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ABSTRACT
Background: Abnormal macrophage function caused by dysfunctional cystic fibrosis

transmembrane conductance regulator (CFTR) is a critical contributor to chronic airway
infections and  inflammation in  people  with  cystic fibrosis (PWCF).
Elexacaftor/tezacaftor/ivacaftor (ETI) is a new CFTR modulator therapy for PWCF. Host-
pathogen and clinical responses to CFTR modulators are poorly described. We sought to
determine how ETI impacts macrophage CFTR function, resulting effector functions, and

relationships to clinical outcome changes.

Methods: Clinical information and/or biospecimens were obtained at ETI initiation and 3-, 6-
, 9, and 12-months post-ETI in 56 PWCF and compared to non-CF controls. Peripheral blood

monocyte-derived macrophages (MDMs) were isolated and functional assays performed.

Results: ETI treatment was associated with increased CF MDM CFTR expression, function,
and localization to the plasma membrane. CF MDM phagocytosis, intracellular killing of CF
pathogens, and efferocytosis of apoptotic neutrophils was partially restored by ETI, but
inflammatory cytokine production remained unchanged. Clinical outcomes including
increased FEV1 (+10%) and BMI (+1.0) showed fluctuations over time and were highly
individualized. Significant correlations between post-ETI MDM CFTR function and sweat
chloride levels were observed. However, MDM CFTR function correlated with clinical

outcomes better than sweat chloride.

Conclusions: ETI is associated with unique changes in innate immune function and clinical

outcomes.



INTRODUCTION

The discovery and clinical implementation of cystic fibrosis transmembrane conductance
regulator (CFTR) modulator therapy has revolutionized care regimens and disease trajectories
for people with cystic fibrosis (PWCF).[1] Despite their widespread clinical use in some
developed countries and association with improved clinical outcomes, our understanding of
how CFTR modulators alter host-pathogen responses in CF remains limited. There is a
unique opportunity to study immunologic responses to CFTR modulator initiation with the
recent introduction of the highly effective triple combination CFTR modulator therapy
elexacaftor/tezacaftor/ivacaftor (ETI) for PWCF with at least one copy of the CFTR variant
F508del. These immunologic responses are important to our understanding of CF
pathogenesis as prior studies showed that devastating chronic bacterial infections can persist

despite treatment with CFTR modulators.[2-5]

We and others previously demonstrated that macrophage dysfunction is related to both the
acquisition of acute and persistence of chronic infections in PWCF,[6-13] and it is dependent
on appropriate CFTR function.[14] Past studies of CFTR modulator effects on CF
macrophages have demonstrated variable results with overall limited efficacy.[3, 4, 15]
Therefore, we sought to determine how ETI initiation impacts macrophage CFTR expression
and function, resulting effector functions, and their relevance to changes in longitudinal
clinical outcomes. We hypothesized that ETI treatment would be associated with sustained
improvements in CFTR restoration in CF macrophages and subsequently improved
phagocytic function. Further, we hypothesized that robust changes in CF macrophage CFTR

function after ETI treatment would correlate with improved clinical outcomes.

Our results demonstrated distinct changes in CF macrophage CFTR expression and improved
CFTR function in response to ETI treatment. Alterations in macrophage CFTR were

associated with improved phagocytic capacity but did not fully restore bacterial Killing



capabilities. Overall, changes observed were highly individualized and correlated with

clinical outcomes including lung function and nutritional recovery.

MATERIALS AND METHODS

Clinical data: Clinical and demographic information was securely recorded in a REDCap
database. Clinical information recording and/or biospecimen sampling occurred at ETI
initiation, 3-, 6-, 9-, and 12-months post-ETI initiation, except sweat chloride levels measured
by the clinical laboratory at baseline and 1-month post-ETI initiation. Lung function was
measured as percent predicted FEV1. BMI was measured as a nutritional marker. Clinical
microbiologic cultures from oropharyngeal or sputum samples were recorded as surrogates of
chronic infection. Hospitalizations for pulmonary exacerbations (determined by treatment
team) and the number of total antibiotic courses (outpatient and inpatient) was recoded for
one year prior and one-year post-ETI initiation. Due to the COVID-19 pandemic and

telehealth visits, not all clinical measures were available at each visit.

Macrophage assays: MDM isolation, cellular toxicity, phagocytosis, bacterial Killing,
efferocytosis, cytokine and ROS production were performed per prior methods[4, 8, 14] and
as described by Kuhns.[16] CFTR function was assessed via the MQAE halide efflux
assay.[14] CFTR expression was analyzed via flow cytometry, fluorescent microscopy, and
western blot with subcellular protein fractionation. Additional details on all macrophage

assays and RhoA/Cdc42 methods are provided in an online data supplement.

Electrophysiology recording (patch-clamp): MDMs were seeded on glass coverslips and
treated overnight (ex vivo) with ETI (5 uM elexacaftor, 5 uM ivacaftor and 5 uM tezacaftor).

Whole-cell currents were elicited by 400 msec voltage steps from -80 to +80mV in 10mV



steps from a holding potential of -40mV. Additional details are provided in an online data

supplement.

lon channel array: Total RNA was extracted from MDMSs with or without ETI treatment in
vitro using an RNA purification kit (Norgen Bioteck, 43400) according to the manufacturer’s

instruction. Additional details are provided in an online data supplement.

SEM and TEM: Images were obtained on a Hitachi S-4800 field-emission scanning electron
microscope (Hitachi High Technologies, Schaumburg). Additional details are provided in an

online data supplement.

Statistical analysis: For macrophage assays, two sample unpaired t-tests or Fisher’s exact
tests were used for comparisons between PWCF and non-CF controls, and paired t-tests were
used for pre- vs post-ETI comparisons and changes in sweat chloride within the PWCF
group. One-way ANOVA with post-hoc Tukey correction was used for multiple
comparisons as detailed in figure legends. Depending on the distribution, either Pearson’s or
Spearman’s correlation coefficients were used to assess correlations between MDM CFTR
function and post-ETI sweat chloride, and between MDM CFTR function and changes in
clinical outcomes between 0-3 months. A linear mixed-effect model was fit for FEV: and
BMI collected over time. Fixed effects included discrete visits and random intercepts were
specified for participants. Post-hoc comparisons between neighboring visits (baseline vs 3
mo, 3 vs 6 mo, 6 vs 9 m, 0 vs 12 mo) as well as baseline vs 12 mo were conducted with
multiple comparison adjustment using the Sidak method. Multiple-comparison adjusted p-
values were reported following the linear mixed-effect models. Statistical analyses were

completed with GraphPad Prism software (version 8.2).

Study approval: Study participants were recruited as approved by the Institutional Review

Board of Nationwide Children’s Hospital (IRB16-01020). Written informed consent and/or



assent was received prior to participation. Additional details on consent and enrollment

criteria are provided in an online data supplement.

RESULTS
Demographics

The demographics of the enrolled PWCF at baseline and non-CF controls are shown in Table
1. PWCF were slightly younger than the non-CF participants. Among PWCF, there was an
approximately equal distribution of those homozygous or heterozygous for the F508del
variant. Fifty percent were on a CFTR modulator for at least six months prior to ETI
initiation. Baseline percent predicted forced expiratory volume in 1 second (FEV31, 65.5
25.3) and body mass index (BMI, 22.6 + 4.7) are shown as markers of lung function and
nutrition respectively, along with hospitalizations and oral antibiotic courses in the year prior
to ETI initiation. Overall, the participants had moderate lung disease, but ranged from mild to

severe obstructive lung disease as defined by FEV1.

