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Abstract

A population of neutrophils recruited into cystic fibrosis (CF) airways is
associated with proteolytic lung damage, exhibiting high expression of primary
granule exocytosis marker CD63 and reduced phagocytic receptor CDI16.
Causative factors for this population are unknown, limiting intervention. Here
we present a laboratory model to characterize responses of differentiated airway
epithelium and neutrophils following respiratory infection. Pediatric primary
airway epithelial cells were cultured at the air-liquid interface, challenged
individually or in combination with rhinovirus (RV) and Pseudomonas
aeruginosa, then apically washed with medical saline to sample epithelial infection
milieus. Cytokine multiplex analysis revealed epithelial antiviral signals, including
IP-10 and RANTES, increased with exclusive RV infection but were diminished if
P. aeruginosa was also present. Proinflammatory signals interleukin-lot and
were dominant in P. aeruginosa infection milieus. Infection washes were also
applied to a published model of neutrophil transmigration into the airways.
Neutrophils migrating into bacterial and viral-bacterial co-infection milieus
exhibited the in vivo CF phenotype of increased CD63 expression and reduced
CD16 expression, while neutrophils migrating into milieus of RV-infected or
uninfected cultures did not. Individually, bacterial products lipopolysaccharide
and N-formylmethionyl-leucyl-phenylalanine and isolated cytokine signals only
partially activated this phenotype, suggesting that additional soluble factors in the
infection microenvironment trigger primary granule release. Findings identify P.
aeruginosa as a trigger of acute airway inflammation and neutrophil primary
granule exocytosis, underscoring potential roles of airway microbes in prompting
this neutrophil subset. Further studies are required to characterize microbes
implicated in primary granule release, and identify potential therapeutic targets.
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INTRODUCTION

Originally viewed as a functionally rigid, short-lived cell,
neutrophils are increasingly recognized for their
functional plasticity and roles in inflammatory disease.'
Studies continue to identify viable neutrophil subsets that
contribute to chronic inflammation following recruitment
to mucosal sites, notably through alterations to their
traditional functions [phagocytosis, exocytosis or
formation of neutrophil extracellular traps (NETosis)]."?
In the autosomal recessive disorder cystic fibrosis (CF),
neutrophils are a primary cause of airway damage. Mucus
obstruction and impaired airway clearance facilitate
infection, resulting in large numbers of neutrophils
recruited into CF airways via signaling cascades induced
by interleukin (IL)-1 and IL-6, as well as direct
recruitment via IL-8.” Following migration into the lung,
neutrophils secrete tissue-damaging proteases including
the serine protease neutrophil elastase (NE), which has
been shown to strongly correlate with structural lung
disease.* ©

Release of NE in CF airways was conventionally
thought to be caused by the rapid death of recruited
neutrophils. However, comprehensive in vivo and in vitro
studies demonstrate that viable airway neutrophils are
reprogrammed in CF airways into a granule-releasing,
immunoregulatory and metabolically active phenotype
(encapsulated by the “GRIM” acronym) with reduced
bacterial killing capacity.”® GRIM reprogramming occurs
upon neutrophil recruitment into the CF airway lumen
and is measurable as changes in surface markers from
levels in peripheral blood neutrophils; chiefly, a decrease
in phagocytic receptor CD16 with a concomitant increase
in CD63, a marker of exocytosis of primary granules
(which contain NE).” Initially described in adults with
CF,'"" we recently established that GRIM neutrophils are
present in pediatric CF airways, indicating that
mechanisms of neutrophil reprogramming are initiated
early in life.'"" Importantly, levels of the exocytosis marker
CD63 correlate more robustly with airway damage than
NE activity in young children with CF, underscoring the
importance of directly assessing neutrophil phenotypes in
inflammatory disease."’

While de novo transcription was recently established as
a requirement for GRIM reprogramming,'? the specific
factors in the CF airway milieu that induce this
reprograming, and particularly exocytosis, are still
unknown.” Characterizing the onset of neutrophil
reprogramming is key to providing earlier clinical
intervention and better outcomes for individuals with CF,
as there are currently no available therapies to directly
treat the underlying mechanisms. A combined in vivo
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and in vitro study of neutrophils in non-CF pediatric
patients admitted to hospital for virally induced acute
respiratory distress syndrome points to a possible cause,
as neutrophils isolated from the airways of patients co-
infected with virus and bacteria, but not viral infection
alone, demonstrated increased exocytosis and reduced
phagocytic ability.'”” This implies that at least some
aspects of GRIM reprogramming are not restricted to CF
airway disease and that combined viral-bacterial
challenges to the CF airway may be a major contributor
to reprogramming of recruited neutrophils.

As a condition characterized by persistent airway
infection, epithelial responses to microbes have a major
role in driving neutrophil influx into the lungs.'
factor-kappaB activity and IL-8

secretion are reported in in vitro studies of Pseudomonas
15,16
7 In

Increased nuclear

aeruginosa infection of CF airway epithelium.
response to respiratory viral infection, CF airway cells
have shown dampened apoptosis and interferon (IEN)
responses, as well as elevated inflammatory cytokine
production.'”'® However, whether the CF epithelium is
intrinsically proinflammatory is debated, as there is also
evidence of no difference in inflammation compared with
non-CF tissue.'™*® Pathogens may also dictate airway
neutrophil activity independently of epithelial responses.
The  bacterial peptide  N-formylmethionyl-leucyl-
phenylalanine (fMLF) is a well-known powerful
neutrophil chemoattractant that can prime neutrophils
for degranulation and superoxide release.>"** Bacterial
lipopolysaccharides (LPSs) have also been recognized as
neutrophil activators, triggering recruitment, respiratory
burst and formation of neutrophil extracellular traps.”> >

To provide insights into the interplay between infection,
the airway epithelium and neutrophils, we recapitulated
airway infection microenvironments in a multistep in vitro
model. Our aim was to identify which infection scenarios
are relevant to neutrophil reprogramming in early CF, with
the hypothesis that microenvironments of viral and
bacterial co-infection activate GRIM neutrophils. We
performed in vitro pathogen challenges using pediatric CF
and non-CF primary epithelial cell cultures representative
of native airway tissue and applied rhinovirus (RV), the
most commonly detected respiratory virus in children with
CF,*® and/or P. aeruginosa, which is associated with
prolonged NE activity in pediatric CF airways.”” Saline
washes of the apical surface of differentiated cultures,
mimicking samples of the in vivo airway lumen, were used
to first assess epithelial cytokine release in response to
infection, then applied to a laboratory model of airway
neutrophil recruitment’ so that the adaptations by
neutrophils to these environments could be assessed by
flow cytometry.
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RESULTS

