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Abstract

Background: Excessive neutrophil inflammation is the hallmark of cystic fibrosis (CF) airway 

disease. Novel technologies for characterizing neutrophil dysfunction may provide insight into the 

nature of these abnormalities, revealing a greater mechanistic understanding and new avenues for 

CF therapies that target these mechanisms.

Methods: Blood was collected from individuals with CF in the outpatient clinic, CF individuals 

hospitalized for a pulmonary exacerbation, and non-CF controls. Using microfluidic assays and 

advanced imaging technologies, we characterized 1) spontaneous neutrophil migration using 

microfluidic motility mazes, 2) neutrophil migration to and phagocytosis of Staphylococcal 
aureus particles in a microfluidic arena, 3) neutrophil swarming on Candida albicans clusters, 
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and 4) Pseudomonas aeruginosa-induced neutrophil transepithelial migration using micro-optical 

coherence technology (µOCT).

Results: Participants included 44 individuals: 16 Outpatient CF, 13 Hospitalized CF, and 15 

Non-CF individuals. While no differences were seen with spontaneous migration, CF neutrophils 

migrated towards S. aureus particles more quickly than non-CF neutrophils (p<0.05). CF 

neutrophils, especially Hospitalized CF neutrophils, generated significantly larger aggregates 

around S. aureus particles over time. Hospitalized CF neutrophils were more likely to have 

dysfunctional swarming (p<0.01) and less efficient clearing of C. albicans (p<0.0001). When 

comparing trans-epithelial migration towards Pseudomonas aeruginosa epithelial infection, 

Outpatient CF neutrophils displayed an increase in the magnitude of transmigration and adherence 

to the epithelium (P<0.05).

Conclusions: Advanced technologies for characterizing CF neutrophil function reveal 

significantly altered migratory responses, cell-to-cell clustering, and microbe containment. Future 

investigations will probe mechanistic basis for abnormal responses in CF to identify potential 

avenues for novel anti-inflammatory therapeutics.
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Introduction:

Cystic fibrosis (CF), a genetic disease caused by a mutated cystic fibrosis transmembrane 

conductance regulator (CFTR) gene that results in a dysfunctional or absent epithelial 

chloride channel, is characterized by maladaptive neutrophilic inflammation. Clinically, 

individuals with CF have chronic airway infections, with thick neutrophil-laden mucus, 

which leads to a progressive decline in lung function, ultimately resulting in early death 

from respiratory failure. As neutrophils are key drivers of the hyper-inflammatory state 

associated with CF, there remains considerable interest in understanding how CF neutrophils 

function in comparison to non-CF neutrophils. It is well established that CF airways 

have increased IL-8 and neutrophil elastase, reflecting the increased neutrophil presence. 

Leukotriene B4 (LTB4) is also increased in the airways of adults with CF (1). Interestingly, 

children with CF with negative bronchoalveolar lavage (BAL) cultures have LTB4 levels 

comparable to healthy controls, but children with CF with BAL cultures growing pathogenic 

bacteria have substantially more LTB4 than non-CF pediatric individuals growing the same 

pathogens (2), suggesting an excessive, dysregulated LTB4 response in CF individuals as 

a result of infection. CF neutrophils have also been reported to have increased migration 

to IL-8 (3), increased activation of the inflammasome with increased IL-1β production (4, 

5), and dysfunctional phagolysosomes resulting in the ineffective killing of bacteria (6, 7). 

Prior research studying neutrophil transepithelial migration in CF has focused on the role of 

CF epithelium or the consequences of transepithelial migration on neutrophil phenotype (8), 

rather than the intrinsic properties of neutrophils from individuals with CF (3).

Characterizing neutrophil function has dramatically improved with the emergence of 

new technology. Microfluidic devices combined with time-lapse microscopy enable single-
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neutrophil resolution analysis using small amounts of whole blood. Such microfluidic 

tools have been applied to study the ability of neutrophils to squeeze through tight 

spaces (9–11), retrotax from tissues to circulation (12, 13), cooperate during swarming 

behavior (14, 15), phagocytose and kill pathogens (16), and spontaneously migrate in 

the absence of chemoattractants (17). Micro-optical coherence tomography (µOCT) is a 

novel label-free cross-sectional imaging technology with sub-cellular resolution that enables 

the visualization of cell migration through mucosal barriers in vitro and in vivo (18–21). 

Probing the functional aspects of neutrophils using novel technologies has dramatically 

advanced our understanding of immune responses in sepsis (17, 22), trauma and burn 

injuries (23, 24), diabetes (25), chronic granulomatous disease (15), organ transplant (9, 

26, 27) and Alzheimer’s disease (28), and can play an important role in furthering our 

understanding of neutrophil dysfunction in CF.