ETI treatment improves MDM CFTR expression and localization

We used primary human monocyte-derived macrophages (MDMs) to model CF macrophage
interactions as monocytes are recruited to systemic sites throughout the body, including the
lungs and sinuses, where they differentiate into macrophages. MDMs are also at a higher
density in the CF lung compared to alveolar macrophages,[17] lending relevance to their use
as models of CF immunity. In the lungs, recruited MDMs regulate both acute and chronic
responses to infection, inflammation, and other stimuli. Unless otherwise noted, MDMs were
grouped according to non-CF, CF pre-ETI initiation (untreated), or CF post-ETI initiation
(treated- receiving in vivo plus ex vivo supplementation during culture). Prior studies have
established dosing of CFTR modulators for immune cell culture use from 1-5uM, akin to in

vivo exposures.[3, 4, 15] To assess MDM tolerance of elexacaftor, we examined escalating



doses from 1 to 40uM. MDMs were treated with elexacaftor ex vivo and apoptosis measured
via flow cytometric detection of Annexin V* cells. Increased apoptosis was noted with
increasing doses of elexacaftor above 5uM, with significantly increased apoptosis at 40uM
(Fig. 1A). We then measured MDM apoptosis in response to increasing concentrations of
elexacaftor in combination with fixed dosing of tezacaftor and ivacaftor (SuM). A similar
trend was noted, with significantly increased MDM apoptosis at elexacaftor concentrations
greater than 30uM in combination with tezacaftor/ivacaftor (Fig. 1B). We therefore chose to

use SuM elexacaftor for all further studies in combination with tezacaftor and ivacaftor.

We then measured CFTR expression in non-CF, untreated CF, and CF MDMs treated with
ETI. CF MDMs had significantly less CFTR expression compared to non-CF MDMs when
measured by a quantitative flow cytometry assay (45.7 vs 74.1%, p < 0.0001) (Fig. 1C). CF
MDMs treated with ETI demonstrated a significant increase in CFTR compared to untreated
CF MDMs (62.1 vs 45.7, p = 0.006), but remained below the level of expression of non-CF
MDMs (62.1vs 74.1, p = 0.025) (Fig. 1C, representative flow gates in supplemental Fig.
1A). We then examined CFTR expression via western blot for total protein and subcellular
protein fractionation for measurements of membrane and cytosolic concentrations of CFTR.
Western blot also showed a significant increase in total CFTR expression in ETI-treated CF
MDMs (Densitometry in Fig. 1D). Specifically, ETI treatment was associated with both
increased cytosolic and membrane CFTR expression compared to untreated CF MDMs (Fig.
1E, all uncropped blots in supplemental Fig. 1B). Control CF MDMs with a class 1 CFTR
variant did not show an increase in CFTR expression in response to ETI (supplemental Fig.

1C).

Next, we used fluorescent microscopy to determine co-localization of CFTR with surface
(WGA) and trafficking/degradation markers (RAB7, EEAL, LAMP1) at rest and during LPS

exposure. We found decreased expression of CFTR (green) at the plasma membrane (white)



in CF MDMs compared to non-CF, with a significant increase in surface-associated CFTR in
CF MDMs post-ETI1 with or without LPS exposure (Figs. 2A-C). CFTR was most commonly
co-localized with lysosomal (LAMP1) or late endosomal markers (Rab7) in both non-CF and
CF MDMs post-ETI compared to untreated CF MDMs (Figs. 2A-C). A summary of
quantitative scoring of co-localization of CFTR with other fluorescent markers is displayed in

Figure 2D.

ETI treatment alters non-CFTR ion channel expression

To specifically examine if ETI treatment is associated with changes in other macrophage ion
channels besides CFTR, we performed a custom microarray analysis of ion channel
expression in CF MDMs pre- and post-ETI. Untreated CF MDMs demonstrated altered
expression of several sodium (SCN1A, SCN1B, SCN8A, SCN11A), potassium (KCNAS3,
KCNB1, KCNC1, KCNE1) and chloride (CLCNKA) channels compared to non-CF MDMs
(Fig. 3A, significant values in red). However, there were not uniform directional changes in
expression within each channel type (e.g., both up- and down-regulated expression was
present). Post-ETI, prior differences were no longer significant except KCNB1 and KCNE1
(Fig. 3B, significant values in red). SCN4A, SCN10A, CACNA1A, TRPC1, ITPR3, and
CHRND showed compensatory changes in CF MDMs post-ETI compared to non-CF MDMs
(Fig. 3B). Comparing CF MDMs pre- and post-ETI, CLCN2, CACNG2, and TRPC1 were
significantly increased in expression post-ETI (Supplemental Fig. 2A). Individual paired
changes in ion channel expression from PWCF are shown in Figure 3C with groupings by

ion channel type.

MDM CFTR functional responses vary by individual

Next, we examined changes in MDM CFTR channel function in response to ETI. We utilized

the MQAE assay to determine quantitative changes in CFTR-dependent halide efflux in



response to ETI. First, we determined the impact of a one-week washout on CFTR function.
Paired monocytes from PWCF taking ETI clinically for 3-6 months were either treated (ex
vivo group) or not treated (washout) with ETI daily during differentiation to MDMs. A
significant increase in CFTR function was seen for each group of MDMs treated with ETI
compared to its matched untreated counterparts from the same donor (Fig. 4A). These results
indicate that daily treatment with ETI is necessary to maintain CFTR functional restoration in
ex vivo cell culture. We then compared monocyte and MDM CFTR functional responses to
ETI. Freshly isolated monocytes from PWCF 3-months post EIT who had received a
morning dose of ETI were analyzed without further ETI treatment ex vivo. CF monocytes
from PWCF prior to ETI initiation demonstrated negligible CFTR function and had no
significant increases at 3 months post-ETI treatment (Fig. 4B). Paired individual donor
monocyte responses were quite variable pre- and after 3 months of ETI treatment, with only 1
individual (male, F508del/Y1092X) demonstrating a significant response to ETI (Fig. 4C).
Further, one-time ex-vivo treatment with ETI immediately after monocyte isolation did not
significantly improve CFTR function compared to monocytes treated in vivo only (Fig. 4D).
In contrast, CF MDMs treated with ETI during culture differentiation demonstrated a
significant increase in CFTR function compared to untreated CF MDMs, but also remained
with significantly less CFTR function compared to non-CF MDMs (Fig. 4E). Individual
paired donor MDM responses were more consistently increased post-ETI, but again were
variable from donor to donor (Fig. 4F, 2 largest increases were female, F508del/F508del and
male, F508del/F508del). Overall, there were no discernible characteristics (gender, age,
genotype) reflecting sample variability. A representative kinetics tracing of the halide efflux
assay for untreated non-CF and CF MDMs and non-CF and CF MDMs treated with ETI is
shown in Figure 4G. We confirmed these data with whole-cell patch-clamp measurements of

CFTR currents. We found that stimulated CFTR function measured by patch-clamp was



minimal in untreated CF MDMs (red) and CF MDMs from PWCF who had received ETI
clinically for 3 months but no further supplementation during MDM differentiation (CF ETI
in vivo -orange, Fig 4H). In contrast, CF MDMs treated with ETI ex vivo (purple) and non-
CF MDMs (black) demonstrated robust CFTR currents in response to a forskolin cocktail
stimulation (Fig. 4H). Representative whole cell patch-clamp basal and forskolin-stimulated

CFTR current tracings are shown in Supplemental Fig. 2B.