Rhinovirus and P. aeruginosa infection in CF and non-
CF epithelium

Primary airway epithelial cells (AECs) were derived from
seven children with CF and five non-CF controls
(Table 1).
monolayers and then cultured at the air-liquid interface
(ALI) on 24-well permeable inserts, growing into ciliated
epithelial layers (Figure la, b). Inserts were then
challenged with different infection scenarios: exclusive RV
infection for 48 h, exclusive P. aeruginosa infection for
24 h or sequential co-infection with RV for 24 h followed
by the addition of P. aeruginosa for an additional 24 h to
model respiratory viral infection followed by a secondary
bacterial infection (the infection timeline is shown in
Supplementary figure 1). A low multiplicity of infection
(MOI) of P. aeruginosa (MOI 0.001) was used to model
initial bacterial infection with a low starting biomass.
Uninfected controls were treated with phosphate-buffered
saline (PBS) and incubated for 48 h. Titers of RV and P.
aeruginosa were mostly similar between their respective
infection conditions, with only viral load of co-infected

Cells were first expanded as submerged

CF cultures reduced 2.6-fold compared with exclusive CF
viral infection, and with no significant differences in
titers between non-CF and CF cultures (Figure 1c).
Apical washes from inserts were measured for lactate
dehydrogenase activity as a marker of cytotoxicity and
results normalized to levels in uninfected washes (0%).
When comparing cytotoxicity between non-CF and CF
cultures, exclusive viral and bacterial infection were
significantly more cytotoxic to non-CF cultures (a
difference of 83 £ 5% and 15 £ 2%, respectively), while
co-infection elicited similar cytotoxicity in each culture
type (Figure 1d). Overall, exclusive RV infection was the
most cytotoxic condition to airway cells compared with

Table 1. Participant demographics.

Non-CF CF
Participants 5 7
Age range (year) 2.3-6.5 0.3-5.8
Male/female 5/0 3/4
Genotype (% F508Del homozygous) N/A 100%
Respiratory infection at sampling N/A 3
Viral 1
Bacterial (Pseudomonas aeruginosa) 2 (0)
Previous respiratory infection N/A 4
Viral 0
Bacterial (P. aeruginosa) 4(1)
Neutrophil elastase positive N/A 5
IL-8 detected N/A 7

CF, cystic fibrosis; IL, interleukin.
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P. aeruginosa or viral-bacterial co-infection (211 + 15%
non-CF, 127 £+ 6% CF).

P. aeruginosa elicits inflammatory cytokine release and
suppresses antiviral signals

To characterize innate airway epithelial signals in
response to infection, washes of infected ALI cultures
were tested on a human cytokine multiplex encompassing
48 different analytes (an abbreviation list is provided in
Supplementary table 1), complemented by an IL-8-
specific ELISA to allow for a greater dynamic range for
this cytokine. A total of 38 cytokines could be detected
(Supplementary table 2; Supplementary figure 2), and out
of these 32 cytokines had significant changes in
concentration from baseline levels in uninfected washes
upon infection (P < 0.05, repeated measures one-way
ANOVA), with cytokine profiles unique to infectious
stimuli and having similar expression in non-CF and CF
cultures. Six cytokines had greater than fivefold increases
in concentration following infection (Figure 2a).
Exclusive infection with RV significantly increased IP-10
(271-fold non-CF; 277-fold CF), MIG (22-fold non-CF;
14-fold CF) and RANTES (20-fold non-CF; 6-fold CF;
Figure 2c—e). However, these responses were strongly
reduced upon co-infection with bacteria, in some
instances below baseline expression. P. aeruginosa and co-
infection washes had significant increases in IL-lo (26—
38-fold non-CF; 25-40-fold CF), IL-1B (52—73-fold non-
CF; 73-102-fold CF) as well as IL-1Ra (6—7-fold non-CF;
2-fold CF), reflecting a strong acute phase reaction in
response to bacterial infection (Figure 2f-h). Twenty-six
cytokines had median-fold changes of five or less
(Figure 2b), and also showed distinct patterns of cytokine
release for exclusive RV infection and conditions where
P. aeruginosa was present. Exclusive RV infection was
characterized by significant increases in TRAIL, MIF, IL-
9, SDF-1o. and CTACK in both non-CF and CF washes
(1.3-2.8-fold; Figure 2b, Supplementary figure 2). With
the exception of CTACK, these responses were again
diminished with bacterial co-infection. Both exclusive
infection with P. aeruginosa and viral-bacterial co-
infection showed similar patterns of cytokine release,
characterized by significant increases in M-CSF, bFGF,
HGF, LIF, IL-2, IL-16, IL-18 and IFNy (1.4-5.0-fold;
Figure 2b, Supplementary figure 2). P. aeruginosa and co-
infection also significantly increased IFNo2, CTACK and
TNFa in CF washes (1.9-4.1-fold). Cytokines that were
significantly reduced from baseline concentrations
included GM-CSF in all infection conditions compared
with uninfected controls (0.1-0.4-fold), as well as SCF,
GRO-0, IL-6, MIF, TRAIL and TNF-f in P. aeruginosa
and co-infection washes (0.01-0.7-fold; Figure 2b,
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Figure 1. Pathogen load and cytotoxicity following infection. Hematoxylin and eosin staining representative of (a) non-CF and (b) CF air-liquid
interface cultures show formation of a ciliated epithelial layer (scale bar = 20 um). (c) Titers of rhinovirus (RV) and adherent Pseudomonas
aeruginosa calculated as plaque-forming units and colony-forming units, relative to RV 5" untranslated region and P. aeruginosa 16S ribosomal
RNA expression, respectively. (*P < 0.05 compared with co-infection titer, t-test). (d) Results from lactate dehydrogenase assay, shown as %
cytotoxicity of infection conditions normalized to uninfected controls (0% cytotoxicity) (°P < 0.001 compared with P. aeruginosa and RV + P.
aeruginosa infection, 5P < 0.001 compared with RV + P. aeruginosa infection, one-way ANOVA; #P < 0.01 non-CF vs. CF, t-test). Error bars
indicate mean =+ standard deviation. CF, cystic fibrosis; Pa, Pseudomonas aeruginosa.

Supplementary figure 2). Of note, the clinically important
marker of inflammation IL-8 did not significantly differ
from Dbaseline levels in any infection condition
(Supplementary figure 2). Overall, these results highlight
inflammatory signals by airway epithelium to P.
aeruginosa infection featuring increased release of
proinflammatory mediators and dampening of antiviral
responses.

