, DNA-NE, and DNA-

resistin complexes, we observed that soluble resistin was positively correlated with both 

DNA-MPO and DNA-NE complexes in the CF sputum (Fig. 4.7A-B), and that PMA-

stimulated PMNs were able to produce DNA-resistin complexes in vitro (Fig. 4.7C). Finally, 

we assessed the surface expression of resistin on CD63 positive extracellular vesicles (EVs) 

isolated from the plasma and sputum of both healthy control and CF donors. We found that 

EVs from CF sputum had increased surface expression of resistin, as measured by ExoFlow 

analysis (Fig. 4.8A). Further analysis of samples after size exclusion filtration using 300kDa 

MW cut-off filters showed that resistin was detectable in both the eluate and retentate from 

CF sputum and varied in its relative abundance between these two fractions depending on 

patients (Fig. 4.8B) 
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DISCUSSION 

 In this study, we explored the relationship between the immunometabolic mediator 

resistin and CF disease, using both cross-sectional and longitudinal sample collections. We 

observed that resistin levels are elevated in both CF plasma and sputum compared to healthy 

controls. To our knowledge, this is the first published report linking resistin with CF disease, 

although resistin has been identified previously as a contributor to other human 

inflammatory diseases. Moreover, while resistin levels were reported to be elevated in the 

plasma of patients with asthma and COPD (221), its prominent presence in sputum suggests 

that is may serve as both a systemic and airway biomarker of CF disease. This notion is 

strengthened by the strong negative correlations of plasma and sputum resistin with CF lung 

function. 

Myeloid cells, most notably PMNs, have been identified as a dominant source of 

resistin in humans. In human PMNs, resistin is stored in primary granules, which also 

contain the serine protease NE (222, 223). Resistin has been shown to increase PMN 

sensitivity to LPS-dependent activation through inhibition of AMP-activated protein kinase 

activity, acting essentially as a priming agent (224). Additionally, mice in which endogenous 

resistin was knocked out and human resistin knocked in have increased edema and 

extracellular secretion of pro-inflammatory cytokines and other byproducts of PMN 

activation upon acute lung injury (224). Our study suggests that similar processes are at play 

in CF patients, since sputum resistin levels correlate positively with the number of live 

sputum PMNs, NE, IL-8, and NE/MPO-positive NETs. While resistin is present, as 

expected, in the low molecular weight fraction of CF sputum supernatant, we also found it 

compartmentalized in part on the surface of EVs, suggesting a complex distribution. In 

addition, we showed that upon in vitro stimulation of PMNs both primary granules (as we 



	

	
	

143 

previously observed in CF airways (140)), and extremely high levels of resistin are released 

into the extracellular milieu. Thus,  CF PMNs act both as a source, and potential target, of 

resistin signaling. 

Although most published data on resistin suggest that it functions a pro-

inflammatory mediator, in part by activating PMNs, some reports suggest that resistin may 

also reduce the rate of chemotaxis and oxidative burst in stimulated PMNs (225, 226). 

Consistently, in mice with human resistin knocked in exposed to an LPS-induced septic 

shock, resistin was found to bind competitively to TLR4. This in turn induced anti-

inflammatory signaling through activation of the transcription factors signal transducer and 

activator of transcription 3 and TANK binding kinase 1, lowering systemic pro-

inflammatory cytokine levels, and in turn, enhanced survival (227). Thus, resistin may ligate 

TLR4 and either activate it or protect it against overwhelming LPS-mediated signaling. This 

is further supported by the increased TLR4 signaling observed in CF airway PMNs.   This 

increased signaling is possibly mediated by resistin on the surface of PMNs or via signaling 

mediated by EVs. Further studies are required to determine the mechanisms at play in CF. 

CF-related diabetes (CFRD) is a common comorbidity observed in adults with CF, 

and linked to accelerated lung function decline, increased incidence and severity of 

exacerbations, and mortality risk (228, 229). Here, we observed that patients with CFRD had 

increased sputum resistin during inpatient visits compared to non-diabetic CF patients. This 

observation is consistent with the link between resistin and insulin signaling in diabetes (204, 

230). A possible explanation is that resistin may act as a pro-inflammatory and metabolic 

mediator, simultaneously worsening lung PMN burden/activation and causing 

hyperglycemia during exacerbations in CF patients with glucose intolerance. Of note, we also 

found that patients with CF-ABPA had higher plasma resistin levels than those without 
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ABPA, and consequently, plasma resistin may contribute to worsening systemic 

inflammation and overall morbidity in that subgroup (231, 232). Further studies specifically 

designed to assess the relationship of systemic and airway resistin levels with CFRD and 

ABPA are warranted. Finally, by compiling data from the three cohorts included in this 

study, we constructed a statistical model that identified resistin as a strong correlate of CF 

lung function, independent of common factors known to affect disease severity such as age, 

sex, genotype, microbiology, and medication regimen. 

 Together, our data identify a strong relationship between plasma and sputum resistin 

levels and the severity of airway disease in CF patients. Resistin likely originates from 

excessive primary granule release by PMNs in CF airways (140). PMNs may also be the main 

target of resistin, making it a potential focus for future development of therapies to 

modulate CF airway inflammation. Further studies are warranted to identify other potential 

sources and targets of CF airway resistin, and characterize its potential as an independent 

disease biomarker. 
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Table 4.1. Multivariate logistical model showing the relationship between sputum 

and plasma resistin levels and FEV1 across all three patient cohorts. 
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Table 4.2. Summary of demographic information for all three CF cohorts included in 

the study. Numerical data presented as median [interquartile range]. Abbreviations: F, 

female; FEV1 (%), functional expiratory volume in 1 second expressed in % predicted; 

HO= F508Del homozygous; HZ= heterozygous (comprising one F508Del mutation, and a 

second mutation); M, male; OT, two mutations other than F508Del. 
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Table 4.3. Demographic information for CF Cohort 1. Abbreviations: F, female; FEV1 