ETI treatment improves phagocyte-mediated Killing of bacteria

To determine the consequences of the observed improvements in CFTR expression and
function with ETI treatment, we next measured MDM-mediated killing of clinical isolates of
the CF pathogens B. cenocepacia, P. aeruginosa, and methicillin-resistant Staphylococcus
aureus (MRSA). Untreated CF MDMs had increased B. cenocepacia burden compared to
non-CF, similar to past studies (Fig. 5A).[4, 14] Treatment with ETI was associated with a
significant decrease in B. cenocepacia burden in CF MDMs (Fig. 5A). Untreated CF MDMs
also had increased P. aeruginosa and MRSA bacterial loads compared to non-CF (Fig. 5A).
ETI treatment was associated with a significantly decreased P. aeruginosa and MRSA load in
CF MDMs (Fig. 5A). ETI treatment did not impact bacterial load for any pathogen in non-CF
MDMs (Figs. 5A). One of the proposed mechanisms for failed CF MDM clearance of
bacteria is poor phagocytosis.[3, 4, 11, 14, 18-20] We measured phagocytosis of an RFP-
expressing B. cenocepacia clinical isolate to see if bacterial phagocytosis was similarly
impacted by ETI treatment. Surprisingly, both CF and non-CF MDMs showed increased
phagocytosis of B. cenocepacia after ETI treatment (Fig. 5B). However, CF phagocytosis
post-ETI remained below baseline non-CF phagocytosis (55.1% vs 74.7%, Fig. 5B). CF
phagocytosis rates were also variable amongst individuals (Fig. 5B), similar to the CFTR
function data. The addition of CF airway supernatants (ASN) to ETI treated cells reduced

ETl-associated rescue of phagocytosis for both CF and non-CF MDMs (Fig. 5B).



Representative flow cytometry gating strategy, histogram, and light microscopy are shown in
Figure 5C. We then further examined MDM interactions with bacteria using scanning
electron microscopy (SEM). We found distinct morphologic changes in CF MDMs compared
to non-CF. CF MDMs lacked membrane protrusions and rearrangements necessary for
phagocytosis of bacteria compared to non-CF (Fig. 5D). ETI treatment was associated with
increased CF macrophage membrane protrusions and contact with bacteria, although overall
cytoskeletal morphology was disorganized and morphologically distinct compared to non-CF

(Fig. 5D).

ETI treatment enhances MDM efferocytosis of apoptotic neutrophils

The CF airway is characterized by heavy neutrophilic infiltration and large amounts of
apoptotic debris. In addition to phagocytosis and killing of bacteria, macrophages are
responsible for the clearance of airway debris such as apoptotic cells through efferocytosis to
avoid excess inflammation. To determine the impact of ETI on MDM efferocytosis of
neutrophils, we co-cultured MDMs with apoptotic CF and non-CF neutrophils. Untreated CF
MDMs had significantly less efferocytosis of neutrophils compared to non-CF MDMs (Fig.
6A-C). ETI treatment was associated with a significant increase in CF MDM efferocytosis of
neutrophils, with variation in improvement on an individual basis (Fig. 6A-C, fluorescent
label and apoptosis confirmation in supplemental figure 3). Non-CF MDMs treated with a
CFTR inhibitor also demonstrated a significant decreased in efferocytosis, with partial rescue
by ETI treatment (Fig. 6A-B). We confirmed the CF findings using transmission electron
microscopy (TEM). TEM images showed increased efferocytosis in CF MDMs post-ETI
(Fig. 6D with quantitative scoring). Because of the differences in phagocytosis and
efferocytosis between CF and non-CF MDMs that persisted with ETI treatment and the
ultrastructural characteristics identified by SEM imaging in Figure 5E, we examined 3

critical genes that encode for G proteins from the Rho family (RhoA, Racl, Cdc42), a family



of small GTPases regulating cytoskeletal dynamics and cellular motility. We found decreased
relative expression of RhoA and Racl in CF MDMs at baseline compared to nhon-CF MDMs
(Supplemental Fig. 4A). Further, Cdc42 was decreased in expression during infection in CF
MDMs compared to non-CF (Supplemental Fig. 4A). All 3 genes had increased relative
expression at baseline and during infection in CF MDMs treated with ETI (Supplemental
Fig. 4A). In particular, RhoA and Racl demonstrated 2-3 times higher expression in some
individuals with CF treated with ETI compared to non-CF (Supplemental Fig. 4A). We
expanded upon the gene expression data via flow cytometry with Cdc42 and RhoA activation
assays in response to an N-Formylmethionyl-leucyl-phenylalanine (fMLP) stimulus. We
found decreased Cdc42 activity in CF MDMs at baseline and during fMLP stimulation
compared to non-CF (Supplemental Fig. 4B). ETI treatment improved Cdc42 activation
during fMLP stimulation, but the level remained about half of non-CF MDMs
(Supplemental Fig. 4B). In contrast, RhoA activity was only decreased in CF MDMs in
response to fMLP but approached non-CF levels after ETI treatment (Supplemental Fig.
4C). Combined with our microscopy data these results suggest that significant changes in

macrophage cytoskeletal elements occur after ETI treatment.

ETI treatment has variable effects on MDM effector functions

In addition to deficits in phagocytosis and clearance of apoptotic debris, CF MDMs have
alterations in cytokine production.[4, 11, 14, 21-23] We examined pro- and anti-
inflammatory cytokine secretion profiles in response to infection with B. cenocepacia. IL-10
production was significantly increased in untreated CF MDMs compared to non-CF (Fig.
7A). Interestingly, ETI treatment was associated with decreased IL-10 production in both CF
and non-CF MDMs, with comparable levels of IL-10 for both CF and non-CF MDMs after
ETI (Fig. 7A). ETI treatment was not associated with any significant changes in IL-1p, IL-6,

IL-8, IL-12, or TNF-a production (Supplemental Figs. 5A-E). TNF-a production was



increased in CF MDMs at baseline compared to non-CF, similar to 1L-10 (Supplemental
Fig. 5E). Because there were minimal changes in MDM polarization or cytokine production,
we next measured ROS production as another measure of macrophage function. CF MDMs
have a known deficit in NADPH oxidase assembly and subsequent reactive oxygen species
(ROS) production measured through DCF and superoxide assays.[8] We first stimulated
MDMs with PMA, a phorbol ester that stimulates ROS production. CF MDMs had a
decreased oxidative burst in response to PMA compared to non-CF (Fig. 7B). ETI treatment
was associated with normalized ROS production in CF MDMs stimulated with PMA
(Fig.7B). There was no change in CF MDM ROS production in unstimulated cells treated
with ETI, which confirms the specificity of ETI treatment for increasing ROS production
during PMA stimulation (Fig. 7B). We previously demonstrated that B. cenocepacia
suppresses MDM ROS production.[8] We infected MDMs with B. cenocepacia and
measured ROS production during ETI treatment. ROS production was unchanged with ETI
treatment during B. cenocepacia infection in both CF and non-CF MDMs (Fig. 7C).
Combined, these results suggest variable changes in the inflammatory and oxidative burst

potential of CF MDMs treated with ETI.