Neutrophils reprogram upon encountering bacterial
infection milieu

To assess neutrophil recruitment and reprogramming
following infection, human peripheral blood
neutrophils from non-CF donors were migrated across an
epithelial barrier into filtered (0.22 pm) saline washes of
the apical surface of infected and control ALI inserts
(Supplementary figure 3), similar to previous studies.”'?
Expression of functional markers in postmigration
neutrophils was characterized by flow cytometry using a
four-step gating strategy (Supplementary figure 4).
Neutrophil subsets Al and A2 were also defined according
to expression of CD16 and CD63 (Supplementary
figure 4), where Al neutrophils (CD16"" CD63"")

naive

reflected a baseline unactivated phenotype and A2
neutrophils (CD16""Y  CD63"8")  indicated GRIM
reprogramming.” Median fluorescence intensity (MFI) of
CD16 was significantly reduced in neutrophils migrating
toward exclusive P. aeruginosa and co-infection washes
compared with baseline expression levels in nonmigrated
neutrophils (0.1-fold non-CF and CF; P <0.001;
Figure 3a). By contrast, MFI of CD63 increased threefold
in neutrophils migrating toward P. aeruginosa infected and
co-infection washes (P < 0.001 non-CF; P < 0.01 CF;
Figure 3b). The MFI of CD66b was measured as a marker
of secondary granule exocytosis in neutrophils,”'* with all
conditions showing increased surface CD66b to varying
degrees from baseline expression. However, exclusive P.
aeruginosa and co-infection scenarios resulted in
fourfold increases (P <0.001 non-CF and CF;
Figure 3c). Total numbers of migrated neutrophils did
not differ between non-CF or CF ALI washes, and while
there was a trend of increasing migration with infection,
this was only significant for migration into CF P.
aeruginosa infection washes compared with uninfected
washes (34 593 + 27 655 uninfected Vs.
61 241 + 48 698 P. aeruginosa; P < 0.05; Figure 3d).
However, when assessing subset distribution, we found
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Figure 2. Pseudomonas aeruginosa elicits proinflammatory epithelial signals. Heat maps show median-fold change (FC) of cytokine
concentrations in washes of infected air-liquid interface cultures over washes of uninfected cultures. (a) Cytokines with > 5 FC. (b) Cytokines
with <5 FC. (c) IP-10, (d) MIG and (e) RANTES increased in response to exclusive rhinovirus (RV) infection and (f) IL-1a, (g) IL-1B and (h) IL-1Ra
increased in response to P. aeruginosa and viral-bacterial co-infection [*P < 0.05, **P < 0.01, ***P < 0.001 compared with uninfected controls,
repeated measures (RM) one-way ANOVA]. Error bars indicate mean =+ standard deviation. Data points indicate cytokine concentrations in
washes of individual primary cell cultures. CF, cystic fibrosis; IL, interferon gamma-induced protein 10; interleukin; IP-10, MIG, monokine induced
by gamma interferon; Pa, Pseudomonas aeruginosa; RANTES, regulated on activation, normal T cell expressed and secreted.
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Figure 3. Neutrophil phenotype and populations change following Pseudomonas aeruginosa infection. Median fluorescence intensity (MFI) of
stains for neutrophil functional markers (a) CD16, (b) CD63 and (c) CD66b in neutrophils following migration into air-liquid interface washes
[*P < 0.05, **P < 0.01, ***P < 0.001 compared with nonmigrated neutrophils, repeated measures (RM) one-way ANOVA]. (d) Total migrated
neutrophils, (e) % A1 (baseline) subset and (f) % A2 (GRIM) subset of neutrophils for each infection condition (*P < 0.05, ***P < 0.001
compared with uninfected controls, RM one-way ANOVA). Error bars indicate mean + standard deviation. Data points indicate neutrophil
responses to washes of individual primary cell cultures. GRIM, granule-releasing, immunoregulatory and metabolically active phenotype; Pa,

Pseudomonas aeruginosa; RV, rhinovirus.

that the proportion of Al neutrophils significantly
decreased following migration into P. aeruginosa and
viral bacterial co-infection washes (=63 + 19% non-CF
and -65 £ 16% CF; P <0.001), and that of A2
neutrophils significantly increased when migrating into
P. aeruginosa or viral-bacterial co-infection washes from
non-CF and CF cultures (58 + 20% non-CF and
53 £ 20% CF; P <0.001; Figure 3e, f), indicative of
GRIM neutrophil activation following bacterial infection.

LPS and fMLF partially influence neutrophil phenotype

Because the A2 neutrophil subset (GRIM phenotype)
increased following migration into washes primed by
P. aeruginosa, we were curious whether bacterial
stimuli could induce this phenotype independently of
host epithelial responses. To test this, neutrophils were
migrated into 0.9% (v/v) medical saline spiked with LPS
and fMLF individually or in combination. LPS was tested
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at 1500 endotoxin units per mL (EU mL™"), which was
the median concentration across all LPS-positive
conditions as measured by a Limulus amebocyte lysate
kinetic chromogenic assay (Supplementary figure 5).
Control and RV washes were about 0.1 EU mL™", below
the 0.5 EU mL'
standard for most

Food and Drug Administration
medical devices.”® The bacterial
chemotactic peptide fMLF was tested at a concentration
of 100 ng mL™" as performed previously.” The MFI of
CD16 was significantly reduced from baseline expression
by all treatments (0.4-fold; P < 0.001; Figure 4a). LPS,
alone or in combination with fMLF, also increased CD63
MFI in recruited neutrophils (2-fold; P < 0.01;
Figure 4b), but this was less than what was observed in
neutrophils migrating toward washes from P. aeruginosa-
infected ALI cultures. LPS also elicited a three to fourfold
increase in CD66b (Figure 4c).
migrated neutrophils were similar
stimuli. In contrast to results with P. aeruginosa-primed
ALI washes, the proportion of Al neutrophils were high
while A2 neutrophils remained low, indicating few
reprogrammed neutrophils with bacterial stimuli alone
(Figure 4d-f).

Numbers of total
between Dbacterial

Neutrophil reprogramming is not exclusively triggered
by individual cytokine signals

of the epithelial
responses following bacterial infection (Figure 2), we also
tested whether the subset of cytokines upregulated in P.
aeruginosa and co-infection washes could alone trigger
reprogramming. Neutrophils were migrated into 0.9% (v/
v) medical saline spiked with a mixture of cytokines
upregulated by P. aeruginosa and viral-bacterial co-
infection. Each cytokine was suspended according to
mean concentrations in apical washes from P. aeruginosa
epithelial ~ challenges: IL-lo. (604 pg mL™'), IL-1B
(378 pgmL™"), IL-IRa (10,085 pg mL™'),  IL-2
(11 pg mL™"), macrophage colony-stimulating factor
(590 pg mL™"), TNFa (163 pg mL™!), basic fibroblast
growth factor (46 pg mL™"), leukemia inhibitory factor
(288 pg mL™') and IFNy (55 pg mL™"). IL-1a and IL-
1B, as well as TNFo, were tested separately as some

Because dominant, inflammatory

studies suggest they are implicated in neutrophil primary
granule exocytosis.”>”° Cytokines were also tested with
the addition of LPS and fMLF to assess whether
combinations of innate signals and bacterial products had
synergistic effects on neutrophil reprogramming. The
MFI of CD16 was reduced from baseline levels in
nonmigrated neutrophils by all treatments (0.5-fold;
P < 0.001; Figure 5a). However, no changes in CD63
MFI were observed in any conditions (Figure 5b).
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Migration into cytokines alone did not increase MFI of
CD66b from baseline, but the addition of LPS and fMLF
did trigger increases of 2.5-fold (P < 0.001) (Figure 5c).
Numbers of total migrated neutrophils were again similar
when migrating into cytokine treatments, with high and
low proportions of Al and A2 neutrophils, respectively,
suggesting that these cytokines alone cannot induce
GRIM neutrophil reprogramming (Figure 5d—f).