(%), functional expiratory volume in 1 second expressed in % predicted; HO= F508Del 

homozygous; HZ= heterozygous (comprising one F508Del mutation, and a second 

mutation); I: inpatient visit during active pulmonary exacerbation; M, male; O, outpatient 

visit; OT, two mutations other than F508Del; UNK: unknown. 
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Table 4.4. Demographic information for CF Cohort 2. Abbreviations: F, female; FEV1 

(%), functional expiratory volume in 1 second expressed in % predicted; HO= F508Del 

homozygous; HZ= heterozygous (comprising one F508Del mutation, and a second 

mutation); M, male; OT, two mutations other than F508Del. 
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Table 4.5. Demographic information for CF Cohort 3. Abbreviations: CF, CF without 

ABPA or A. fumigatus colonization; CF-AB, CF with ABPA; CF-AC, CF colonized by A. 

fumigatus; F, female; FEV1 (%), functional expiratory volume in 1 second expressed in % 

predicted; HO= F508Del homozygous; HZ= heterozygous (comprising one F508Del 

mutation, and a second mutation); M, male; ND, not determined; OT, two mutations other 

than F508Del; UNK: unknown. 

 

  



	

	
	

151 

 

Table 4.6  Multivariate logistical model showing the effect of resistin on FEV1 in 

Cohort 3. Abbreviations: CF, CF without ABPA or A. fumigatus colonization; CF-ABPA, CF 

with ABPA; CF-AC, CF colonized by A. fumigatus ; HO= F508Del homozygous; HZ= 

heterozygous (comprising one F508Del mutation, and a second mutation); PA, P. aeruginosa;   
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Figure 4.1. Plasma and sputum resistin levels are elevated in CF patients and 

correlate negatively with lung function. (A) Resistin levels were measured at baseline in 

plasma and sputum samples of CF (N=31), and HC (N=9) subjects. * indicates p<.05. (B-

C) Correlations between CF lung function (FEV1, expressed in % predicted), and CF 

plasma and sputum resistin levels, respectively, were tested using the Spearman test. (D) 

Resistin was measured in the plasma and sputum of patients in cohort 1 during an active 

exacerbation with IV antibiotic treatment (inpatient) or 3 or 12 months later during a follow 

up stable visit (outpatient). (E-F) Plasma and sputum resistin levels, respectively, were 

compared between CF patients with and without diabetes at inpatient and outpatient visits 

using the Wilcoxon rank sum test, with * indicating p<.05. (N=31).  
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Figure 4.2. Resistin levels are stable in the short term and correlate with established 

biomarkers of CF airway inflammation. (A-B) Plasma and sputum resistin levels, 

respectively, were measured longitudinally over 3 visits separated by 4 week intervals to 

assess short-term stability. (C-D) Sputum resistin levels at visit 1 were correlated with 

sputum IL-8 and human neutrophil elastase (HNE) activity, respectively, using the Spearman 

test (N=16). 
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Figure 4.3. Plasma resistin is elevated in CF patients with ABPA. (A) Plasma resistin 

was measured at baseline in patients with ABPA (CF-ABPA), patients colonized by A. 

fumigatus but without ABPA (CF-AC), and control patients (CF). (B) Sputum resistin was 

measured in the same sets of patients at 4 visits with 6-month intervals between visits. 

Plasma and sputum resistin levels were then compared between groups using the Wilcoxon 

rank sum test (N=46, * indicates p<.05).   
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Figure 4.4. PMNs release resistin upon granule exocytosis in v i tro .  (A) PMNs were 

purified from the blood of HC donors, and stimulated with latrunculin B (LB, 5 µM) and 

fMLF (5 µM), after which the cells were analyzed for surface expression of CD63 and 

CD66b as markers of primary and secondary granule exocytosis, respectively. Median 

fluorescence intensities (MFI) for these markers are displayed in representative histograms 

showing PMNs treated with medium control (RPMI, grey) and LB+fMLF (black). (B) 

Resistin was measured in the supernatants from PMNs treated with medium control (RPMI, 

grey) and LB+fMLF (black), and compared using the Wilcoxon signed-rank test (N=5 

independent experiments, * indicates p<.05). 
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Figure 4.5. Sputum resistin correlates with plasma resistin and sputum neutrophil 

count. (A) Levels of sputum and plasma resistin in cohort 1 were measured using ELISA 

and correlated with each other using the Spearman test in both inpatient (N=??) and 

outpatient (N=??) visits, with  * indicating p<0.05. (B) Sputum resistin levels were measured 

using ELISA in cohort 1, and correlated with the sputum PMN live count using the 

Spearman test (N=31, indicating p<0.05) 
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Figure 4.6. CF airway PMNs have increased surface resistin and TLR4/MD2 

complexes. (A) Surface resistin was measured on whole blood (WB, grey) and airway (AW, 

black) PMNs from CF patients, as shown here in representative histograms and boxplots of 

median fluorescent intensities (MFI). (B) Levels of surface resistin and CD63 (reflecting 

primary granule exocytosis) are shown in a scatter plot with an overlay of whole blood (WB, 

grey) and airway (AW, black) PMNs from a representative CF patient. (C) Levels of surface 

TLR4/MD2 complexes were measured on (WB, grey) and airway (AW, black) PMNs from 

CF patients, as shown here in representative histograms and boxplots of MFI. In (A) and 

(C), WB and AW expression levels were compared using the Wilcoxon signed-rank test 

(N=5, * indication p<0.05). 
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Figure 4.7. Resistin correlates with, and is compartmentalized on neutrophil 

extracellular trap (NET) complexes found in CF sputum. (A-B) Levels in CF sputum 

of resistin, and those of DNA-MPO and DNA-HNE complexes, respectively, were 

correlated using the Spearman test (N=12, * indicating p<0.05). (C) PMNs were stimulated 

with PMA to induce NET release in vitro, after which the amount of DNA complexes with 

HNE and resistin were quantified by ELISA (N=5). 