Here, we aim to illuminate specific aspects of CF neutrophil dysfunction that may explain 

the accelerated influx of neutrophils with an aberrant function within the CF airways. We 

used advanced technologies to analyze several aspects of neutrophil activities, including 

spontaneous migration, migration towards infectious particles and whole pathogens, 

swarming and phagocytosis, and trans-epithelial migration. Further, we sought to ascertain 

differential neutrophil responses from individuals with CF seen in the outpatient clinic, 

individuals with CF experiencing a pulmonary exacerbation, and individuals without CF. 

Understanding these differences will provide valuable insights into disease pathogenesis and 

opportunities for anti-inflammatory therapies in CF.

Materials and Methods

Human subjects

Individuals with CF who were seen in the outpatient clinic or who were hospitalized for a 

pulmonary exacerbation, plus healthy individuals without CF, were recruited to participate 

in this IRB-approved protocol (MGH IRB # 2011P000620). After informed consent was 

obtained, blood was collected for processing. Medical information was extracted from the 

electronic medical record.

Spontaneous Neutrophil Motility Assay

Spontaneous neutrophil behavior from the blood was studied using previously validated 

microfluidic motility mazes (17). Microfluidic devices provided eight fields of view, each 

containing one motility maze. Devices were primed with Iscove’s Modified Dulbecco’s 

Medium (IMDM) containing 20% fetal bovine serum (FBS). Whole blood from subjects 

was diluted 1:1 in IMDM with 20% FBS, then 1 μL of diluted blood was pipetted into 

the device’s center. Using time-lapse brightfield microscopy (CytoSMART LUX2 system, 

Eindhoven, The Netherlands), neutrophil positions were recorded every 10 seconds, for 4 

hours at 37 °C. Neutrophil motility parameters were analyzed by manually tracking the cells 

using ImageJ/Fiji (NIH) analysis software. The percentage of maze coverage was obtained 

by recording the total amount of channels and edges that were visited by neutrophils in 

4 hours using a multi-point tool. The total percent of the maze covered was calculated 

using: (3.84*number of channels) + (0.58*number of edges), where 3.84 and 0.58 are the 
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percentage of one channel and one edge, respectively. The overall percent maze coverage 

for a sample was then obtained by averaging the values obtained in all 8 mazes. The NSM 

score was calculated as previously defined: NSM = N*(R + A + O + AD)/1000 where N is 

the total number of neutrophils moving spontaneously (in all eight mazes), and R, A, O, AD 

are numerical values quantifying the retrotaxis, arrest, oscillations phenotypes and average 

distance migrated by the spontaneously migrating neutrophils, respectively(17).

Neutrophil Recruitment and Phagocytosis Assay

We probed direct interactions between S. aureus particles and neutrophils using previously 

validated microfluidic arenas (16). The device includes multiple chambers arrayed inside a 

larger channel and connected by narrow migration channels. Central reservoirs were primed 

with S. aureus particles labeled with Alexa Fluor 488 and fMLP (100 nM) in IMDM/ 

20% FBS while the outer chamber was filled with IMDM/ 20%FBS only. A suspension of 

neutrophils was then prepared from a small volume of whole blood via enhanced red blood 

cell (RBC) sedimentation following mixing with heparinized media and HetaSep (2:2:1 

ratio, StemCell, Vancouver, Canada) and then gently injected into the outer chamber of the 

device. Using fluorescent time-lapse microscopy, we monitored neutrophil recruitment and 

phagocytosis in response to labeled particles every 5 minutes over 5 hours. Neutrophil 

recruitment was tracked and analyzed using ImageJ/Fiji (NIH) analysis software with 

TrackMate automated tracking for fluorescent time-lapse images. Phagocytosis parameters 

were also measured using ImageJ/Fiji analysis software using automated thresholding to 

measure areas of phagocytosed at interval time points.

Neutrophil Swarming Assay

We examined neutrophil swarming responses using in vitro microscale arrays, previously 

validated to allow the interrogation of swarming responses to live microbial clusters (15). 

Briefly, poly-l-lysine/ZETAG spots of 100 µm diameter are printed in arrays on glass slides. 

We place 16-well attachments to these slides (Grace Bio-labs), then add live C. albicans 

constitutively expressing far-red protein (29) to the wells. C. albicans is incubated for 5 

minutes to allow adherence to the wells. Then, excess yeast is washed off with PBS. Slides 

are screened for complete patterning of yeast on the arrays and minimal non-specific binding 

before use. Primary human neutrophils from non-CF, CF-outpatient, and CF-hospitalized 

individuals are isolated from whole peripheral blood by magnetic separation according to 

the manufacturer’s protocol (Stemcell). Neutrophils are stained with Hoechst prior to use. 