Screen of anti-inflammatory drugs during neutrophil
transmigration

In addition to assessing neutrophil phenotype in the
presence of individual host and microbial factors, we were
interested in determining whether direct inhibition of
factors in the P. aeruginosa infection microenvironment
itself could have an effect on neutrophil reprogramming.
We then proceeded to test a panel of compounds in
migration assays for the prevention of GRIM neutrophil
activation during recruitment. To generate large volumes
of infection washes for drug screens, RV + P. aeruginosa
co-infections were repeated in ALI cultures grown on 6-
well permeable inserts with a larger surface area. Cultures
were washed apically with a similar surface area-to-volume
ratio as infections of 24-well inserts, with washes pooled by
condition and filtered. Neutrophils were then migrated
into viral bacterial co-infection washes in the presence of
compounds inhibiting neutrophil recognition of host
cytokine signals, LPS and inflammasome activity, including
infliximab, high-dose IL-1Ra, LPS-RS, TAK-242 and
MCC950 (Supplementary table 3). In addition, two drugs
representative of therapies currently used for treating CF
airway inflammation were tested, including S'-ibuprofen
and azithromycin (Supplementary table 3). Washes from
uninfected 6-well ALI cultures were included as negative
controls for GRIM reprogramming, and untreated co-
infection washes served as positive controls. Co-infection
washes with added dimethyl sulfoxide and 0.1% bovine
serum albumin solution were also used as vehicle controls.
MFI of phagocytic receptor CD16 was reduced significantly
in neutrophils migrating toward all ALI co-infection
washes compared with nonmigrated neutrophils, with the
greatest reduction observed following migration in the
presence of S+—ibuprofen (0.2-fold; P < 0.001; Figure 6a).
MFI of primary granule exocytosis marker CD63
significantly increased in neutrophils migrating into viral
bacterial co-infection washes in the presence of all added
compounds (P < 0.001), and again S*-ibuprofen appeared
to intensify marker shift, resulting in the greatest CD63
increase (2.3-fold; P < 0.001; Figure 6b). Expression of
secondary granule exocytosis marker CD66b was similarly
increased by co-infection washes in the presence of most
compounds (P < 0.001), except for S*-ibuprofen, which
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Figure 4. Lipopolysaccharide (LPS) modulates secondary granule mobilization. Median fluorescence intensity (MFI) of stains for neutrophil
functional markers (a) CD16, (b) CD63 and (c) CD66b in neutrophils following migration into LPS and/or fMLF [*P < 0.05, **P < 0.01,
##k#P < 0.001 compared with nonmigrated neutrophils, repeated measures (RM) one-way ANOVA]. (d) Total migrated neutrophils, () % A1
(baseline) population and (f) % A2 (GRIM) population of neutrophils for each treatment (***P < 0.001 compared with other conditions, RM one-
way ANOVA). Error bars indicate mean =+ standard deviation. Data points indicate neutrophil responses from five individual neutrophil donors.
Dotted lines indicate mean MFI or neutrophil numbers from prior migrations into air-liquid interface washes from Pseudomonas aeruginosa and
co-infected cultures (Figure 3a-f). fMLF, N-formylmethionyl-leucyl-phenylalanine; GRIM, granule-releasing, immunoregulatory and metabolically

active phenotype.

resulted in the greatest increase in CD66b in recruited
neutrophils (4-fold; P < 0.001; Figure 6¢). The number of
total migrated neutrophils was mostly similar across
conditions, suggesting that drug treatments were not
affecting overall neutrophil recruitment (Figure 6d). When
organizing neutrophils according to subsets, the
proportion of Al noninflammatory neutrophils decreased
upon migration into ALI co-infection washes compared
with uninfected controls, with the greatest reduction of Al

neutrophils observed following migrating into co-infection
washes spiked with S'-ibuprofen (54 + 21%; P < 0.001)
(Figure 6e). Conversely, the percentage of A2 GRIM
neutrophils significantly increased with infection, once
again regardless of whether or not compounds were
present during migration, and this was highest in the
presence of S'-ibuprofen (40 £ 18%; P < 0.001)
(Figure 6f). Altogether, these results indicate that none of
the tested compounds had the capacity to reduce infection-
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Figure 5. Cytokine signals alone do not induce granule exocytosis. Median fluorescence intensity (MFI) of stains for neutrophil functional markers
(a) CD16, (b) CD63 and (c) CD66b in neutrophils following migration into interleukin (IL)-1o and B, tumor necrosis factor alpha (TNFa) or a
cytokine mixture (***P < 0.001 compared with nonmigrated neutrophils, repeated measures one-way ANOVA). (d) Total migrated neutrophils,
(e) % A1 (baseline) population and (f) % A2 (GRIM) population of neutrophils after migration into different cytokine conditions. Error bars
indicate mean =+ standard deviation. Data points indicate neutrophil responses from five individual neutrophil donors. Dotted lines indicate mean
MFI or neutrophil numbers from prior migrations into air-liquid interface washes from Pseudomonas aeruginosa and co-infected cultures
(Figure 3a-f). fMLF, N-formylmethionyl-leucyl-phenylalanine; GRIM, granule-releasing, immunoregulatory and metabolically active phenotype; LPS,
lipopolysaccharide.
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Figure 6. Anti-GRIM drug screen. Median fluorescence intensity of stains for neutrophil functional markers (a) CD16, (b) CD63 and (c) CD66b
in neutrophils following migration into rhinovirus (RV) + Pseudomonas aeruginosa air-liquid interface washes with added compounds [*P < 0.05,

**p < 0.01,

**xP < 0.001 compared with nonmigrated neutrophils, repeated measures (RM) one-way ANOVA]. (d) Total migrated neutrophils,

(e) % A1 (baseline) subset and (f) % A2 (GRIM) subset of neutrophils for each condition (*P < 0.05, **P < 0.01, ***P < 0.001 compared with
uninfected controls, RM one-way ANOVA). Error bars indicate mean =+ standard deviation. Data points indicate neutrophil responses from six
individual neutrophil donors. GRIM, granule-releasing, immunoregulatory and metabolically active phenotype.
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mediated activation of GRIM neutrophils. Curiously, it
appeared ibuprofen may be associated with increased
GRIM reprogramming.