  



	

	
	

159 

 

Figure 4.8. Resistin is expressed on extracellular vesicles isolated from CF sputum. 

(A) EVs were isolated from the plasma and sputum of HC subjects and CF patients, and 

characterized for surface expression of resistin using flow cytometry, shown here in 

representative histograms of median fluorescent intensities (MFI). (B) CF sputum was 

fractionated using a size exclusion column to assess the compartmentalization of resistin, 

and assessed by ELISA for fractions lower (grey) and higher (black) than 300 kDa, 

represented as percent of total resistin levels in the sample (sum equal to 100). 
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INTRODUCTION 

Cystic Fibrosis (CF) is a fatal autosomal disease caused by mutations in the CFTR gene. 

Lung disease in CF starts early in infancy and features low-grade inflammation and 

progressive structural damage (233-235). CF lung disease eventually becomes dominated by 

inflammation featuring polymorphonuclear neutrophils (PMNs). Consistently, neutrophil 

elastase (NE) originating from the primary granules of PMNs serves as one of the best 

markers of CF disease severity and lung function decline into adulthood (214, 236). Chronic 

lung disease in older children and adults with CF is widely studied and relatively well 

understood, while the description of disease manifestations and mechanisms in children with 

CF remains incomplete (233). Recent studies focusing on CF infants in the first year of life 

have improved our understanding of early disease processes (237), notably by uncovering 

signs of inflammation prior to bacterial colonization, with detectable NE in the airway fluid 

of infants as young as 3 months of age (214). This pioneering work has emphasized the need 

to reach a better understanding of the early signs of lung disease in children that may 

coincide with structural lung function damage, and precede both chronic bacterial infection 

and full-blown inflammation. 

One potential early sign of inflammation in CF is the extracellular presence and 

potential accumulation of resistin. Resistin is an adipokine and member of the resistin-like 

molecule (RELM) family of proteins that are often elevated in inflammatory diseases (204, 

238). Resistin was originally identified as a mediator of insulin resistance in mice, but in 

humans it is primarily secreted by PMNs and other myeloid cells. and modulates 

inflammatory signaling in part through binding to toll-like receptor 4 (TLR4) the 

lipopolysaccharide (LPS) receptor (206, 222, 224). In adults with CF, resistin is elevated in 
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both the plasma and sputum and correlates negatively with lung function and positively with 

IL-8, NE, and PMN  count (Forrest et al., J Cyst Fibros, 2018, accepted).  

In this study, we explore the role of resistin in early disease by tracking resistin levels 

in broncheoalveolar lavage fluid (BALF) and plasma of CF children, while structural lung 

damage was measured in parallel using chest computed tomography (CT) scans combined 

with the sensitive PRAGMA-CF scoring method (237). Our study includes two distinct 

cohorts of CF children, ranging in age from 3-24 months, and 12 -88 months, respectively. 

We found that resistin was detectable in plasma and sputum of all CF children, even in those 

in whom NE was not detectable using conventional methods. BALF resistin levels 

correlated negatively with early structural damage, and positively with the percentage of 

PMNs in BALF. These data establish resistin as a marker of early lung disease, with the 

potential to improve our ability to monitor lung disease progression in children with CF. 
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MATERIALS AND METHODS 

Human subjects. For this study, we utilized plasma and BALF samples from two CF 

cohorts and 1 disease control cohort enrolled at three institutions. All patients were included 

after informed parental consent under clinical protocols approved by our respective 

institutional IRBs. Demographic information on all three cohorts are described in detail in 

(Table 4.8). CF cohort 1 included CF patients from the Sophia Children’s Hospital 

(Rotterdam, The Netherlands) ranging from 12-88 months in age. Cohort 2 included CF 

patients from the AREST CF program at the Princess Margaret Hospital for Children 

(Perth, Australia) and consists of patients ranging from 3-24 months in age. Cohort 3 

includes disease control subjects from the Aerodigestive Clinic at Children's Healthcare of 

Atlanta (Atlanta, USA), from whom BALF and blood samples were collected during 

bronchoscopies conducted according to clinical indications for upper airway disorders. Cell 

counts and microbial cultures were performed by clinical laboratories at the respective 

clinical research sites. 

 

PRAGMA-CF Scoring. Perth-Rotterdam Annotated Grid Morphometric Analysis for 

Cystic Fibrosis (PRAGMA-CF) scores were calculated on free-breathing chest CF scans (CF 

cohort 1) or volumetric chest CT scans conducted under general anesthesia (CF cohort 2), 

including total disease (Dis%), bronchiectasis (Bx%) and air trapping (TA%), as described 

previously (237).  

 

Sample collection and processing. Blood was collected by venipuncture in EDTA tubes, 

and the cells and plasma isolated as previously described (139). Bronchoscopies with BALs 

were performed in the right middle lobe where three 1 mL/kg volumes of sterile saline were 
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instilled and recovered. The first fraction was used for microbial culture analysis, and the 

second and third fractions were combined and used for leukocyte counts by cytospin. The 

remainder of the combined 2 and 3 fractions was further processed with the addition of 

EDTA (2.5 mM), after which the cells where dissociated by passing through a 18-gauge 

needle,  followed by  sequential centrifugation at 800 g and 3,000 g for 10 min at 4 ºC. 

Resulting BALF supernatant was stored at -80 °C for resistin ELISA and NE activity assay. 

 

Resistin quantification. Resistin levels were measured in BALF and plasma using a 

commercial ELISA kit (R&D Systems), according to the manufacturer's protocol. 

IL-8 and NE activity assays. IL-8 levels were measured in BALF using an enzyme-linked 

immunosorbent assay (BD Opt EIA, BD Biosciences). NE activity was measured using a 

conventional  chromogenic substrate assays previously described here (11). 