Five hundred thousand neutrophils are added to each well as appropriate, and then swarming 

responses are followed via fluorescent time-lapse microscopy for at least 12 hours. Fungal 

growth and swarm area are quantified at the specified time points (16 hours for fungal 

growth) by manually tracing the area of fungal growth, including any hyphae, or the area 

covered by neutrophils in ImageJ/Fiji (NIH). Fungal growth is manually outlined using the 

brightfield and far-red fluorescent channels to accurately ascertain coverage by fungi at each 

cluster site. Swarm area is manually outlined using the DAPI fluorescent channel.

µOCT imaging of the neutrophil transepithelial migration assay

Neutrophil migration across an infected airway was studied using an inverted air-liquid 

interface (ALI) in vitro co-culture model and protocol as previously reported (19, 20). 
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Paired experiments (n=7) were performed sequentially with CF-outpatient and non-CF 

neutrophils, with variation in the order of analysis from experiment to experiment. Sub-

cellular resolution, 3D time-lapse µOCT (18, 19) videos of the neutrophil migration were 

recorded by scanning the µOCT imaging beam over a 1×1 mm lateral width every 10 

minutes for 2 hours. Using binarized µOCT images, volumes representing neutrophils 

in the apical compartment were quantified over time to study the kinetics of neutrophil 

transepithelial migration. The volume of neutrophil migration was converted to numerical 

counts based on the pre-determined mean diameter of neutrophils, (Supplemental Fig. 1a; 

13.5 ± 2.2 µm, mean ± S.D.), which was similar between the CF-outpatient and non-CF 

groups. The mean neutrophil column area, representing a cluster of neutrophils migrating 

across the epithelium in unison, was determined from en face images at approximately 10 

µm below the monolayers. Adherent neutrophil columns in binarized en face images were 

segmented with Watershed algorithm. Image processing and calculations were performed 

using ImageJ (30) and Matlab (Mathworks Inc).

Myeloperoxidase Activity

Cell-associated myeloperoxidase (MPO) activity / neutrophil was quantified 

using a colorimetric assay employing the peroxidase substrate 2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid (ABTS). First, the number of neutrophils in the assay 

was determined by counting a sample on a hemocytometer. Then, neutrophils are lysed 

with 0.5% triton X-100 and the lysate is transfered to a 96-well plate. After H2O2 and 

ABTS substrate solutions are added to the plate, the peroxidase activity is determined 

on a microplate reader from the optical density determined at wavelength of 405 nm 

(31). Supplemental Fig. 1b displays a representative standard curve for CF and non-CF 

individuals.

Statistical methods

Results were analyzed using one-way ANOVA with Tukey’s multiple comparison test, 

Kruskal-Wallis with Dunn’s post-test, and paired t-tests in Prism (GraphPad Software Inc.). 

Categorical comparisons were completed using Fischer’s exact test.

Additional methodologic detail can be found in Supplemental Materials.

Results

Twenty-nine individuals with CF and 15 individuals without CF (Non-CF) were enrolled in 

the study. Individuals with CF were defined as having two CF-causing mutations, positive 

sweat chloride results, and a clinical diagnosis of CF. Non-CF controls were defined as 

individuals over 18 years of age without any medical history of autoimmune disease or 

immunodeficiency, anti-inflammatory medication use, or symptoms of illness. The average 

age was 27.4 years and 35.6 years for the Non-CF and CF individuals, respectively. One-

third of Non-CF individuals were male, whereas the CF participants were more equally 

gender-matched (Table 1).

Individuals with CF were comprised of two groups: individuals seen in the outpatient 

clinic with baseline symptomatology (CF-outpatients) and individuals hospitalized during 
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a pulmonary exacerbation (CF-hospitalized). There was no significant difference in age or 

lung function between the CF groups. However, CF-hospitalized trended younger (31.4 vs. 

39.1 years, CF-hospitalized vs. outpatient, respectively), with lower lung function (FEV1 

39.7% vs. 51.5% predicted). CF-hospitalized had lower body mass index (BMI) (19.8 

vs 25.5 kg/m2, Students t-test, P=0.001), reflecting more advanced disease. Additionally, 

more CF-hospitalized individuals had catheters implanted for central venous access (46.2% 

vs. 12.5%, Fischer’s exact test, P<0.001). Overall, CF co-morbidities and genotypes were 

reflective of the CF population, with the most common co-morbidities being pancreatic 

insufficiency and CF-related diabetes (Table 1).