Clinical outcomes post-ET]

Last, we determined changes in clinical outcomes post-ETI in our CF cohort with at least 3
months of available clinical data, and correlated outcomes with changes in MDM CFTR
function. ETI treatment was associated with a significant reduction in sweat chloride levels
after 1 month (99.0 £18.5 mmol/L vs. 48.7 £19.2, p < 0.0001, Table 2, Fig. 8A). Reductions
in sweat chloride were consistently decreased for everyone, but variable in intensity of
decrease (minimum reduction 15 mmol/L, max 93 mmol/L). Changes in sweat chloride were
also significant for individuals when analyzed by prior CFTR modulator exposure (Table 2,

Supplemental Fig. 6A). ETI was associated with significant increases in absolute % change



in % predicted FEV1 (+19.7%, relative change +9.2%) and BMI (+4.6%, relative change
+0.9) at 3-months post-initiation (Table 2, Figs. 8B-C). Similar effects were seen for FEV1
when analyzed by those homozygous (relative change +12.2%) or heterozygous (+9.0%) for
the F508del variant. Change in BMI at 3 months was also similar between variant groups

(homozygous +1.0, heterozygous +0.9).

Longitudinal analysis of the entire cohort revealed that FEV1 increased from 3 to 6 months
(+5%) but showed no increases thereafter and decreased from 6 to 9 months post-ETI
initiation (Fig. 8B). BMI showed no significant changes between 3-12 months (Fig. 8C).
Individual values for percent change in FEV1and BMI at 3 months relative to baseline ranged
from 0 - 63% and -4.6 to 23% respectively. Despite the variable changes over time, there
were overall significant increases in FEV1 and BMI from baseline to 12-month follow-up
measurements (Table 2, Figs. 8B-C). The longitudinal changes in FEV1 and BMI were also
consistent for PWCF with and without prior CFTR modulator exposure (Supplemental Figs.

6B, C).

Hospitalizations for pulmonary exacerbations (0.88 + 1.4 vs 0.02 = 0.1, p <0.0001) and oral
antibiotic prescriptions per year (2.4 = 2.3 vs 0.5 + 0.7, p <0.0001) were both significantly
reduced in the year following ETI initiation compared to the prior year (Table 2). These
decreases were also consistent when comparing PWCF with and without prior CFTR
modulator use (Table 2). Changes in chronic infection from oropharyngeal and sputum
bacterial cultures were noted over time, with 51% of individuals clearing one or more chronic
pathogens after 12 months of therapy. Both individuals with a prior chronic B. multivorans
infection showed negative cultures at 12 months. Of note, most 12-month cultures were
oropharyngeal swabs, and we therefore did not have sufficient cultures to check non-

tuberculous mycobacteria (NTM) status in the 16% of our cohort with a prior NTM infection.



The percentage of individual pathogens present at the start and after 12 months of ETI

treatment are shown in Table 2.

We then examined children and adults (n=17) who had an available 3-month post-ETI MDM
CFTR functional assessment and analyzed for correlations with clinical outcomes. There was
a significant negative correlation between post-ETI MDM CFTR function and post-ETI
sweat chloride (e.g. higher MDM CFTR function correlates with lower sweat chlorides, r= -
0.81, p = 0.0005, Fig. 8D). There were positive correlations between percent change FEV1
and percent change BMI with change in CFTR MDM function post-ETI ([FEV1r=0.71, p =
0.002] [BMI r = 0.59, p = 0.015] Figs. 8E-F). Individuals with 2 copies of the F508del
variant had the largest responses. There was also a significant correlation with clearance of
one or more bacterial pathogens and change in CFTR MDM function post-ETI (r=0.53, p =
0.036), including the 6 individuals with the lowest changes in CFTR function who did not
demonstrate clearance of bacteria from cultures. Last, we analyzed clinical outcomes in all
individuals with an available post-ETI sweat chloride. In contrast to the MDM CFTR results,
post-ETI sweat chloride did not correlate with changes in FEV1 (r = 0.05, p = 0.72) or BMI (r
= 0.08, p = 0.58). Overall, these data reflect robust, but highly individualized clinical
responses with the first 3 months of ETI treatment. Further, changes in macrophage CFTR
function may be a more sensitive indicator of individual clinical responses than sweat

chloride.

DISCUSSION

The approval of highly effective CFTR modulators such as the triple combination
elexacaftor/tezacaftor/ivacaftor has brought tremendous changes to the clinical care and

disease trajectories for many PWCF. However, questions remain about the long-term efficacy



of CFTR modulators and their impact on chronic infection and inflammation as well as
responses to new infectious or inflammatory insults. The results of this study provide novel
insights into alterations in innate immune responses in response to ETI, persisting phagocytic
defects post-treatment, and their associations with clinical outcomes. Further, these studies
build upon prior findings in a CRISPR-Cas9 CFTR knockout model in human MDMs,[14]

which established several macrophage functions critically dependent upon CFTR.

The overall role of CFTR and other ion channels in CF innate immune cells remains
relatively understudied. Prior human studies have elucidated low levels of expression of
CFTR in monocytes, macrophages, and neutrophils, with detection of functional CFTR
currents in peripheral blood monocytes and MDMs.[4, 14, 24-30] In this study, we detected
changing CFTR expression and trafficking in MDMs from PWCF in response to ETI, along
with improved CFTR-dependent functional currents through halide efflux and a patch-clamp
assay. Biogenesis, trafficking to the cell surface, and endocytosis and recycling of CFTR are
regulated by multiple trafficking pathways, including Rab7. Rab7 regulates the movement of
CFTR away from the recycling pathway into late endosomes, and then participates in the
transport of CFTR from late endosome to lysosomes for degradation.[31] Rab7 and other
GTPases are also critical in macrophage phagosome maturation and phagolysosome
formation.[32] In our study, alterations in CFTR co-localization with EEAL, Rab7, and
LAMPL1 in untreated CF MDMs were restored post-ETI, suggesting there exists a reciprocity
between CFTR function and localization and anterograde trafficking in MDMs. CFTR
localization to the plasma membrane and lysosomes was also activated by LPS, consistent
with past studies where macrophage CFTR localization is activated by infectious or
inflammatory stimuli.[4, 10] Further, CFTR was recently shown to regulate macrophage

autophagolysosomal acidification.[33] Based on past and current studies, functional CFTR is



likely important in regulating several aspects of macrophage machinery necessary for

effective phagocytosis.

Importantly, we found that changes in CFTR function with ETI are short-lived and not
sustained unless there is continued drug exposure. This highlights the potential importance of
optimizing CFTR modulator dosing for immune cell responses and cellular distribution.
Changes in CFTR function were also highly individualized, suggesting unique factors that
could influence macrophage responses to CFTR modulators, such as receptor sensitivity or
epigenetic modifications.[34] We did not discern gender, age, or genotype-specific responses
that dictate the individualized responses, but larger multi-center studies could help achieve
more nuanced testing of clinical phenotypes. Further, modifying CFTR does not appear to
occur in isolation as reciprocal changes in other ion channels were observed in response to
CFTR modulators as seen in our microarray data. While detailed studies on changes in
individual ion channels (non-CFTR) were beyond the scope of this manuscript, reciprocal
alterations in calcium channels such as TRPC1 might be beneficial in restoring aberrant
macrophage inflammatory responses in CF.[35] Overall, we did not observe uniform
changes across ion channel types post-ETI to easily decipher coordinated channel responses,
but expression changes suggest broad normalization of chloride, potassium, and sodium
conductance, with new changes in calcium signaling. Several altered ion channels that we
observed have not been well described in macrophages (e.g. CLCN2, CACNG2, CHRND,
etc.) and therefore have an unclear role in CF macrophage responses post-ETI. Combined,
these data highlight the complex nature of macrophage ion channels and the need for further

studies to monitor immune non-CFTR ion channel responses to CFTR modulators.