 

Statistical Analyses. Data were analyzed using JMP13 (SAS Institute) using non-parametric 

statistics including the Wilcoxon rank sum (for between-group analysis) and signed-rank (for 

within-group analysis) tests, or the Spearman test (for correlations), as indicated. 
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RESULTS 
 
Resistin is detectable in early CF disease and tracks with structural damage. In CF 

cohort 1 (ranging from 12-88 months of age), resistin was detectable in plasma and BALF of 

all patients (Fig. 4.9A). When we binned patients into three categories based on age 

(averages of 12, 36 and 60 months, respectively), we observed that BALF resistin was 

increasingly elevated compared to plasma resistin as age increased (Fig. 4.9A). We next 

explored the relationship between resistin levels in the BALF with measures of structural 

lung damage using the PRAGMA-CF scoring system, and observed positive correlations 

between BALF resistin and total disease, trapped air, and bronchiectasis scores in CF cohort 

1 (Fig. 4.9B-D). 

 

Resistin correlates with PMN burden and extracellular NE activity in CF airways. 

We next sought to assess how resistin tracked with established markers of lung disease in CF 

cohort 1. We observed that resistin levels correlated positively with NE activity and the 

percentage of PMNs in the BALF (Fig. 4.10A-B). Conversely, we observed that resistin 

levels correlated negatively with the percentage of macrophages in BALF (Fig. 4.10C).  

 

Resistin is detectable before NE activity in early CF airway disease. Next, we analyzed 

samples from a younger cohort of CF children (CF cohort 2, ranging from 3-24 months of 

age) to investigate the relationship between resistin and structural lung damage at an even 

earlier stage. We observed that BALF resistin levels were measurable in all patients within 

this younger CF cohort, although it was not significantly different from those measured in 

an age-matched disease control cohort with respiratory disorders other than CF (Fig. 

4.11A). Structural lung damage measured by PRAGMA-CF scoring was absent to minimal in 
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CF cohort 2, and did not correlate with BALF resistin levels. Consistent with the early stage 

of disease in CF cohort 2, NE activity was measurable in BALF of only some patients, while 

others had non-detectable levels. In those patients with measurable NE activity, BALF 

resistin levels and NE activity correlated positively (Fig. 4.11B). Additionally, BALF resistin 

levels were higher in patients with measurable NE activity compared to those in whom it 

was not measurable (Fig. 11C). Finally, when we assessed how BALF resistin levels varied 

based on infection status, we observed a non-significant trend for elevated levels in those 

patients with detectable lung infections (Fig. 4.11D). 
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DISCUSSION 

 This study is the first to explore the relationship between resistin, an otherwise well-

established immunometabolic mediator, and early CF airway disease. Our findings establish 

resistin as an early marker of CF early disease in two cohorts of infants and young children 

with CF. In CF cohort 1 (12-88 months of age) resistin was detectable in all patients, in both 

plasma and BALF. BALF resistin levels correlated negatively with BALF macrophage 

burden, and positively with BALF PMN burden, NE activity, and most importantly, 

structural lung damage. In CF cohort 2 (3-24 months of age), we were again able to detect 

resistin in all patients. Although BALF resistin levels did not correlatee with structural lung 

damage, which was minimal in this cohort, they were again positively correlated with NE 

activity when detectable, and trended towards elevated levels in patients with detectable lung 

infection.  

 Previous studies by our group (Forrest et al., J Cyst Fibros, 2018, accepted) and 

others have established resistin as a marker of disease severity in adult cohorts of CF and 

asthma (6, 39), and also in various chronic inflammatory diseases affecting organs other than 

the lungs (4). Like NE, resistin is compartmentalized in the primary granules of PMNs. Our 

findings that BALF resistin levels are elevated in CF infants as early as 3 months of age are 

consistent with previously published work showing that in CF disease the presence of PMN-

driven inflammation occurs early, and in some cases in the absence of concomitant infection 

(11). Our further findings that BALF resistin levels in CF children increase as patients age, 

and display more pronounced inflammation and structural lung damage based on the 

sensitive PRAGMA-CF scoring system further establish resistin as a relevant marker of early 

CF airway disease. The fact that resistin is readily measurable in the BALF of young CF 

children for whom NE activity remains undetectable emphasizes its potential as a biomarker 
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for early disease monitoring. Further studies are needed to establish the relevance of BALF 

resistin in the context of therapeutic interventions targeted at CF airway disease in infants 

and children. 

  Resistin  is known to signal primarily through its binding to TLR4 (receptor for the 

gram-negative surface molecule LPS), which makes it all the more interesting that we are 

able to detect it in BALF before we can measure detectable lung infection with gram-

negative (or gram-positive) bacteria. Based on this observation, we could speculate that 

resistin may act as a host-derived damage signal to induce the TLR4 pathway in epithelial 

cells or recruited PMNs and initiate a cascade of pro-inflammatory signaling in the absence 

of infection, consistent with the recently proposed "sterile inflammation" paradigm of early 

CF airway disease. Of note, recent data gathered in the context of sepsis suggest that resistin 

may compete with LPS to block its ability to signal through TLR4 (24, 26). Therefore, 

resistin in the context of infection by gram-negative bacteria may hamper normal host 

immunity, leading to a maladaptive response that is believed by some to underlie chronic 

infection in CF (40). Further studies are needed to determine the precise onset of resistin 

accumulation in CF airways (prior to 3 months of age), and whether it plays a pro- or anti-

inflammatory role therein, depending on the absence or presence of concomitant infection. 