DISCUSSION

Currently, it is known that GRIM reprogramming of
neutrophils can be observed in CF airway samples,”'' and
reprogramming can be replicated in vitro by migrating naive
blood neutrophils into adult CF sputum.” Reprogramming
was found to occur independently of LPS and LTB4
signaling, but the specific factors in the CF airway
environment triggering changes in functional marker
expression remain unidentified.” Our study provides further
critical insights by demonstrating that RV is unlikely to be a
trigger of neutrophil reprogramming in pediatric CF
airways, which instead is a response to P. aeruginosa. The
observation from our model that even a low starting
biomass of P. aeruginosa could induce significant changes in
epithelium and neutrophils suggests that subculturable levels
of P. aeruginosa could be capable of reprogramming locally
recruited neutrophils. Our study also adds to the field of
mucosal immunology a new reductive approach to model
innate immune responses to airway infection in vitro.
Following infection, we observed that pathogen load was
similar for both RV and P. aeruginosa in non-CF- and CF-
differentiated AECs, as were profiles of cytokine signals
following infection. Exclusive viral infection elicited
canonical antiviral signals, while responses to P. aeruginosa
infection reflected an acute inflammatory response and
were dominant over antiviral signals in co-infection with
RV, despite high cytotoxicity following exclusive viral
infection. This parallels findings where co-infection of RV
with P. aeruginosa dampened viral-mediated IEFN
responses, IL-6 production and increased release of IL-1f3
and viral replication in AECs,”'>? suggesting mechanisms
by which P. aeruginosa modulates host responses to RV.
Our results show significant reduction of IL-6, IFN-
associated cytokines and high IL-1P release upon co-
infection with P. aeruginosa; however, this did not lead to
increases in RV titers. Profiles of cytokine signals were
highly similar between non-CF and CF epithelial cultures,
analogous to reports finding no differences in
inflammation between these tissues.'?° Why other studies
report differences in CF airway cell immune responses
could be attributed to a number of factors, including
differences in sample collection, experimental design,
laboratory culture methods or the viral/bacterial strains
used. As an example, antiviral responses mature with
airway tissue differentiation, with proliferative basal cells
more susceptible to infection and virally induced
inflammation.***> Our study modeled infection in

differentiated ALI cultures, therefore responses are

362

DR Laucirica et al.

measured in an in vitro system that closely resembles
native airway tissue. While CFTR genotype did not result
in differences in epithelial cytokine release from non-CF
and CF AECs, intrinsic defects in the CF airway epithelium
may still drive in vivo inflammation via mucus
accumulation that impairs other innate functions that
protect against infection, such as mucociliary clearance.

Following migration into filtered P. aeruginosa and co-
infection washes, neutrophils had reduced MFI of CD16,
and increased CD63 and CD66b, resulting in high
proportions of the A2 neutrophil (GRIM) subset. These
observations are consistent with previously identified signs
of GRIM neutrophils.””'">'> However, contrary to our
hypothesis, innate responses to viral-bacterial co-infection
did not exclusively induce the GRIM neutrophil phenotype
as P. aeruginosa alone also increased proportions of A2
neutrophils. Furthermore, neutrophil populations and MFI
of functional markers did not differ upon migration into
washes from non-CF and CF ALI cultures, suggesting that
GRIM neutrophil reprogramming may not be a direct
consequence of CFTR dysfunction, and is instead
dependent on the microenvironment formed by infectious
conditions. The fact that GRIM neutrophils are more
commonly observed in pediatric CF airways compared
with non-CF airways may once again be attributed to the
mucociliary clearance defect caused by CFTR dysfunction,
predisposing young children with CF to bacterial
colonization and increased numbers of NE-releasing GRIM
neutrophils. In children without CF, the occurrence of
GRIM neutrophils may be limited to instances where
bacterial colonization occurs as a result of secondary
infection following severe respiratory viral infection, as
observed in children with acute respiratory distress
syndrome." In our model, we utilized the Gram-negative
bacterium P. aeruginosa which colonizes up to 80% of
adults with CF and is associated with increased NE
activity.’®”” Although P. aeruginosa infection in young
children with CF is less frequent, positive cultures are
reported in up to 20% of children in the first 2 years of
life.*®>° With increased sensitivity, microbial sequencing of
respiratory samples suggests P. aeruginosa prevalence may
be as high as 50% in this age group as shown in an
Australian pediatric CF cohort*; however, standard
administration of amoxicillin as a Staphylococcus
prophylactic in recruited participants could have
inadvertently selected for increased abundance of P.
aeruginosa in this population.

Recently, we have also shown that high NE activity can
persist following P. aeruginosa eradication in young
children with CF, and persistence 1is significantly
associated with progression of bronchiectasis.”” In washes
from P. aeruginosa and co-infected cultures, the two
cytokines with greatest fold increases were IL-1 o and IL-
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1B, which correlate positively with NE activity and
structural lung damage in CF airways.*' IL-1o has a role
in modulating neutrophil recruitment,*” while IL-1p is a
proinflammatory mediator and a product of the NLR
family pyrin domain containing 3 inflammasome.*’ This
inflammasome is implicated in airway diseases featuring
neutrophilic inflammation, including chronic obstructive
pulmonary disease and neutrophil-dominant asthma.***’
In a mouse model of cryopyrin-associated periodic
syndrome, unregulated NLR family pyrin domain
containing 3 activity results in increased release of
myeloperoxidase, possibly linking the inflammasome and
primary granule exocytosis.”®> As such, NLR family pyrin
domain containing 3 and IL-1 are being explored as
potential therapeutic targets for CF, with studies in CF
mice showing reduced inflammation and improved
clearance of P. aeruginosa with pharmaceutical
treatment.*>*” A recent study by Forrest and colleagues®®
demonstrated that CF airway fluid is rich in extracellular
vesicles containing caspase-1, an enzyme that activates IL-
lao and P, and these vesicles originate from granule-
releasing neutrophils. Neutrophil extracellular vesicles
were observed to induce IL-lo and B production by
primary AECs, and increase CD63 expression in naive
neutrophils, suggesting GRIM neutrophils modulate
inflammasome activity in neighboring cells to sustain
inflammation and initiate further reprogramming of
recruited neutrophﬂs.48 However, we observed that
neutrophil exposure to the NLPR3 inhibitor MCC950*
during transmigration failed to prevent formation of
GRIM neutrophils, as did high-dose recombinant IL-1Ra,
which is currently approved as an anti-inflammatory
medication for rheumatoid arthritis under the name
Anakinra.>® Similarly, Forrest et al.® found that MCC950
did not significantly caspase-1 activity in
neutrophils migrated into CF airway surface fluid over
18 h, suggesting that inflammasome inhibition in GRIM

reduce

neutrophils may require an extracellular vesicle targeted
therapy.

In our experiments P. aeruginosa infection also
increased AEC release of TNFa significantly in CF ALI
cultures. A study by McLeish et al.’® found that TNFo-
primed neutrophils stimulated with fMLF were a potent
trigger of primary granule exocytosis as measured by
release of myeloperoxidase. Similarly in their prior study,
Potera et al.”>' observed that secondary fMLF stimulation
of TNFo-primed neutrophils increased NE release.
Neutrophil CD63 was also measured, and it was found
that TNFa alone did not elicit primary granule surface
mobilization, as shown in this study; however, CD63
expression was not assessed following sequential
coexposure with TNFo and fMLE.’’ When migrating
neutrophils into TNFa and/or fMLF, we did not observe

P. aeruginosa modulates neutrophil granule exocytosis

large increases in CD63 as seen following migration into
P. aeruginosa-primed ALI washes. In contrast to the
aforementioned studies, this is indicative of low primary
granule exocytosis; however, direct measurements of
myeloperoxidase and NE in our model may be necessary
to verify this. Another factor to consider is that in the
studies by McLeish and Potera, the concentration of
TNFa was 6-12 times higher than that was tested here (1
and 2 ng mL™', respectively), as we used a concentration
based on what AECs produced in response to P.
aeruginosa infection. However, the addition of the Food
and Drug Administration-approved TNFo inhibitor
infliximab®> to RV + P. aeruginosa washes did not
prevent GRIM recruited neutrophils,
suggesting that epithelial TNFo. was not a modulator of
this neutrophil response. Overall, cytokines, LPS and

activation in

fMLF significantly decreased CD16, suggesting shared
mechanisms that modulate neutrophil phagocytic ability,
but none of these conditions robustly increased CD63,
with proportions of A2 subsets remaining low. LPS itself
appeared to be an important trigger of secondary granule
mobilization, with CD66b MFI increasing in the presence
of LPS alone or in combination with other compounds.
Neutrophils migrating into RV + P. aeruginosa washes in
the presence of LPS-RS® and TAK-242,>* inhibitors of
LPS detection by Toll-like receptor 4, still experienced
changes consistent with GRIM reprogramming, further
suggesting that neutrophil recognition of bacterial
endotoxin is not a primary trigger of this phenotype. All
together our data indicate cytokine signals, LPS and
fMLF are not exclusive activators of GRIM neutrophils
and NE release.