The genotype for all CF individuals was documented. At the time of this study, CFTR 

modulators, which are new therapies that improve CFTR production and/or function, were 

available for individuals with two F508del mutations (lumacaftor/ivacaftor and tezacaftor/

ivacaftor) and individuals with one gating mutation (ivacaftor). None of the CF-outpatients 

were taking CFTR modulators, compared to five of the CF-hospitalized group.

To understand differences that may contribute to the neutrophilic, hyper-inflamed state of 

the CF lung, we studied neutrophil functionality in a series of assays reflecting key aspects 

of neutrophil antimicrobial defense in the CF lung. Neutrophil spontaneous migration, 

migration towards and engulfment of microbial particles, swarming around and killing of 

a live pathogen, and migration across an infected airway were all examined with CF and 

non-CF neutrophils.

CF neutrophils do not have increased spontaneous migration.

First, we sought to assess whether CF neutrophils display differences in motility. We 

employed a recently designed microfluidic assay that monitors spontaneous neutrophil 

migration in one microliter of diluted blood for 4 hours (Figure 1A). To assess whether 

CF neutrophils were more likely to be active during a pulmonary exacerbation, we 

included neutrophils from both CF-outpatient and CF-hospitalized groups. We measured no 

significant differences in neutrophil velocity between Non-CF neutrophils and neutrophils 

from either CF-outpatient or CF-hospitalized individuals (Figure 1B). We also quantified 

maze coverage, as a measure of the ability of neutrophils to patrol large areas and found 

no difference between the three groups of donors (Figure 1C). Neutrophil spontaneous 

migration (NSM) scores were calculated for each patient group based on several parameters, 

such as the number of neutrophils, distance traveled, and phenotypic migration parameters 

(Supplementary methods). We measured no differences in motility between neutrophils from 

the three groups of donors (Figure 1D). The relationship between NSM score and maze 

coverage was highly linear (R2=0.81).

CF neutrophils display aberrant phagocytosis of microbe particles.

We then tested the ability of neutrophils to chemotax towards fMLP sources and to 

phagocytose fluorescently labeled Staphylococcus aureus particles inside microfluidic 

arenas (Figure 2A, Supplemental Video 1, Supplemental Video 2). We quantified the 

number of neutrophils entering the arenas then measured the size of particle aggregates 

inside the neutrophils. Particle aggregates < 100 µm2 primarily represent events involving a 
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single neutrophil (Figure 2B, left two columns). Particle aggregates > 100 µm2 are usually 

associated with the swarming of multiple neutrophils (Figure 2B, right two columns). 

Larger particle aggregates form when multiple neutrophils carrying particles converge to 

one spot. When assessing neutrophil migration towards S. aureus particles, CF neutrophils 

are recruited more quickly into the arena than non-CF neutrophils (Figure 2C). The percent 

incidence of various sized phagocytosed particle aggregates was determined for each patient 

neutrophil group following the 5-hour incubation (Figure 2D). We found that non-CF 

neutrophils display the greatest percentage of particle aggregates less than 15 µm2, as 

compared to CF groups (Figure 2E), whereas CF neutrophils show a higher percentage 

of particle aggregates greater than 100 µm2 (Figure 2F). These results suggest that the 

phagocytosis load is more heterogeneous among CF compared to non-CF neutrophils. 

We also observed significantly larger phagocytosed particle aggregates formed inside both 

CF-outpatient and CF-hospitalized neutrophils within the first 30 minutes. The average 

aggregate size continued to increase throughout the 5-hour incubation in CF-hospitalized 

neutrophils (Figure 2G). Additionally, when large aggregates were formed, their size was 

significantly larger in CF-hospitalized neutrophils than both non-CF and CF-outpatient 

(Figure 2H).

CF neutrophils display altered swarming phenotypes and deficient microbial restriction.

Neutrophil swarming assays, comprised of microscale arrays of living microbes as swarming 

targets, facilitated comparative qualitative and quantitative measurement of neutrophil 

swarming and capacity to restrict pathogen survival/growth (15). DAPI-stained neutrophils 

were added to microtiter plates containing Candida albicans expressing far-red fluorescent 

protein; swarming patterns and fungal coverage was quantified over 12 hours (Figure 3A). 