Studies looking at BALF resistin levels in young CF children treated with anti-infective or 

anti-inflammatory agents, as well as CFTR modulators, are now warranted. 
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FIGURES 

 

Figure 4.9. Resistin is detectable in early CF disease and correlates with structural 

lung damage. Resistin levels were measured in plasma (grey) and BALF (black) of CF 

children in cohort 1 presented here as three distinct categories stratified by age (A). BALF 

resistin levels were correlated with structural lung damage measured by PRAGMA-CF 

scoring, represented here as percent total disease (B), bronchiectasis (C), and trapped air 

(D), using the Spearman tests (N=40, * indicates p<0.05). 
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Figure 4.10. BALF resistin levels correlate positively with NE activity and PMN 

burden, and negatively with macrophage burden. BAL resistin levels for cohort 1 were 

correlated with NE activity (A), percent PMN (B), and percent macrophage (C) using the 

Spearman test (N=12 for A; N=40 for B and C, * indicates p<0.05). 
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Figure 4.11. Resistin is detectable in BALF of CF children before NE. Resistin levels 

were measured in the BALF of CF cohort 2, and in an age-matched non-CF disease control 

cohort (A). BALF resistin levels and NE activity in CF cohort 2 were correlated using the 

Spearman test (B). Patients in CF cohort 1 with (N=13, black) and without (N=6, grey) 

detectable NE activity were compared for BALF resistin (C) and IL-8 (D) levels. BALF 

resistin levels were compared between patients in cohort 1 with (N=7, black) and without 

(N=12, grey) detectable lung infections (E).  
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PMN adaptation and conditioning in the CF airways. Cystic fibrosis (CF) is a fatal 

airway disease characterized by abnormal bacterial clearance and inflammation by 

polymorphonuclear neutrophils (PMNs) from blood. There have been several accounts of 

intrinsic PMN defects in CF airway disease. CF PMNs have been shown to spontaneously 

produce higher levels of ROS (1), which function to not only to mediate lung damage, but 

further enhance recruitment of blood PMNs. Not only do CF PMNs have increased 

activation and degranulation, they also migrate at an increased rate to IL-8	 (2). The extreme 

bacterial load in CF airways coupled with excessive release of proteases by PMNs has been 

shown to diminish the efficiency of PMN phagocytosis (3, 4). Prior work by our group has 

led to a change in paradigm, based on the observation that a large subset of live PMNs exist 

in the CF airway lumen in vivo that display high surface CD63 reflecting hyperactive 

exocytosis of NE-containing primary granules (5, 6). These findings established that not all 

PMNs die rapidly upon recruitment to the CF airway lumen as commonly thought. Instead, 

a large fraction of these cells undergoes a pathological conditioning process leading to high 

metabolic activity, loss of phagocytic receptors along with their hyperexocytic phenotype. 

Highlighting the clinical importance of this conditioning process of PMN in CF airways is 

the fact that NE activity in CF airway fluid is a strong predictor of lung function. 

 In CF airways, live PMNs display robust pro-survival signaling with 

activation of the mechanistic target of rapamycin (mTOR) pathway, a key anabolic signaling 

cascade	 (7) We also demonstrated previously that CF airway PMNs adapt to the metabolite-

rich conditions in the fluid by increasing metabolite transporter expression and glucose 

uptake (8). These prior findings support the hypothesis that CF airway fluid induces PMN 

migration into the airway lumen and their dysfunction therein, and that specific drugs may 

be used to modulate these processes. 
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As a potential cause of PMN dysfunction in CF, previous studies have shown that 

CFTR is localized to secretory vesicles in non-CF subjects and participates to phagosome 

acidification and microbicidal activities, and that in CF patients, CFTR dysfunction results in 

impaired intracellular killing (9). However, such a pervasive intrinsic defect in PMN killing 

should cause recurrent and systemic infection in CF, as observed in other primary 

immunodeficiencies, which is not the case. In CF, the bactericidal dysfunction is localized to, 

and apparently caused by conditions inherent to the lung micro-environment (10). Abnormal 

PMN function in CF airways can account for many of the anomalies observed in the disease. 

For example, excessive HNE release can increase epithelial synthesis and secretion of IL-8 

(perpetuating inflammation), reduced ciliary beat frequency (causing mucus stasis), and 

physical damage (11).  

In a recent breakthrough described in this thesis (Chapter 2), our group was able to 

mimic the pathological conditioning process as it impacts PMNs recruited to CF airways in 

vivo, using a novel airway epithelium /PMN transmigration model. In this model, airway 

supernatant (ASN) from CF patients added on top of the epithelium induces PMN 

migration and subsequent pathological conditioning. Remarkably, we found that exposure to 

CF ASN in our model triggers migration and  conditioning of naive PMNs not only from 

humans (either CF or healthy), but also from mice. This model is poised to become a useful 

tool to study mechanisms of CF airway inflammation and infection, and also to develop 

new, targeted immunomodulatory drugs. 

 

PMN antimicrobial function in CF airways. One of the vexing paradoxes of CF airway 

disease is that chronic bacterial infection is concomitant with the continued influx of PMNs. 



	

	
	

182 

Airway PMNs and bacteria may co-exist in CF airways in part due to potential innate defects 

of PMNs in CF, but work from our group and others has uncovered defects that are acquired 

upon recruitment to the airways. Proteolytic activity in the airways has been linked to 

cleavage and disabling of important phagocytic and opsonic receptors such as CXCR1 and 

C5aR (12, 13). In Chapter 2, we confirmed using our in vitro model system that PMNs 

recruited to CF ASN are less effective at killing P. aeruginosa compared to PMNs recruited to 

LTB4. We posit that this dysfunction is in large part due to conditioning by the CF airway 

milieu,  because it affects PMNs from healthy control subjects and wild-type mice used in 

the system. We also went on to show that metformin treatment was unable to restore normal 

bactericidal capacity of PMNs recruited to CF ASN.  There are many outstanding questions 

surrounding the mechanism driving this defective killing. For example, we do not know 

whether or not both intracellular and extracellular pathways of microbial killing are impaired 

in CF airway PMNs, and whether or not this killing defect is specific to certain gram-

negative microbes such as P. aeruginosa. Moreover, it will be interesting to explore the 

relationship between excessive granule exocytosis in PMNs as observed in CF airways in vivo 

and in our in vitro model, and the ability of such PMNs to fuse granules with the 

phagolysosome in order to maintain optimal intracellular killing capacity. This is especially 

important considering the well-documented ability of P. aeruginosa and other microbes to 

evade extracellular mechanisms of bacterial killing by ROS and antimicrobial peptides in CF 

and other diseases (14-17). 