Of note was the observation that numbers of GRIM
neutrophils appeared to increase following migration into
co-infection washes with added S™-ibuprofen. While
high-dose ibuprofen has been shown to slow CF lung
function decline,” a study of inflammatory biomarkers in
induced CF sputum showed that ibuprofen treatment
reduced IL-6, but failed to reduce IL-8, TNF-a, IL-1-J,
NE and white cell counts compared with placebo
controls.”® This is interesting considering reports from
in vitro and in vivo studies wherein cyclooxygenase
inhibition during nonsterile inflammation failed to
ameliorate, or even increased, production of NE by
unknown mechanisms.””>® Similarly, a randomized
control trial of azithromycin in patients with CF
colonized with P. aeruginosa observed improved lung
function with treatment, but did not see large differences
in IL-8 or NE in induced sputum between individuals
receiving the drug and a placebo group.”® Our results
reflect this, as azithromycin also failed to dampen
increases in CD63 in recruited neutrophils. Therefore,
despite reduced lung function decline achieved with
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courses of ibuprofen and azithromycin in vivo,
neutrophils recruited during treatment may be prone to
NE release and still drive progressive airway disease;
however, further studies are required to verify this.

While P. aeruginosa eventually dominates adult CF
airways, pediatric CF airways are characterized by a
variety of colonizers. Staphylococcus aureus is isolated in
20-30% of children with CF under the age of 2 and is
associated with airway inflammation and reduced lung
function.*>®'  Haemophilus influenzae infection is also
frequently identified in this age group and similarly
implicated in early lung disease.’”®" Increasingly, the
fungal pathogen Aspergillus fumigatus is recognized as a
significant airway colonizer linked to early signs of lung
damage.>®® Further investigation is required to assess
whether these pathogens contribute to changes in airway
neutrophil phenotypes and our model provides a
platform to explore this. Because increased inflammatory
cytokines, NE and neutrophil CD63 can be identified in
early CF in the absence of clinical culture positivity,'*' a
further question is whether nonpathogenic airway
microbes may also induce neutrophil reprogramming.
Taxa from the oral microbiome are frequently identified
in the lower airways of children with CF and may
account for the appearance of NE and GRIM neutrophil
populations in early CF when priority pathogens such as
P. aeruginosa are absent.****

Previous studies have relied on ex vivo airway samples
to assess GRIM neutrophils. Our study is among the first
of its kind in successfully recapitulating this pathological
airway neutrophil phenotype, utilizing primary airway
cells, low-dose pathogen challenges and human
neutrophils in an in vitro laboratory model. This
approach gives us an unprecedented opportunity to
characterize the host and microbial factors that drive this
process in a controlled experimental platform. One caveat
of our method is a lack of signals from tissue-resident
macrophages and cells of the lamina propria, which have
important roles in responding to infection and tissue
injury. Additionally, we used non-CF neutrophils in our
migration experiments, as we were unable to collect
blood from CF donors. While GRIM reprogramming was
still observed, CF neutrophils may have additional
functional irregularities as a result of CFTR mutations.®®
We are also yet to assess the role of immune signals from
neutrophils themselves. As such, our model reflects the
initial epithelial response to infection followed by the first
wave of neutrophil recruitment to the airways. Finally,
our drug screen tested compounds during neutrophil
transmigration, with neutrophils exposed to drugs upon
recruitment to infection washes. Future studies should
consider additional treatment of AEC cultures during
microbial challenge to see whether this further modulates
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the  inflammatory  capacity of the infection
microenvironment.

In summary, our study identified that the P. aeruginosa
infection microenvironment induces GRIM
reprogramming in recruited airway neutrophils.

Additionally, we observed that migration of neutrophils
into cytokines, LPS and fMLF, individually or in
combination, could not recapitulate this phenotype,
suggesting that these are not exclusive activators of
reprogramming. Inhibition of certain inflammatory
signals and LPS activity in RV + P. aeruginosa-primed
washes also could not prevent GRIM neutrophil
activation during recruitment, further highlighting that
neutrophil recognition of these factors is likely not
involved in reprogramming mechanisms. Finally, two
anti-inflammatory drugs currently used in CF clinical
care did not inhibit GRIM neutrophil reprogramming in
transmigration experiments. Altogether, these results
indicate that there are still unidentified soluble factors in
the airway bacterial infection milieu triggering full GRIM
reprogramming of neutrophils and underscore a need for
development of targeted therapies. Future studies in our
model integrating CF peripheral blood neutrophils,
proteomics and transcriptomics will provide a robust
platform to elucidate the underlying mechanisms and
identify potential targets for therapeutic intervention.
Beyond CF, we believe our model can be adapted to
study other respiratory infections that induce pathological
neutrophil activity upon migration to the airway mucosa,
including respiratory syncytial virus,°® a major cause of
childhood bronchiolitis; severe acute respiratory
syndrome coronavirus 2°” and bacterial pneumonias.®®

METHODS

Participants and primary airway cell culture

This study was conducted using AECs derived from seven
young children with CF (Table 1) participating in the
Australian Respiratory Early Surveillance Team for CF (AREST
CF) early surveillance program.'” Cells from five children with
non-CF (Table 1) were also obtained from participants
recruited thought the Western Australian Epithelial Research
Program (WAERP) upon admission to the hospital for elective
nonrespiratory surgery. Participant data were collected and
managed using REDCap electronic data capture tools.®””°
AECs were collected by brushing of the airway mucosa and
primary cultures were established as previously described.”!
After expansion, AECs were seeded onto collagen coated 24-
well or 6-well transwell inserts (Corning, Corning, NY, USA)
and cultured at ALI for 28 days to facilitate differentiation.”’
ALI culture medium was changed basolaterally every 48 h,
trans-epithelial electrical resistance measured weekly and
presence of cilia and mucus observed by microscopy. Full
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differentiation was defined as multilayer formation, the
visualization of cilia, production of mucus and a trans-
epithelial electrical resistance > 800 Q-cm””' Seven days prior
to experiments, antibiotics were removed from the ALI culture
medium. Twenty-four hours prior to experiments and for the
duration of infection, hydrocortisone and epidermal growth
factor were also withdrawn from culture medium to avoid
dampening of epithelial immune responses.”>