Although C. albicans is not typically considered pathogenic in CF, it is a useful microbe 

for testing neutrophil function and swarming behaviors (15). No differences in swarming 

patterns were seen when comparing non-CF neutrophil responses with combined CF patient 

groups (Figure 3B). However, we detected significant heterogeneity of neutrophil swarm 

size in the CF-hospitalized group, which appeared to be bimodal. The size of the neutrophil 

swarms was either smaller or larger in CF-hospitalized as compared to either non-CF or 

CF-outpatient neutrophils (Figure 3C, Supplemental Figure 2, Supplemental Video 3). Of 

note, these differences did not correlate with whether the CF-hospitalized individual was 

taking a CFTR modulator. Further, there were no significant differences between groups 

in the neutrophils ability to generate LTB4 (Figure 3D), a key factor driving neutrophil 

swarming(32). Regardless of neutrophil swarm size, CF-hospitalized neutrophils appeared to 

be defective in their ability to restrict pathogens. CF-hospitalized neutrophil swarms allowed 

significantly more growth of C. albicans than the non-CF and CF-outpatient swarms (Figure 

3E-F). Together, these results demonstrate that neutrophil swarming function is significantly 

altered in the CF-hospitalized individuals.

CF neutrophils exhibit altered bacterial-induced transepithelial migration

High-resolution 3D time-lapse µOCT videos were used to study the differences between CF-

outpatient and non-CF neutrophil migration across an airway epithelium pre-infected with 

Pseudomonas aeruginosa, strain PAO1 (Figure 4A). 3D µOCT images were acquired at 10-

minute intervals over 2 hours after neutrophil migration was initiated by adding neutrophils 
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to the basolateral side of infected airway epithelial cells (Figure 4B, Supplemental Video 

4, Supplemental Video 5). The µOCT videos captured the dynamical process in which 

neutrophils entered and breached the epithelial barrier, migrating from the basolateral to 

the apical side. Neutrophil transepithelial migration occurred in clusters or columns of 

neutrophils, whereby columns would breach the epithelial barrier and remain aggregated on 

the apical side until individual neutrophils break free and descend to the bottom of the well.

There were multiple aspects of transepithelial migration that were found to be significantly 

different between CF-outpatient and non-CF neutrophils. We selected the 60-minute time 

point to compare paired experiments between CF and non-CF neutrophils. A significantly 

greater number of CF neutrophils migrated across the epithelial layer (Figure 4C; P<0.05) 

and remained adherent to the epithelium (Figure 4D; P<0.05) compared to non-CF 

neutrophils. In addition, CF neutrophils formed larger adherent neutrophil clusters, or 

“columns” compared with non-CF neutrophils (Figure 4E; Supplemental Figure 3; CF; 

P<0.01). The maximum number of migrated neutrophils varied between experiments, and 

the time to reach maximal influx of CF neutrophils trended toward more rapidly than 

with non-CF neutrophils (Figure 4F; CF 70.0 ± 8.2 minutes; non-CF 82.9 ± 22.9 minutes; 

P=0.11). Additionally, to assess enzymatic capability within neutrophils, MPO activity was 

quantified and compared between non-migrated, unstimulated neutrophils from CF and 

non-CF individuals. CF neutrophils exhibit more cell-associated MPO activity than non-CF 

neutrophils (Figure 4G; P<0.05), a finding that is consistent with previous reports (33). 

Representative standard curves display MPO generated across a pre-determined number of 

non-migrated, unstimulated neutrophils from a CF and non-CF individual (Supplemental 

Figure 4).

Discussion

Despite significant therapeutic advances with CFTR modulation, destructive airway 

inflammation remains a major concern for individuals with CF. Individuals on CFTR 

modulator therapy continue to develop pulmonary exacerbations (35), particularly those 

with advanced lung disease. Further, CFTR modulator therapy is not effective for all CF 

genotypes. Therefore, it is critical to continue to advance our understanding of airway 

inflammation in CF to provide insight into possible therapeutic avenues. In this study, 

we show that neutrophils from individuals with CF have increased bacterial-induced 

chemotaxis, altered neutrophil clustering behavior, and defective microbial containment and 

clearance.

Neutrophil migratory dysfunction in CF

Although CF neutrophils express abnormal surface markers that facilitate migration such 

as increased E-selectins (36) and P-selectins (37), with decreased shedding of L-selectins 

(38), and the CF airway milieu is plentiful with endogenous neutrophil chemotactic signals 

such as IL-8 (39), the migratory capacity of the CF neutrophil itself in this context is 

unclear. In our study, we found that in the absence of endothelial and epithelial interaction or 

chemotactic gradients, CF neutrophils did not exhibit any differences in migratory capacity. 

This contrasts with other hyper-inflammatory states with increased spontaneous neutrophil 
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migration (22). However, the addition of an infectious signal stimulates increased neutrophil 

migration, as was seen with increased migration towards S. aureus particles and towards P. 
aeruginosa-infected epithelium. This could be because CF neutrophils are already primed by 

the presence of chronic infection to migrate quickly to infection sites.