 

Inflammasome activation driving airway inflammation in CF. The inflammasome is a 

key component of the innate immune response to pathogens. It is a group of multimeric 

protein complexes triggered by infection and tissue damage (18). Activation of the 
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inflammasome results in the release of inflammatory cytokines that allow for increased 

recruitment of immune cells. However, if dysregulated it also serves as a key component of 

chronic inflammation. In CF, levels of various cytokines and chemokines are increased as 

disease progresses. Unsurprisingly, extracellular IL-1β, which is dependent upon 

inflammasome activation, is increased in airway fluid from CF patients with ongoing 

infection (19, 20). Although macrophages are often thought as the major source of 

inflammasome-derived mediators, PMNs vastly outnumber them in CF airways. Here, we 

explored the contribution of the inflammasome in PMNs to CF airway inflammation 

(Chapter 3). 

To begin with, we demonstrated that IL-1β is significantly increased in CF compared 

to non-CF airways. However, the cellular source of this product of the inflammasome has 

been somewhat elusive, as the loss of CFTR in the epithelium was not shown to modulate 

IL-1β production (21). That study also showed that PBMCs derived from CF subjects 

secrete IL-1β in response to infection by P. aeruginosa. P. aeruginosa can also activate caspase-1 

and induce IL-1β secretion in infected macrophages. On the other hand, PMNs are the 

dominant leukocyte subset in CF airways, and express key components of the 

inflammasome, namely ASC, AIM2, and caspase-1 (localized in the cytoplasm and in 

secretory vesicle and tertiary granule compartments), and they secrete IL-1β when stimulated 

(22). Here we showed for the first time that in CF airway PMNs intracellular caspase-1 

activity is increased, as measured using FLICA, a membrane-permeable fluorescent probe 

that binds active caspase-1. CF airway PMNs also increase intracellular levels of IL-1β. 

Similarly, other IL-1 family members IL-1α and IL-18 are also elevated in CF sputum. 

It has been recently proposed that epithelium-derived IL-1α may act as a early sterile 

inflammatory signal recruiting PMNs to the airways before infection, potentially promoting 
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continued recruitment and eventual activation of the inflammasome in PMNs themselves, 

which in turn would perpetuate further PMN recruitment via IL-1β signaling (23). Of note, 

both IL-1β and IL-1α bind to and signal through IL-1R1, which we have shown to be 

elevated on CF airway compared to blood PMNs. From the results presented in Chapter 3, 

it is clear that inflammasome activation both in epithelial cells and PMNs is likely to play a 

role in the pathogenesis of CF airway inflammation, and may provide an interesting target to 

delay early PMN recruitment. To this effect, recent work studying the efficacy of 

recombinant IL-1RA (Anakinra) in CF found that it was able to reduce inflammasome 

activation (24), which warrants further validation. 

 

Pinocytosis as a potential route of pathological conditioning for CF airway PMNs. 

PMNs are recruited to CF airways by various pro-inflammatory stimuli, which are described 

in details in Chapter 1. Having crossed into the airways, PMNs continue to be conditioned 

by signals present in the airway milieu. As phagocytes, PMNs are adept at sampling and 

surveying the extracellular space for debris and microorganisms. Phagocytosis itself is one 

particular mechanism by which PMNs and macrophages endocytose such extracellular 

material. Phagocytosis generally follows the binding of specific receptors on the PMN 

surface by adaptor molecules (antibodies, complement), leading to the formation of a 

phagocytic cup, which is a specialized membrane microdomain dedicated to receptor-

mediated uptake (25). Another mechanism by which cells take up material is pinocytosis, which 

is particularly efficient for the internalization of soluble material and small particles present 

in the fluid phase to support cell growth and survival. Pinocytosis is an actin-dependent 

process that depends on the reorganization and invagination of the plasma membrane to 

allow for the creation of pinocytic cups, but unlike phagocytosis, it is not receptor mediated 
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(26). In immune cells such as PMNs, pinocytosis is an important regulator of antigen uptake 

and processing, but it can also mediate the uptake of bacteria, and in some cases, of viruses 

(27, 28). Extracellular nutrients that are taken up by pinocytosis can also modulate immune 

cell function and anabolic metabolism.  

In Chapter 2, we show for the first time that PMNs recruited to the CF airways 

increase their pinocytic activity, a process that interestingly is positively correlated with 

primary granule exocytic activity (Fig. 2.4). Such a functional link between PMN pinocytosis 

and primary granule exocytosis was suggested in prior work (29), which highlighted the 

importance of GlyRα2 / transient receptor potential melastatin 2/ p38 MAPK signaling in 

coordinating these two membrane movements (inward and outward, respectively). 

Therefore, it is interesting that in CF, which is dominated by excessive elastase release via 

primary granule exocytosis, PMNs also increase pinocytosis. This process may be important 

not only to counterbalance exocytosis (by reducing the plasma membrane surface area that is 

increased by exocytosis), but also as a critical nutrient uptake mechanism to support 

increased metabolism and lifespan of airway PMNs. As such, pinocytosis may be an 

interesting pathway to target to decrease PMN exocytosis and their survival in CF airways. 