Concurrent with our CFTR expression and function studies, macrophage phagocytic and
effector functions also changed to varying degrees after ETI exposure. Specifically,

persistent deficits in phagocytosis and the macrophage cytoskeletal ultrastructure were



observed post-treatment. We found decreased Cdc42 activity in macrophages pre- and post-
ETI, consistent with a prior study that showed decreased Cdc42 activity in CF
monocytes.[36] Monocyte adhesion was improved with CFTR modulators in the same study,
however Cdc42 activity was not tested. The overall persistent deficits in phagocytosis may be
related to the difficulty in clearing some pathogens such as B. cenocepacia, which have
known virulence mechanisms that disrupt the actin cytoskeleton or suppress intracellular
ROS production.[8, 37, 38] Prior studies of older generation CFTR modulator combinations
suggested potential negative interactions between ivacaftor and lumacaftor regarding
bacterial phagocytosis.[3, 4] However, in our studies ETI was associated with improved
phagocytosis of B. cenocepacia in both non-CF and CF MDMs, but this effect was attenuated
by the presence of CF ASN. These results suggests that the inflammatory airway milieu may
modify and potentially blunt the therapeutic impact of ETI. Additionally, efferocytosis of
apoptotic neutrophils was robustly enhanced post-ETI, which supports the notion that full
correction of macrophage cytoskeletal signaling may not be needed for clinical effects.
Further studies detailing the complex mechanisms and receptors underlying phagocytosis of

bacteria and uptake of inflammatory debris after CFTR modulation are ongoing.

During inflammation, monocytes are recruited to the affected site and then differentiated into
resident macrophages and activated. Interestingly, ETI normalized anti-inflammatory IL-10
expression, while pro-inflammatory cytokine production did not change. Prior studies have
shown differences in CF IL-10 production based on age, sampling location (airway, blood,
nasal), cell type (blood, lung lavage), and health status.[39-41] The combination of these
results suggest that many aspects of CF macrophage cytokine production are likely regulated
by complex local environmental signals in addition to CFTR, as has been shown in studies

with CF neutrophils.[42]



As an important corollary to the observed changes in macrophage function post-ETI, we
observed robust but highly variable clinical responses over time. FEV:1 and BMI were
markedly improved at 3 months post-treatment but leveled off over time in most individuals,
with many individuals seeing a decrease in FEV1 at nine-months post-initiation. Further,
although sweat chloride levels dramatically decreased on ETI, post-ETI sweat chloride was
not a robust predictor of clinical responses compared to changes in MDM CFTR function,
which were strongly correlated with improvements in both BMI and FEVj, as well as
pathogen clearance. These data suggest that more robust improvements in immune function
are linked to improved clinical responses, which opens the door for monitoring immune
function as a biomarker of CF therapeutic responses. However, our findings need to be
validated in large, multi-center prospective studies. Overall, a significant reduction in
inpatient and outpatient pulmonary exacerbations was demonstrated in this observational

cohort, supporting the clinical impact of ETI in PWCF in a real-world setting.

Our study was limited by a lack of available airway resident macrophages for comparison to
MDM studies. Although MDMs are integral in innate immune and reparative functions
throughout the body including their recruitment to the lungs, sinuses and Gl tract, they may
behave differently from resident alveolar or interstitial lung macrophages. However, new
evidence suggests that alveolar macrophages can be replaced by cells of monocytic
origin.[43] Post-ETI we have seen a dramatic resolution of sputum production and the need
for bronchoscopy, thereby limiting any available airway resident macrophages for
comparison in this study. Research bronchoscopy programs will be integral for such future

comparisons of resident and recruited CF macrophages.

In conclusion, ETI was associated with unique changes in innate immune function and

clinical outcomes in PWCF. Changes in macrophage CFTR function may be a more sensitive



indicator of clinical responses to CFTR modulators than sweat chloride but need further

validation in subsequent studies.
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Table 1: Participant demographics

CF (n=56) Non-CF (n=92) | P value
Age (years) 28.6 +13.4 37.0+9.8 0.0001
Female 41.1% 51.1% 0.24
Caucasian 94.6% 91.3% 0.46

CFTR genotype
Homozygous F508del (n=26) | 46.4%
Heterozygous F508del (n=29) | 51.2%

Baseline BMI (mean) 226 £4.7




Prior CFTR modulator 50.0%

Baseline FEV1 (% predicted) 65.5 + 25.3

Hospitalizations 1 year 06x14
prior to ETI initiation

Oral antibiotic courses 1 year 24+23
prior to ETI initiation

P values determined by unpaired t-test for continuous variables or Fisher’s Exact test for

categorical variables.

Baseline 3-mos 6-mos 9-mos 12-mos P value
Sweat chloride (ALL) 99.0+185 |48.7+19.2 | --- <0.0001
(mmol/L)
Sweat chloride (no prior 103.0 +18.8 | 54.0 +20.7 | --- <0.0001
modulator) (mmol/L)
Sweat chloride (prior 949+17.6 |43.3%16.2 | --- <0.0001
modulator) (mmol/L)
FEV1(ALL) 63.8+24.7 | 73.0+25.8 | 78.7 £22.8 | 75.3 £25.4 | 74.7 +25.6 | 0.003
FEV1 (no prior modulator) 57.4+26.9 | 67.9+28.6 | 71.3+£28.1 | 71.1+27.9 | 68.7 +27.9 | 0.03
FEV1 (prior modulator) 70.3+229 |79.4+22.3 |87.8+12.3 | 77.7+24.5 | 81.0+21.6 | 0.001
BMI (ALL) 22.6+45 235+43 | 236+4.1 |233+3.4 |23.7+4.1 |<0.0001
BMI (no prior modulator) 21.4 4.9 22.7+5.0 | 22858 |224+43 |229+4.1 |0.003
BMI (prior modulator) 23.3 3.3 241432 |244+29 |23.8+2.6 |24.2+3.2 |0.003




Hospitalizations (All) 09+14 0.02+£0.1 | <0.0001
Hospitalizations (no prior 10+1.1 0.04 +£0.2 | <0.0001
modulator)

Hospitalizations (prior 0.7x17 0.0+0.0 | <0.0001
modulator)

Antibiotic courses (All) 24+23 0.5+0.7 | <0.0001
Antibiotics (no prior 31+21 0.6+0.8 | <0.0001
modulator)

Antibiotics (prior modulator) |1.8+24 0.3+0.5 | <0.0001
P. aeruginosa 45.1% 21.6%

MRSA 33.3% 15.7%

MSSA 35.3% 31.4%

BCC 3.9% 0%

Achromobacter 9.8% 2%
Stenotrophomonas 5.9% 4%

Normal resp flora 3.9% 29.4%

Table 2: Changes in clinical outcomes

BCC- Burkholderia cepacia complex

P values determined by paired t-test for sweat chloride, hospitalizations and antibiotic courses and
linear mixed effects model with post-hoc Sidak comparison for FEV: and BMI
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FIGURE LEGENDS