Indeed, neutrophils pre-stimulated with LPS display increased migration toward a second 

chemotactic signal (40), likely mediated by the release of a secondary chemoattractant, 

such as LTB4, augmenting chemotactic signals for neutrophil migration (41, 42). In CF, 

priming of neutrophils by low level endotoxemia has proven to increase the release of 

IL-1β by the NOD-LRR-and pyrin domain-containing protein 3 (NLRP3) inflammasome 

in a CFTR-independent manner (5). IL-1β, a central pro-inflammatory cytokine, in turn, 

stimulates LTB4 release, augmenting chemotaxis.(43) Priming of CF neutrophils in the 

setting of chronic airway infection could increase CF chemotaxis towards infectious sites.

Dysfunctional neutrophil clustering in CF

Dense conglomerates of neutrophils and neutrophil byproducts are the hallmark of cellular 

inflammation seen in CF airways. However, neutrophil interactions with other neutrophils 

have not been well-defined in CF. Our study revealed that neutrophils from individuals 

with CF showed increased cluster formation around S. aureus particles, abnormal swarm 

patterns for CF-hospitalized neutrophils, and increased cluster/column formation following 

trans-epithelial migration. Accelerated neutrophil clustering marked by larger aggregates 

among CF neutrophils may reflect altered chemotaxis, changes in adhesion receptors, 

or changes in neutrophil-neutrophil communication. Neutrophil auto-activation increases 

ROS formation (44), feeding into the pro-inflammatory environment. Understanding the 

mechanisms driving the abnormal neutrophil clustering could provide insight into the 

hyperinflammatory environment seen in the CF airways.

Our studies also showed that CF neutrophils are more likely to remain adherent to 

the epithelial surface over long periods of time, forming large focal aggregates, as 

visualized by µOCT. This increased neutrophil-epithelial interaction in CF could imply 

altered neutrophilic expression of adhesion molecules, such as CD18(19), or rapid post-

migratory neutrophil activation (i.e. NETosis(45)) near the epithelial surface, whereby 

the sticky, expelled DNA impedes migration of neutrophils. Additionally, when activated, 

neutrophils can cause bystander damage, expelling enzymatic materials either by exocytosis 

or NETosis(46). Clumping near the epithelial surface may theoretically result in damage to 

the epithelial surface, particularly when taking into account the increased rate of neutrophils 

migrating, the number of neutrophils adherent to the epithelium and the enzymatic activity 

within a neutrophil (MPO). This combination suggests a potential for increased epithelial 

damage associated with CF neutrophil recruitment, underscoring the possible implications of 

hyperinflammation in the CF airway.

Dysfunctional microbe containment and killing in CF

CF neutrophils are known to have defective bacterial killing, likely related to the inability of 

CFTR deficient lysosomes to acidify and kill pathogens (47). Our studies support abnormal 

microbial containment and clearance as well, shedding light on additional features of 
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neutrophil dysfunction. CF neutrophils, particularly those from CF-hospitalized individuals, 

rapidly phagocytose a large number of S. aureus particles and appear to stimulate further 

neutrophil recruitment. Neutrophils from non-CF individuals are more likely to distribute 

the uptake of particles across multiple neutrophils and do not form large aggregates. 

Additionally, CF neutrophils from hospitalized individuals, with either increased or 

decreased swarming activity, had reduced ability to contain C. albicans growth. This result 

suggests that regardless of the neutrophil recruitment stimulus, the neutrophils themselves 

are less effective at clearing microbes. This finding in CF-hospitalized individuals overall 

suggests a deterioration of neutrophils’ microbial containment and killing in advanced 

disease and during a pulmonary exacerbation.

These observations highlight the need to better understand the mechanisms driving 

hyperinflammation in CF. Others have shown that low-level endotoxemia in CF, likely 

from chronic lung infection, alters immunometabolism within the neutrophil, resulting in 

increased IL-1β production via cleavage of pro-IL-1b by capsase-1 within the NLRP3 

inflammasome.(5) This cleavage occurs in the LPS-rich CF lung and is significantly 

reduced in individuals with lung transplantation but unaffected by CFTR modulation, 

suggesting CF-independent mechanisms driving neutrophilic inflammation.(5) Research 

bridging mechanisms of airway inflammation in CF with highly advanced technology for 

characterizing neutrophil dysfunction are needed.