 

 Metabolic adaptation of CF airway PMNs. The observation that CF airway PMNs are 

alive and actively exocytosing their primary granules has expanded our understanding of the 

contribution of PMNs to CF airway inflammation. Yet, it is still not understood how these 

cells are able to meet the robust metabolic demands that go with such a pronounced 

phenotypic change. To address this question, we explored whether PMN metabolism was 

altered after their migration and pathological conditioning in CF airways. In PMNs, the main 

energy-producing pathway is glycolysis. Because very few mitochondria are found in mature 
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PMNs, mitochondrial respiration accounts for only 5 percent of the glucose consumed by 

the PMNs, but because of its efficiency it provides nearly half of the ATP generated by these 

cells. Previous studies from our group sought to investigate the metabolic demands of 

PMNs in the airways. By direct flow cytometric analysis of CF airway samples, we found that 

a sizeable fraction of viable PMNs exhibited significant metabolic activity (8), and strong 

induction of mitogen activated protein kinase, cAMP response element binding (CREB) 

protein and mTOR signaling pathways (7). Activation of mTOR is of particular interest 

because it is highly conserved and has been shown to integrate signals from nutrients, energy 

demands, and inflammatory signals that are abundantly found in CF airways (30). In PMNs, 

mTOR signaling was previously shown to contribute to NET-mediated bacterial killing, 

which was reduced in the presence of the mTOR inhibitor rapamycin (31). Additionally, our 

group showed that PMNs in CF airways had increased expression of the glucose transporter 

Glut1, and increased uptake of glucose (8). 

In order to understand how these cells were altered in vivo and to determine which 

pathways were modulated, we analyzed mRNA from matched FACS-sorted airway and 

blood PMN fractions from CF patients by microarray. Surprisingly, changes over 2-fold 

were seen in 10% of the genes in PMNs, which are not traditionally thought to be 

transcriptionally active. A gene ontology analysis shows that up-regulated mRNAs in viable 

CF airway PMNs relate to translation elongation, ribosomal formation, and cellular 

component biogenesis, all processes regulated by metabolism. By contrast, mRNAs related 

to wound healing, programmed cell death and protein phosphatase activity were shown to 

be down-regulated (data not shown). 

The metabolic activation of CF airway PMNs is linked to the build up of agonists of 

metabolic signaling in the CF airway fluid, such as amino acids and other nutrients. It is now 
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increasingly appreciated that in order for an immune cell to unfold new function upon 

activation, there are increased needs on metabolic pathways to be fulfilled in order to 

support these new functions (32). Results shown in Chapter 2 further support the role of 

metabolism in regulating PMNs function in the context of CF airway disease. We showed 

that PMNs recruited to CF airway fluid in vitro recapitulate the increase in Glut1 expression 

seen in vivo, and that their oxygen consumption and glycolytic rates were also elevated. 

Metformin, an agonist of the AMPK pathway (which antagonizes mTOR) was able to 

decrease granule exocytosis in vitro, concomitantly with decreased baseline PMN metabolism.  

 

Modeling granulocytic inflammation in CF and other airway diseases. The strength of 

the in vitro transmigration model system highlighted in Chapter 2 is that it allows for study of 

the dynamics of the pathological conditioning process affecting PMNs recruited to the CF 

airway lumen. Transmigration towards CF ASN robustly induced primary granule exocytosis 

and loss of the phagocytic receptor CD16, just as observed in vivo (Fig. 2.1C-D). Similarly, 

the model recapitulated the activation of the inflammasome with a time-dependent increase 

in intracellular caspase-1 activity and inflammasome signaling, as detailed in Chapter 3. 

These results illustrate the ability of our model to effectively recapitulate known changes 

seen in vivo, and also identify novel pathways that may be at play, which can then be validated 

by directed analyses of in vivo samples (i.e., bedside to bench, and back). Importantly, we 

observed that pathological conditioning did not occur upon simple incubation of PMNs 

with CF ASN, or when CF blood PMNs were transmigrated to HC ASN. These results 

emphasize the critical role of transmigration in the process of PMN pathological 

conditioning, and identify the CF airway micro-environment as the primary inducer of this 

process.  
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In addition to the effects of metformin treatment discussed above, we found that 

treatment with the NLRP3 inflammasome inhibitor MCC950 was able to reduce caspase-1 

activity induced upon PMN transmigration to CF ASN in vitro. Together, these observations 

show that our model can be used effectively to test drug candidates. Next, we will move to 

leverage this unique in vitro model for the testing of drug candidates able to target the 

pathological PMN phenotypes observed in a broader way. Another novel aspect of the 

model is the ability to utilize PMNs from different sources. To allow for more mechanistic 

studies, we tested whether PMNs from mice would act similar to the human PMNs used 

routinely. Indeed, we observed that murine PMNs recapitulated the phenotype seen both in 

vivo and in our in vitro system using human PMNs. This lays the foundation for studies using 

transgenic and knockout (KO) mice to study the mechanisms that control PMN pathological 

conditioning, as illustrated by our use of PMNs from caspase-1 KO mice in Chapter 3. 

Moving forward, we are actively working to develop and microfabricate a medium-

throughput version of our in vitro model system that will allow us to scale up and test a larger 

set of candidate drugs for their ability to modulate PMN dysfunction in CF. Another 

important extension of our approach stems from the observation detailed in Chapter 2 that 

our in vitro system can be easily modified to accommodate ASN and cells relevant to other 

airway inflammatory diseases such as COPD and asthma. In those experiments, we showed 

that ASN from those patients was also able to recruit and condition PMNs in vitro. Recent 

unpublished work in our group utilized this model to study phenotypic changes occurring in 

eosinophils as well as PMNs, both of contribute to the development of asthma endotypes in 

vivo (Fig. 5.1). Comparative analysis of results obtained in our in vitro system with those 

obtained in the direct analysis of eosinophils isolated from the airway fluid of asthmatics 

again showed the strong translational potential of this modeling approach (Fig. 5.2). 
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Targeting pathological conditioning in CF airway PMNs. Our in vitro model has 

allowed us to make significant advances in identifying new pathways at play in PMN 

dysfunction in vivo. However, targeting PMNs in vivo is limited by our ability to effectively 

deliver drugs to these cells as they sit within the lungs of patients. To address this issue, we 

attempted to leverage a key functional change we observed in CF airway PMNs and 

described in Chapter 2, namely, the induction of a high pinocytic activity that makes them 

particularly apt at capturing small particles. In addition, we reasoned that CF airways being 

highly proteolytic, this property could be used to unpack drug payload. 