Figure 1: ETI treatment is associated with increased MDM CFTR expression. A) Flow
cytometry measurements of cellular apoptosis by detection of % Annexin V positive CF
MDMs in response to escalating doses of elexacaftor (0-40 puM). 40uM elexacaftor
significantly increased MDM apoptosis, p <0.0001 via one-way ANOVA with Tukey’s test,
n= 4-6. B) Flow cytometry % Annexin V positive CF MDMs in response to escalating doses
of elexacaftor combined with fixed tezacaftor and ivacaftor dosing (5uM). Elexacaftor doses
above 30uM were associated with significantly increased MDM apoptosis, p = 0.006 and
<0.0001 via one-way ANOVA with Tukey’s test, n=4-7. C) Quantitation of CFTR expression
via flow cytometry detection of %CFTR™ fluorescence in non-CF (n=12), CF (n=6), and CF-
ETI (n=7) MDMs, detected via UNC-596 or Alamone ACL-006 antibody. P values for

individual comparisons are shown, one-way ANOVA. Negative and single-color controls not



shown. D) Densitometric ratios of western blot analysis of CFTR (UNC-596 antibody) Band
C expression in non-CF (n=7), CF (n = 12), and CF-ETI (n=9) MDMs. Densitometry ratios
normalized to the loading control B-actin. P values for individual comparisons are shown,
one-way ANOVA, non-CF vs CF-ETI non-significant. E) Subcellular fractionation western
blot of membrane and cytosolic fractions of CFTR in non-CF, CF, and CF-ETI MDMs.
Na*/K*-ATPase was used as a membrane control, and B-actin as a cytosolic control.
Representative image is shown with corresponding densitometry for cytosolic and membrane

fractions from all replicates, unpaired t-tests.

Figure 2: ETI treatment is associated with altered CFTR localization. Confocal
microscopy of non-CF, CF, and CF post-ETI MDMs after 16h LPS stimulation. Cells were
permeabilized for detection of co-localization of CFTR (green) with A) the lysosomal marker
LAMPL1 (red), B) early endosomal marker EEAL (red), and C) late endosomal marker RAB7
(red) are shown. For all comparisons the plasma membrane marker WGA (white), MDM
nucleus marked with DAPI (blue), and merged images are also shown. Representative images
are shown, n=3-12 unique individuals. D) Quantitative scoring of CFTR co-localization with
specific markers from parts A-C was conducted using image J of random images. P values for

individual comparisons are shown, one-way ANOVA.

Figure 3: Tagman custom microarray ion channel relative expression ratios for A)
CF/Non-CF MDMs at baseline and B) CF MDMs treated with ET1 compared to non-CF. All
values were normalized to GAPDH, n=5=8 per group, mean + SD shown. Some channels
were not expressed in all patient samples. Statistically significant comparisons via Brown-
Forsythe and Welch ANOVA are displayed in red color. C) Paired changes in relative
expression ratios from A & B (PWCF only) pre- and post-ETI with groupings of channels by

ion type. Color coding represents individuals for each specific channel.



Figure 4: Variable changes in human monocyte and MDM CFTR functional responses
toETI treatment. A) CFTR function as measured by maximum forskolin-stimulated halide
efflux assay of CFTR-dependent chloride efflux (MQAE assay). CF monocytes were
obtained from PWCF after 3 months of ETI treatment. Monocytes were differentiated into
MDMs, with one experimental group receiving no drug during culture (washout) and one
group receiving daily ETI ex-vivo during differentiation. A significant increase (p = 0.0004)
in CFTR function was seen for MDMs receiving continued ex-vivo ETI treatment, paired t-
test, n=6. B) Maximum forskolin-stimulated halide efflux (15 minutes) in non-CF, CF pre-
ETI, and CF post-ETI (3 mos) monocytes. Measured as AF/FO/minute whereby AF is
forskolin stimulated current — CFTRinh current, and FO is Fmax minus Fmin. N= 5-20, p
values for individual comparisons shown, one-way ANOVA, mean +SD. C) Individual paired
monocyte responses from 4B, n=5, p = 0.15, paired t-test. D) Paired monocyte halide efflux
responses for monocytes exposed to ETI in vivo without culture supplementation (CF) or
one-time ex-vivo ETI treatment (CF ex vivo), n=3, paired t-test. E) Max forskolin-stimulated
halide efflux (15 minutes) in human non-CF, CF pre-ETI, and CF MDMs with ex vivo ETI
daily during differentiation (post-ETI). N=6-20, p values for individual comparisons are
shown, one-way ANOVA, mean £SD. F) Individual paired MDM responses from 4D, n=16,
p <0.0001, paired t-test. G) Representative CFTR function time course shown with
annotations for MQAE dye, Nal inhibition, forskolin plus IBMX stimulation (FSK + IBMX),
CFTR inhibition (CFTRinh172), and quenching with KSCN plus valinomycin. Colored lines
and symbols are shown to help differentiate treatment groups. H) Non-CF and CF peripheral
blood monocytes were isolated and differentiated into macrophages (MDMs). MDMs were
divided into groups based on the absence (non-CF-black, CF-red) or presence of ex-vivo ETI
(non-CF ETI ex vivo-blue, CF ETI ex-vivo-purple, 5 uM all ETI components for 24h prior to

patch-clamp) as well as CF MDMs from PWCF who had received 3 mos of ETI clinically but



no ETI added back during culture (CF ETI in vivo-orange). Whole-cell currents were elicited
by 400 msec voltage steps from -80 to +80mV in 10mV steps from a holding potential of -
40mV. Displayed are average current/voltage (I/V) relationships for basal and CFTR
stimulated (15uM forskolin, 100uM IBMX and 2mM ATP) currents in MDMs. N=3-8

donors, data are expressed as mean + SD.

Figure 5: ETI improves bacterial phagocytosis and intracellular killing. A) Colony-
forming unit (CFU) assay for non-CF and CF MDMs % ETI treatment during overnight
infection with B. cenocepacia k56-2 isolate (Bc) or CF clinical isolates of P. aeruginosa and
MRSA. Log scale, n=4-13 donors, mean + SD. P values for individual comparisons shown,
via one-way ANOVA. B) Paired and summed % phagocytosis of RFP-expressing B.
cenocepacia in non-CF and CF MDMs = ETI or ETI plus airway supernatant (ASN)
treatment. n = 2-8/group, MOI 50, mean £SD, p values via paired t-test or one-way ANOVA.
C) Representative flow cytometry gating strategy, histogram, and light microscopy for
bacterial phagocytosis from 5B. FACS gating on forward scatter (FSC), side scatter (SSC),
and detection of Bc expressing Texas Red. D) SEM images of non-CF, CF, and CF ETI
MDMs during infection with Bc. Non-CF ETI not shown. Scale bars displayed, top images
with magnification 5.0kV 8.00mm x 1.3k SE (U) and bottom images with 5.0k\V 8mm x4.00k

SE(V). Bacteria are pseudocolored red and macrophages pseudocolored purple.

Figure 6: ETI improves MDM efferocytosis. A) Gating strategy for flow cytometry-based
detection of MDM efferocytosis of apoptotic neutrophils based on FSC and detection of
CD14+ cells with a positive carboxyfluorescein succinimidyl ester (CFSE) signal. CFSE-
labeled neutrophils underwent sterile, age-induced apoptosis for 24 hours prior to analysis.
B) Representative fluorescent microscopy images of MDM efferocytosis of CFSE-labeled
apoptotic neutrophils. Shown are control MDMs without apoptotic neutrophils, CF and non-

CF MDMs without treatment, CF MDMs post-ETI treatment, non-CF MDMs treated with a



CFTR inhibitor (CFTRinh), and non-CF MDMs treated with a CFTR inhibitor and then
exposed to ETI. Also shown is a summary of % efferocytosis for all experiments, normalized
to non-CF control for each sample, n= 3-12. P values are shown for individual comparisons,
via one-way ANOVA with paired analysis of CFTRinh changes in non-CF. C) Paired
individual CF responses from 6B, paired t-test, n=8. D) TEM images of non-CF, CF, and CF
ETI MDMs co-cultured with apoptotic neutrophils. Black arrows indicate efferocytosis of
apoptotic cells. Magnification shown on images. Summary of semi-quantification of #

efferocytosed neutrophils per MDM also displayed, one-way ANOVA.