Our study had several limitations. First, these assays were developed and validated using 

pathogens or pathogenic strains not classically observed in the CF lung. However, the goal 

of this study was to assess neutrophil function in the context of CF. Future studies will 

be critical to determine whether more pathogenic strains or other pathogenic organisms 

elicit similar aberrations in CF neutrophils as detailed here. Additionally, neutrophils were 

isolated using a variety of methods, each with potential limitations. For assays using gelatin 

sedimentation and RBC lysis (transmigration, LTB4 production, MPO production), other 

immune cells purified together with the neutrophils might have impacted the observations. 

Additionally, future studies are needed to assess the contributions of CF ALI, rather than 

non-CF cell line-derived epithelium, towards neutrophil migration and activation.

The differences observed in this study do not distinguish between inherent abnormalities in 

CF neutrophils vs. acquired defects as CF study participants primarily included adults with 

more advanced disease. Although a subgroup of CF-hospitalized individuals was on CFTR 

modulators, this subgroup did not differentiate itself from those not on CFTR modulators. 

This lack of difference suggests the neutrophil defects seen are CFTR-independent; The 

effect of CFTR modulators on neutrophil function warrants further evaluation. Additionally, 

neutrophil abnormalities in the CF-hospitalized group may occur in other acute illness or 

pulmonary infections. Follow up studies, including non-CF bronchiectasis controls, could 

add clarity to our findings.

Despite significant therapeutic advances with CFTR modulation, destructive airway 

inflammation remains a major concern for individuals with CF. Individuals on CFTR 

modulator therapy continue to develop pulmonary exacerbations(35), particularly those 

with advanced lung disease. Further, CFTR modulator therapy is not effective for all CF 
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genotypes. Therefore, it is critical to continue to advance our understanding of airway 

inflammation in CF to provide insight into possible therapeutic avenues.

Conclusion

Individuals with CF display dysfunctional neutrophilic inflammatory responses, which could 

contribute to the progression of airway disease. Anti-inflammatories specifically targeting 

abnormal functional responses could play an important role, even for individuals who are 

eligible for CFTR modulator therapy, and especially during a pulmonary exacerbation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Microfluidic assays and advanced imaging technologies provide novel insight 

toward neutrophil function in individuals with cystic fibrosis (CF).

• Neutrophils from individuals with CF display dysfunctional migration, cell-

to-cell clustering, and phagocytosis.

• Differences were noted between individuals with CF who were well and those 

experiencing a pulmonary exacerbation.
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Figure 1: CF neutrophils do not exhibit increased spontaneous migration in whole blood.
A drop of diluted blood was loaded into a microfluidic device composed of 8 migratory 

mazes filled with media. Spontaneous neutrophil migration parameters were studied in 

the absence of chemoattractants. (A) Schematic representation of the device showing 

spontaneous neutrophil migration from the whole blood loading chamber to the migratory 

maze composed of red blood cell (RBC) filters, migration channels, and a maze. (B) 

The average velocity of neutrophils in non-CF (N=13), CF-Outpatient (N=13), and CF-

Hospitalized (N=12) were comparable (non-parametric Kruskal-Wallis with Dunn’s test). 

(C) Percentages of maze coverage in non-CF, CF-Outpatient, and CF-Hospitalized were 

similar (parametric ANOVA with Tukey’s test). (D) The relationship between NSM score 

and maze coverage was highly linear (R2=0.81), with no differences between neutrophils 

from the three different groups. NSM= neutrophil spontaneous migration
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Figure 2: CF neutrophils display differences in microbe-like particle phagocytosis:
S. aureus bio-particles with fMLP were loaded into microfluidic chambers. Buffy coat-

containing neutrophils stained with Hoechst were loaded around these chambers to observe 

host-pathogen interactions, specifically neutrophil recruitment to and phagocytosis of these 

particles. (A) A panel of images taken at 1, 3 and 5 hours showing the distribution of 

neutrophils (Hoechst, blue) and phagocytosis behaviors in response to S. aureus particles 

(FITC, green), which are a faint green, becoming brighter with increased aggregation. (B) 

A panel (left to right) showing small areas of phagocytosed particles formed by individual 

neutrophils to larger aggregates of S. aureus particles formed by multiple neutrophils. 

Phagocytosed S. aureus particles are shown in the FITC channel, while neutrophils are 

shown in the BF/DAPI channel. (C) Non-CF neutrophils take longer on average to 

reach 50% of the maximum number of neutrophils recruited at 5 hours compared to CF-

outpatient and CF-hospitalized individuals. (D) The distribution of phagocytosed particles 

and aggregate sizes formed after 5 hours from Non-CF and CF individuals. Comparisons 

were made between each group for the percent of accumulated, phagocytoses S. aureus 

particles that were (E) <15µm or (F) >100µm in size at 5 hours. (G) Average phagocytosed 

particle sizes measured over time. (H) When large aggregates (>500µm) were formed, 

average size of aggregate was compared between groups. An ordinary one-way ANOVA 

with Tukey’s multiple comparison test was used to test for significance. *P<0.05
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Figure 3. CF-hospitalized neutrophils display dysfunctional swarming dynamics and function:
Live C. albicans were patterned in 100 um diameter clusters on poly-l-lysine/Zetag arrays. 