Virus and Bacteria

Human group A rhinovirus strain 1b (RV) was initially
provided by Professor Peter Wark (Hunter Medical Research
Institute, Newcastle, NSW, Australia). RV was propagated in
HeLa cell suspension culture as previously described,”
infectious titers determined by plaque assay’* and aliquots of
viral stock prepared and stored at —80°C. A sputum isolate of P.
aeruginosa was isolated from a child with CF, cultured and a
glycerol stock prepared and stored at —80°C. Prior to use in
experiments, subcultures of frozen stocks were prepared on LB
agar (BD Difco, Franklin Lakes, NJ, USA) and grown at 37°C
for 24 h. A single colony was used to inoculate 5 mL of LB
broth (BD Difco) and grown overnight in a shaker at 37°C. The
overnight bacterial culture was then diluted to the required
working concentration according to optical density at 600 nm,
previously determined by diluting overnight cultures to specific
optical density at 600 nm values and plated and counted to
calculate CFU mL™".

H441 scaffolds

Human club cell line H441 (ATCC HTB-174) was expanded
as submerged monolayers in Roswell Park Memorial Institute-
1640 medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum and 0.5% (v/v) penicillin/streptomycin (P/S). To act as
epithelial barriers in neutrophil transmigration experiments,
H441 cells were cultured at ALI as previously described.” H441
cells were seeded onto porous Alvetex 3D Scaffolds
(REPROCELL, Beltsville, MD, USA), coated with gelled
collagen, at a density of 2.5 x 10° cells per scaffold. The larger
void size of scaffolds (33-55 pm) compared with pores on a
Transwell membrane (0.4 pm) has been shown to facilitate
neutrophil migration and swarming behavior.” Scaffolds were
initially grown submerged in Dulbecco’s Modified Eagle
Medium/F12 (Corning) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum and 0.5% (v/v) P/S for 2 days.
Apical media were then removed and scaffolds were cultured
at ALI for 2 weeks, fed basolaterally with Dulbecco’s Modified
Eagle Medium/F12 (Corning) supplemented with 2% (v/v)
Ultroser G (Pall Life Sciences, Port Washington, NY, USA)
and 0.5% (v/v) P/S with media changes every 48 h.

Human neutrophils

Whole blood was obtained from donors consented through the
Paediatric Epithelial and Airway Research Surrogate Sample
(PEARSS) program, and neutrophils were isolated by gradient
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density. In brief, approximately 15 mL of whole blood was
collected into K3EDTA vacutainers (Greiner Bio-One) via
venipuncture from healthy adult volunteers of the PEARSS
program. Once transferred to the laboratory, whole blood was
immediately layered onto Polymorphprep (Axis-Shield,
Dundee, UK) at a 1:1 ratio by volume. After centrifugation at
400g with minimal brake for 45 min at room temperature, the
neutrophil layer was collected and erythrocytes were removed
via 30-s incubation in water to induce hypotonic lysis followed
by restoration of tonicity with 1.8% saline solution. Neutrophils
were then washed with 1x PBS and resuspended in Roswell
Park Memorial Institute-1640 medium (Thermo Fisher
Scientific) for use in migration experiments.

Infection of ALI Cultures

To model different scenarios of acute viral and bacterial
respiratory infection, non-CF and CF ALI cultures were
challenged either with RV (MOI 0.5) for 48 h, P. aeruginosa
(MOI 0.001) for 24 h or sequentially co-challenged by
permitting infection with RV (MOI 0.5) for 24 h and then
inoculating with P. aeruginosa (MOI 0.001) and allowing
infection to continue for an additional 24 h. A graphic
illustrating our infection timeline is shown in Supplementary
figure 1. For addition of pathogens, MOI was calculated
according to the number of cells seeded per insert (1.5 x 10°
cells per transwell). The required dose of RV or P. aeruginosa
was suspended in 1x PBS and loaded onto the apical surface of
ALI cultures in a small volume (10 pL) to avoid disruption of
the epithelium. Uninfected controls were treated with 1x PBS
alone. At the end of the infection period, ALI cultures were
washed apically to sample the infected epithelial milieu,
analogous to ex vivo bronchoalveolar lavage washes. This was
performed by incubating inserts with 100 pL per well of 0.9%
(v/v) medical saline for 5 min at 37°C, 5% CO,. Washes from
replicate wells were pooled and passed through a 0.22-pm filter
to remove bacteria and cell debris, then stored at —80°C until
transmigration assays and cytokine analysis was performed.
Inserts were treated to harvest total RNA for assessing pathogen
load. For drug screens in transmigration experiments, RV + P.
aeruginosa co-infections were repeated in ALI cultures grown on
larger 6-well transwell inserts to generate large volumes of
washes. Infected transwells, and uninfected controls, were
washed with 1.2 mL of 0.9% (v/v) medical saline at a similar
surface area-to-volume ratio as washes of 24-well inserts, washes
pooled according to condition and similarly filtered and stored
at —80°C until needed.

Molecular assays

Epithelial cytokines present in apical washes were assessed by
multiplex assay using the Bio-Plex Pro Human Cytokine
Screening Panel 48-Plex (Bio-Rad, Hercules, CA, USA), with
plates read on the Bio-Plex 200 System (Bio-Rad) and results
calculated on Bio-Plex Manager Software 6.0 (Bio-Rad). IL-8
was assessed by ELISA, using the BD OptEIA Set for human
IL-8 (BD Biosciences, Franklin Lakes, NJ, USA) as previously
described.'”*! Endotoxin levels in ALI washes were measured
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using the KCA-Endochrome-K (Charles River, Wilmington,
MA, USA) Limulus amoebocyte lysate kinetic chromogenic
assay according to manufacturer’s instructions. Lactate
dehydrogenase was measured using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega, Madison, WI,
USA).

Model of neutrophil transmigration

Prior to neutrophil transmigration assays, H441 scaffolds were
inverted as previously described,” such that the apical surface
was oriented downward, and the basolateral surface faced the
upper compartment. The scaffolds were then placed as
standing inserts on top of 200 uL of apical ALI washes from
infected wells or uninfected controls (Supplementary figure 3).
Isolated neutrophils were counted on a Countess II
Automated Cell Counter (Thermo Fisher Scientific), and
approximately 4 x 10° neutrophils were directly loaded onto
the basolateral side of each scaffold. Neutrophils were
permitted to migrate across H441 barriers into washes for
18 h at 37°C, 5%CO,. Migrated neutrophils that settled at the
bottom of each well were collected by washing wells with
1 mL of 1x PBS + 2.5 mM ethylenediaminetetraacetic acid.
Migrations with bacterial LPS and fMLF were performed
similarly, using 200 pL of medical saline per scaffold with
1500 EU mL~! LPS-EB Ultrapure (InvivoGen, San Diego, CA,
USA) and/or 100 ng mL~" fMLF (Sigma-Aldrich, St Louis,
MO, USA). Neutrophil migrations into recombinant cytokines
were performed using products from the Animal-Free
Cytokine line (PeproTech, Cranbury, NJ, USA). Cytokines
were selected based on upregulation in P. aeruginosa and co-
infection washes and availability from the manufacturer, and
also suspended in 200 pL medical saline for experiments: IL-
lo (604 pgmL™"), IL-1B (378 pgmL™'), IL-IRa
(10,085 pg mL™"), IL-2 (11 pg mL™"), macrophage colony-
stimulating factor (590 pg mL™"), TNFo (163 pg mL™"), basic
fibroblast growth factor (46 pg mL™'), leukemia inhibitory
factor (288 pg mL™") and IFNy (55 Pg mL™h).