 In collaboration with the Roy group at Georgia Tech, we developed microgels that 

are kept intact by an outer structure of crosslinking NE-cleavable peptide, in which we 

encapsulated nanoparticles loaded with a drug payload ("nano-in-micro" delivery approach). 

We tested these nano-in microgels first in our in vitro model system, which uses the relevant 

biological milieu, i.e., CF ASN, as its site for PMN transmigration, and for drug testing. First, 

using fluorescent polystyrene nanoparticles encapsulated within NE-degradable microgels, 

we showed that PMNs transmigrated to CF ASN to which these nano-in microgels were 

added readily took up the nanoparticles and became fluorescent, after the NE-cleavable 

microgels were degraded, as expected (Fig. 5.3A). 

 Next, we texted the efficacy of this method for in vivo delivery to PMNs in an acute 

LPS-induced lung injury model in mice. Similarly to our in vitro model, we found that PMNs 

were recruited to airways in this in vivo  model exocytosed their primary granules, leading to 

an increase in extracellular NE levels in the BAL (Fig. 5.3B-E). Importantly, we confirmed 

both degradation of the NE-cleavable microgels and uptake of nanoparticles by 

inflammatory PMNs in the BAL. Further studies are now needed to validate these proof-of-
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concept data, and confirm whether this delivery platform has promise in providing precise 

targeting of exocytic/pinocytic PMNs in CF using protease-dependent triggers for delivery 

of drug payload. 

 

Extracellular vesicles in CF airways regulate PMN conditioning. Our work has 

established a critical role for the airway milieu in conditioning recruited PMNs. However, it 

is still unclear which components of the fluid drive this altered phenotype of CF airway 

PMNs. Preliminary work in our group sought to address this question by fractioning the 

airway fluid, using  filters with specific molecular weight restrictions. Using this method, we 

saw quite strikingly that the higher molecular weight fraction (>300 kDA), which contains 

EVs and other complexes, alone was able to induce the conditioning of PMNs we have 

documented in details in Chapters 2 and 3. These observation also build on data presented 

in Chapter 3 that illustrated the role of EVs in CF sputum in perpetuating inflammasome 

activation in PMNs and airway epithelial cells. We also went on to show that PMNs 

themselves are significant sources of  inflammatory EVs in vitro. 

 EVs have been implicated as important pathophysiological mediators in other airway 

inflammatory diseases such as asthma. In some cases, EVs are anti-inflammatory in nature, 

as argued in a recent study in which PMNs were shown to produce and transfer EVs 

containing  micro-RNAs to airway epithelial cells, dampening inflammatory signaling and 

lung injury (33). By contrast, exosomes (a type of EVs) enriched in the lungs of asthma and 

found to be mostly epithelial in origin were able to mediate the proliferation and migration 

of macrophages (34). Another study comparing airway exosomes between healthy and 

asthmatic subjects found that the latter promoted IL-8 release from airway epithelial cells 

(35). These and other data suggest that airway EVs may play a critical role in conditioning 
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recruited PMNs, and could serve as biomarkers and potential therapeutic vehicles, and 

targets, to modulate PMN-driven inflammatory in intractable airway diseases.  

 

Conclusion. Studies presented here highlight the pivotal role that PMNs play in one 

shaping the lung microenvironment, and are themselves influenced by changes in that 

microenvironment that emerge in the context of chronic inflammatory airway diseases. 

Moreover, our studies emphasize the role that functional and metabolic pathways play in  

shaping adaptations characteristic of pathogenic PMNs. These findings suggest new ways by 

which we may leverage this new understanding to develop PMN-targeted therapies. Our 

studies also establish a potentially groundbreaking in vitro model system, which, as we 

showcased, allowed us to gain deeper insight into CF airway inflammation, but also to 

identify new targets that have the potential to be translated into the clinic. Ultimately, 

through these studies we have gained new insights into mechanisms by which PMN 

recruited to the airways orchestrate and dominate the immune response and overall 

pathogenesis in patients with CF and, potentially in other inflammatory airway diseases. 
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Figure 5.1 Phenotyping of sputum PMNs and Eos in asthma. Sequential gating of 

single, live, sputum PMNs and Eos is shown on the left (Eos are SScHi, CD66bHi, and 

Siglec8+ -not shown). Comparative phenotyping of whole blood (WB, grey), and airway 

(AW, black) PMNs and Eos shows differential degranulation (e.g., CD62L, CD66b, CD63, 

CD16) and activation (e.g., intracellular caspase-1 activity, expression of T-cell inhibitory 

effectors arginase-1 and PD-L1, and of its binding partner, PD-1). 
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Figure 5.2 Recruitment of eosinophils to asthma SSN in our in v i tro transmigration 

model system. Shown are levels of surface CD66b, and CD63, comparing baseline to 

asthma SSN and LTB4. Eos were harvested after 10 or 18h PTM. 
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Figure 5.3. Degradation of NE-cleavable microgel, and nanoparticle uptake by 

PMNs recruited to lungs. A. Maximal uptake is seen with human PMNs transmigrated to 
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CF ASN (reprogrammed) and incubated with nano-inside-microgels in CF ASN for 60 

minutes. B-C. The concentration of NE and surface CD63 expression were assessed on live 

BAL PMNs. D. Percent uptake of nanoparticles by mouse BAL PMNs after LPS treatment 

was assessed by flow cytometry. E. Degradation / clearance of microgels in LPS- and saline-

treated mice showing a significant difference at 6, but not 1 or 22 hours in vivo (N = 5). 
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