Purified human neutrophils were stained with Hoechst, then added to the arrays to observe 

host-pathogen interactions, particularly swarming responses. (A) A panel of images showing 

a typical swarming response of neutrophils (Hoechst, blue) to a cluster of C. albicans (pink) 

is shown. (B) The area covered by individual neutrophil swarms was measured at specific 

timepoints for non-CF and CF-individuals. N=77 non-CF and 143 CF swarms. (C) The CF 

population was split into CF-outpatient and CF-hospitalized populations. CF-hospitalized 

displayed two aberrant swarming phenotypes, one with significantly smaller swarms than 

non-CF or CF-outpatient and the other with significantly larger swarms than non-CF or 

CF-outpatient. N=77 for non-CF and 71 for CF-outpatient swarms. N=24 for the “small” 

CF-hospitalized phenotype and N=48 for the CF-hospitalized “large” phenotype. (D) In 

parallel, neutrophils were isolated using the gelatin/RBC lysis method, then stimulated 
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with DMSO or A23187. LTB4 was quantified by ELISA (E) The amount of C. albicans 

growth was quantified at 16 hours. CF-hospitalized neutrophils displayed a significant defect 

in restricting fungal growth compared to non-CF or CF-outpatient populations. (F) The 

fungal growth allowed by swarms from each donor is also displayed. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 by Kruskal-Wallis with Dunn’s post-test. Scale bar represents 

100 µm.
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Figure 4. Neutrophil transepithelial migration across a lung epithelial monolayer.
(A) Schematic illustrating µOCT imaging of the neutrophil transepithelial migration assay. 

(B) Aggregation and adherence of migrated neutrophils, as well as subsequent detachment 

of individual neutrophils are shown in representative 3D µOCT images captured at various 

time points after initiation of transepithelial migration. Using the 60-minute time point 

to compare paired experiments, we found that there was (C) a significantly greater 

number of CF-outpatient neutrophils that migrated and (D) adhered to the apical side of 

the lung-epithelial layer. (E) En face views taken about at 10 µm below the epithelial 

monolayer revealed that the mean area of adherent CF-outpatient neutrophil columns was 

significantly larger than that of non-CF neutrophils. (F) Maximal neutrophil migration 

occurred more rapidly in the CF-outpatient group, and G) unstimulated, unmigrated 

CF-outpatient neutrophils released greater MPO (as quantified by OD405) per 500,000 

neutrophils than healthy controls. N = 7 non-CF, N = 7 CF-outpatient, paired-samples on the 

same day. * P < 0.05; ** P < 0.01. MPO = myeloperoxidase
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Table 1:

Individuals enrolled in three groups Non-CF, CF-outpatients, and CF-hospitalized.

Clinical demographics (N=44) Non-CF (n=15) CF-outpatient (n=16) CF-hospitalized (n=13)

Age, years, mean (SD) 27.4 (6.2) 39.1 (13.8) 31.4 (10.9)

Male, % (frequency) 33 (5) 50 (8) 54 (7)

Most recent FEV1, % predicted, mean (SD) 51.5 (18.1) 39.7 (17.3)

Most recent FVC, % predicted, mean (SD) 66.4 (15.6) 57.8 (19.9)

Most recent BMI (kg/m2), mean (SD) 25.5 (5.1) 19.8 (2.8)

Co-morbidities, % (frequency)

Pancreatic insufficiency 93.8 (15) 100 (13)

CF-related diabetes 37.5 (6) 38.5 (5)

Liver disease 12.5 (2) 7.7 (1)

Implanted central venous access 12.5 (2) 46.2 (6)

Allergic bronchopulmonary aspergillosis 12.5 (2) 0 (0)

Autoimmunity 12.5 (2) 0 (0)

History of cancer 18.8 (3) 7.7 (1)

Genotype, % (frequency)

F508del/F508del 25 (4) 30.8 (4)

F508del/Minimal Function 62.5 (10) 38.5 (5)

Gating 0 (0) 23.1 (3)

Null/Null 6.3 (1) 7.7 (1)

Minimal Function (no F508del) 6.3 (1) 0 (0)
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