Figure 7: ETI effects on macrophage effector functions. A) 24h I1L-10 cytokine production
(pg/ml) in non-CF and CF MDM supernatants at baseline, during ETI treatment, during B.
cenocepacia (Bc) infection or combined infection and treatment. N=14-26, mean £SD, p
values for individual comparisons via one-way ANOVA. B) Summary of DCF assay end-
point analysis of maximum 2h reactive oxygen species (ROS) production in non-CF and CF
MDMs after no treatment (NT), PMA stimulus, ETI treatment, or PMA plus ETI treatment.
N=3-4, mean £SD, p value via one-way ANOVA. C) Summary of DCF assay end-point
analysis of maximum 2h ROS production in non-CF and CF MDMs after infection with Bc,

treatment with ETI, or a combination. N=8-11, mean +SD, p value via one-way ANOVA.

Figure 8: Clinical outcome changes post-ETI. A) Changes in sweat chloride for PWCF
pre- and 1-month post-ETI initiation. N=52, p <0.0001 via paired t-test. Dashed line
represents the clinical threshold of 60mmol/L for a positive sweat chloride test. B) Changes
in percent predicted FEV1 over 12 months for PWCF. Shown are mean values plus 95% CI at
baseline (pre-ETI), 3-, 6-, 9-, and 12-months post-ETI initiation. All individuals had at least 3
months of data. P values shown for comparisons between time points, via linear mixed effects
model with post-hoc comparisons between neighboring visits, as well as between baseline

and 12-month using the Sidak method. C) Changes in BMI over 12 months for PWCF.



Shown are mean values plus 95% CI at baseline (pre-ET]I), 3-, 6-, 9-, and 12-months post-ET]
initiation. All individuals had at least 3 months of data. P values shown for comparisons
between time points, via linear mixed effects model with post-hoc comparisons between
neighboring visits, as well as between baseline and 12-month using the Sidak method. D)
Correlation plot for sweat chloride and maximal MDM CFTR function for PWCF, n=15. A
significant negative correlation was observed (Spearman’s r= -0.81, p = 0.0005). E)
Correlation plot for 3-month post-ETI FEV1 and change in MDM CFTR function pre- and
post-ETI treatment for PWCF, n=17. A significant positive correlation was observed
(Spearman’s r = 0.71, p = 0.002). The second CFTR variant is overlayed on each sample. All
individuals with at least one copy of F508del. F) Correlation plot for 3-month post-ETI BMI
and change in MDM CFTR function pre- and post-ETI treatment for PWCF, n=17. A
significant positive correlation was observed (r = 0.59, p = 0.015). The second CFTR variant
is overlayed on each sample. All individuals with at least one copy of F508del. G)
Correlation plot for 3-month post-ETI FEV: and sweat chloride for PWCF, n=49. No
correlation was observed (r = 0.05, p = 0.72). H) Correlation plot for 3-month post-ETI BMI

and sweat chloride for PWCF, n=49. No correlation was observed (r = 0.08, p = 0.58).
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Supplemental figure 1: A) Histograms and gating strategy for flow cytometry detection of CFTR from Figure 1C.
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Supplemental figure 2: A) Tac;man custom microarray ion channel relative expression ratios for CF/Non-CF at baseline (black) compared to CF
ETI/Non-CF baseline (Grey). All values were normalized to GAPDH, n=3-6 per group. P values for statistically significant group comparisons are
shown. B) Non-CF and CF peripheral blood monocytes were isolated and derived into macrophages (MDMs). MDMs were divided into groups based
on the absence (non-CF, CF) or presence of ex-vivo ETI (non-CF ETI ex vivo, CF ETI ex-vivo, 5 uM all ETI components for 24h prior to patch-
clamp) as well as CF MDMs from PWCEF that had received 3 mos of ETI therapy clinically but no ETI therapy added back in culture (CF ETI in
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SUPPLEMENTAL METHODS

Human participants: Experiments were performed in accordance with relevant international and local guidelines and regulations. Participants
provided written informed consent for study procedures, and those <18 years provided written informed assent and a parent or guardian of any child
participant provided informed consent on their behalf. PWCF were included if eligible for ETI initiation, at baseline health, and had no prior history
of bone marrow or lung transplant. People without CF were included if they had no underlying chronic illnesses and were age- and gender-matched

to PWCF.

Macrophage isolation: Fresh peripheral blood samples were obtained during routine clinical labs and placed in EDTA tubes (BD 367861).
Monocytes were isolated from blood per our prior methods (1). In brief, monocytes were isolated from whole blood using Lymphocyte Separation
Medium (Corning, 25-072-CV). Isolated monocytes were cultured in RPMI media (Corning 10041CV) plus 20% human AB serum (Corning, 35-
060-CI) and differentiated for 5 days at 37°C into MDMs as previously described, without additional cytokine stimulation.(2, 3) MDM purity and
integrity was confirmed by microscopy and flow cytometry. MDMs were plated in a monolayer culture with fresh RPMI and 10% AB serum, rested

for 4 days, and then tested per individual experiment protocols.

Cell toxicity: Cell toxicity assay was performed using the apoptosis detection kit (Biolegend, 640932). In brief, MDMs were plated at a density of 1
x 10%/ml in 12 well plates and cultured at 37°C in a 5% CO2 atmosphere for 4 days. For elexacaftor only studies, elexacaftor (Vertex) was added at
various concentrations (0-40 uM). For ETI dosing of cell toxicity, elexacaftor was added at various concentrations (0-45 uM) plus a combination of
ivacaftor (Selleckchem, S1144) and tezacaftor (Selleckchem, S7059) at a consistent dose of 5 uM each. Cells were dosed repeatedly over 48h and
were detached for labeling by APC Annexin V and propidium iodide for 15 min at room temperature in the dark, and then analyzed for the

percentage of apoptotic cells by a LSR2 flow cytometer.



Bacterial killing: Bacteria strains isolated from CF sputum, including a gentamicin-sensitive strain of B. cenocepacia (B.c) and a MDR
Pseudomonas aeruginosa isolate, were grown for 24h in LB media prior to use. A colony forming unit (CFU) assay was performed as previously
described (1). Briefly, 0.8 x10°MDMs were cultured on 24-well plates and were treated with elexacactor/tezacaftor/ivacaftor (5 uM, ivacaftor one-
time dosing prior to experimentation, repeated elexacaftor/tezacaftor dosing over 48h prior to experimentation) before adding bacteria. MDMs were
infected with B.c (at a 1:10 MOI) or P. aeruginosa (at a 1:20 MOI) for 2 hour at 37°C. Extracellular bacteria were killed by gentamicin (50 ug/ml,
Gibco, 15750060) for 40 min at 37°C. MDMs were replaced with fresh media and incubated overnight. MDMs were lysed in PBS 0.1% Triton X-

100 (Acros Organics, 9002093-1) and bacteria load was quantified by plating serial dilutions on LB agar plates and analyzed for CFUs.