Pharmacological compounds

Drugs used in this study included azithromycin (Sigma-
Aldrich), IL-1Ra (PeproTech), Infliximab (Sigma-Aldrich), LPS-
RS (InvivoGen), TAK-242 (Sigma-Aldrich), MCC950 (Sigma-
Aldrich) and S'-ibuprofen (Sigma-Aldrich; Supplementary
table 3). Compounds were dissolved in sterile dimethyl
sulfoxide, 0.1% solution of bovine serum albumin or ultra-pure
water according to manufacturer’s recommendations
(Supplementary table 3). For tests of compounds in neutrophil
transmigration assays, a small volume of drug was added to
aliquots of ALI co-infection washes according to concentrations
used in prior in vitro studies (Supplementary table 3).

Flow cytometry

Migrated neutrophils, as well as reserved nonmigrated
neutrophils, were stained for multiparametric flow cytometry.
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Initially, single-cell suspensions were obtained by placing
samples on a 35-um nylon mesh filter and centrifugation at
400 g for 2 min. Neutrophil suspensions were then incubated
with Human TruStain FcX (BioLegend, San Diego, CA, USA)
and Zombie Violet as a fixable live/dead measure (BioLegend)
for 10 min on ice protected from light. This was followed by
incubation with a mixed antibody stain for 20 min on ice
away from light. The staining panel included the following
antibodies at a 1:16 dilution in 1x PBS + 2.5 mM
ethylenediaminetetraacetic acid (all from BioLegend): Brilliant
Violet 605 anti-human CD45 (leukocyte marker), Brilliant
Violet 650 anti-human CD63 (primary granule exocytosis
marker), allophycocyanin/Cyanine7  anti-human  CD16
(phagocytosis marker), phycoerythrin anti-human CD66b
(granulocyte and secondary granule exocytosis marker) and
phycoerythrin/Cy7 anti-human CD326/EpCAM (epithelial cell
marker). After staining, cells were washed with 3 mL 1x PBS
+ 2.5 mM ethylenediaminetetraacetic acid, pelleted at 400g for
10 min at 4°C and then fixed in 1 mL of Phosflow Lyse/Fix
Buffer (BD Biosciences) at 4°C. Prior to acquisition, Phosflow
Lyse/Fix was removed, and fixed cells were resuspended and
mixed with CountBright beads (Thermo Fisher Scientific).
Acquisition of samples was performed on an LSRFortessa flow
cytometer (BD Biosciences) and compensation, gating and
analysis were all conducted on FlowJo v10 (FlowJo LLG;
Ashland, OR, USA) using single-stain controls prepared with
UltraComp eBeads Compensation Beads (Thermo Fisher
Scientific). A four-step gating strategy was utilized to identify
neutrophils consisting of a singlet gate (forward scatter area
vs. height), viability gate (EpCAM vs. Zombie UV viability),
leukocyte gate (EpCAM vs. CD45) and CD66b" neutrophils
(forward scatter wvs. CD66b; Supplementary figure 4).
Neutrophil counts were normalized to a standardized number
of count beads for all samples, and mean fluorescence
intensities of functional markers are reported for CD66b"
neutrophils. The unactivated Al gate was drawn to contain on
average 98% of total neutrophil populations in suspensions of
nonmigrated neutrophils used as controls for baseline marker
expression. The A2 gate was drawn to include neutrophils that
fell outside of the Al population based on the criteria that
both CD16 was reduced and CD63 increased.

RNA extraction and qPCR for pathogen load

Total RNA was extracted from ALI cultures using the Ambion
PureLink RNA Mini Kit (Thermo Fisher Scientific) according
to manufacturer’s instructions. Genomic DNA was removed
by treating loaded RNA extraction columns with DNase I
(Thermo Fisher Scientific) and the final concentration of
eluted RNA measured on a NanoDrop 2000 (Thermo Fisher
Scientific). Generation of complementary DNA was performed
using Random Hexamers (Thermo Fisher Scientific) with a
standardized amount of RNA for all samples. Viral load was
quantified relatively using previously described primers
complementary to a conserved RV 5 untranslated region
(Supplementary table 4).”> A standard curve was generated
using serial dilutions of RV stock with a known titer. Bacterial
load was also relatively quantified by a previously described
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RNA-based method using primers specific for P. aeruginosa
16S ribosomal RNA (Supplementary table 4).”° A standard
curve was generated using serial dilutions of P. aeruginosa
with a known titer. Reactions were performed using SYBR
Green qRT-PCR (Applied Biosystems, Foster City, CA, USA)
on the QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems). Examples of standard curve plots are shown in
Supplementary figure 6.

Statistical analysis

Infections of ALI cultures were performed in four replicate
transwells per condition, with postinfection washes pooled.
Neutrophil transmigrations were performed in single inserts
because of limited sample volume; therefore, individual data
points represent biological replicates (n =7 CF, n =5 non-
CF). Cytokine data and pathogen load were obtained from
five CF cultures and four non-CF cultures, and assays
performed in duplicate wells. Results from cytokine
multiplexes were calculated on Bio-Plex Manager Software 6.0
(Bio-Rad). lactate dehydrogenase and LPS content were
quantified from an apical wash pool and assays performed in
triplicate wells. Migrations into saline with added LPS, fMLF
or cytokines were performed with neutrophils from five
donors. Migrations screening anti-inflammatory compounds
were performed with neutrophils from six donors. Statistical
analyses were performed on GraphPad Prism version 9.2.0
(GraphPad Software, San Diego, CA, USA). Normality of data
was verified by Shapiro-Wilk normality tests (P > 0.05) and
Q-Q plot distributions. Pathogen load between infection
conditions was analyzed with a paired t-test, with comparisons
between non-CF and CF titers performed using a Welch’s
unequal variances t-test. Cytotoxicity results were analyzed
using an ordinary one-way ANOVA. Cytokine data and results
from migration experiments were assessed using a repeated
measures one-way ANOVA with a Bonferroni correction for
multiple comparisons. Following ANOVAs, comparisons
between non-CF and CF data were performed using multiple
unpaired t-tests, also with a Bonferroni correction. Error bars
on all graphs indicate mean + standard deviation.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

© 2022 The Authors. Immunology & Cell Biology published by John Wiley &
Sons Australia, Ltd on behalf of Australian and New Zealand Society for
Immunology, Inc.

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distribution
in any medium, provided the original work is properly cited, the use is
non-commercial and no modifications or adaptations are made.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