Phagocytosis: Phagocytosis was performed per prior methods (1, 4). Briefly, MDMs were seeded into 12-well plates at a density of 2 x10° per well
in a volume of 1 ml fresh RPMI plus 10% human AB serum. After ETI treatment repeated over 48 hours (dosing as above), MDMs were incubated
with serum-opsonized B. cenocepacia at 1:50 (cells to bacteria) for 40 min at 37°C and detached for analysis of the percent uptake of RFP-expressing
B. cenocepacia by flow cytometry. Airway supernatants (ASNs) were prepared by diluting CF sputum with PBS plus 2.5 mM EDTA at a ratio of
1:1. Sputum was gently dissociated by passaging through an 18G needle 5-6 times. Dissociated sputum was then spun at 800 g at room temperature
generating cell and fluid fractions. The fluid fraction was further spun at 3,000 g at 4°C for 10 minutes to generate a purified, cell and bacteria free

ASN which was stored at -80°C until use. A 1:2 dilution of ASN was incubated overnight prior to phagocytosis experiments.

Cytokine production: Cytokine production was detected by a cytometric bead array (CBA) human cytokine kit (BD Biosciences, 551811) and
performed as previously described (1). In general, MDM were used at 3 x 10° per condition and received 48 hour of ETI (dosing as above) or a triple
placebo as control. The cells were infected with B. cenocepacia for 18 hour and supernatants collected and stored at -20°C until used. 50 ul of each

sample was mixed with capture beads to perform the CBA assay according to manufacturer recommendations.



ROS production: ROS production via the DCF assay was performed as previously described (4). In brief, MDMs were seeded into 96-well plates at
a density of 0.8 x10° per well in a volume of 200 ul fresh RPMI plus 10% human AB serum. After resting for 4 days, cells were treated with ETI
(dosing as above) or a triple placebo as control. Cells were then incubated for 30 min in Dulbecco’s PBS with HEPES 10mM, human serum albumin
Img/ml plus 0.1% glucose and 10% DCF (Life Technologies, D399) was added for 30 min. PMA 200 uM or B. cenocepacia MOI 10 was used to
stimulate MDMs and fluorescence intensity was measured every 2 min for 2 hour using a Synergy H1 fluorescence microplate reader (BioTek

Instruments, Winooski, VT, USA ) at an excitation wavelength of 485 nm and a 515 nm emission wavelength.

CFTR function: CFTR function measurement was performed by a CFTR-mediated halide efflux assay as previously described (4). Briefly, 1 x 10°
MDMs were seeded on 96-well plates and rested for 4 days, followed by ETI treatment (dosing as above). Cells were washed by efflux solution (in
mM, 135 NaNO3, 1 CaS04, 2.4 K2HPO4, 0.6 KH2PO4, 10 HEPES, and 10 Glucose) and were loaded with a hypotonic buffer containing 36 mM N-
Ethoxycarbonylmethyl-6-Methoxyquinolinium Bromide (MQAE, Thermofisher, E3101) for 5 min at 37°C in a CO2 incubator. The maximum
fluorescence was then recorded on a Wallac Victor® 1420 Multilabel counter reader (Perkin Elmer, Waltham, MA, USA). The basal fluorescence was
measured by exposing the cells to a warmed Nal (Sigma, 409286) buffer containing 135 mM Nal in efflux buffer for 15 min at 37°C in the dark. The
minimum fluorescence was obtained by exposing cells to a quenching solution containing 150 mM KSCN, 5 uM valinomycin in Nal buffer for 30
min at 37°C. The rate of chloride efflux was induced by treatment with forskokin (Sigma, F6886) 20 uM plus 3-isobutyl-1-methylxanthine (IBMX,
Sigma, 15869) 100 uM or CFTR inhibitor CFTRinh172 (Sigma, C2992) 5 uM at 37°C and fluorescence measured every 5 min for 30 min. CFTR-
dependent chloride efflux was calculated as maximum fluorescence after forskolin stimulation (AF [FSK-CFTRinh172]/ FO[Maximum-
Minimum]/minute measured). For monocyte halide assays, monocytes were first isolated from whole blood using Lymphocyte Separation Medium
(Corning, 25-072-CV) and resuspended in a buffer containing 1 x phosphate-buffered saline (PBS, pH7.2), 0.5% human AB serum and 2 mM EDTA

and positively selected with anti-CD14 MicroBeads UltraPure, human (Miltenyi Biotech, 130-118-906) using LS separation columns (Miltenyi



Biotech,130-042-401) following the manufacturer’s instructions. Monocytes (1 x 10°) purified were seeded on 96-well plates and halide efflux

assays immediately performed using the same process as the above. Monocytes were either treated one-time with ET1 or received no ETI exposure.

CFTR expression: Intracellular staining of CFTR was performed as previously described (1). Briefly, MDMs (0.8x10%per condition) were
incubated in fixation buffer (Invitrogen, 00822249) for 20 min at room temperature and then treated with permeabilization buffer (Invitrogen,
00833356) for 15 min after 2 washes with cold PBS. Cells were centrifuged at 390xg for 5 min at 4°C and resuspended in 500 uL blocking buffer
containing 5% goat serum (gibco, 16210072) in permeabilization buffer for 20 min at RT. Before flow cytometry, MDMs were added in 100 uL
permeabilization buffer with CFTR antibodies at a dilution of 1:100 (CFTR-596 from CFTR Antibody Distribution Program) for 30 min at RT in the
dark, and then stained with 100 uL permeabilization buffer with Alexa Fluor488 Goat anti-mouse antibody at a dilution of 1:300 (Molecular Probes,
A31619) for 20 min at RT. Additionally, rabbit polyclonal primary antibody (ACL-006, Alamone Labs) was preincubated with a CFTR blocking
peptide (BPL-CLO06, Alamone labs 4 pg) corresponding to amino acids 1,468-1,480 in the C-terminal domain of CFTR for 1h at room temperature

with occasional gentle shaking.

Localization imaging of CFTR was performed as previously described with minor modifications (4). In brief, 1 x10® macrophages were cultured on

12 mm glass cover slips in 24-well plates and exposed to lipopolysaccharide (LPS, Sigma, L2630) 1 ug/ml for 16 hours. The macrophage plasma
membrane was stained with wheat germ agglutinin (WGA) Alexa Fluor™ 488 Conjugate (ThermoFisher, W11261) and nuclei stained with DAPI.
Cells were fixed and permeabilized with 0.1% saponin buffer post WGA staining. Lysosomal and endosomal markers included LAMP1(Abcam,
24170), EEA1 (Abcam, 2900), and RAB7 (Abcam, 126712) followed by fluorescent secondary antibodies goat anti-mouse 1gG, Alexa Fluor 647
(Invitrogen, A21235) or goat anti rabbit IgG Alexa fluor 555 (Invitrogen, A32732). Blinded fluorescence images were obtained using a Zeiss LSM

800(Carl Zeiss Inc., Thornwood, NY). Colocalization analysis was determined by ImageJ software version 1.47v (National Institutes of Health).



CFTR expression by immunoblotting was performed as previously published (4). In brief, MDMs were lysed in lysis buffer (10 mM HEPES, 5 mM

MgCI2, 1 mM EGTA, 140 mM KCL,1% NP-40) containing a protease inhibitor (Roche Applied Science, 10-519-978-001) for 60 min on ice, and the
soluble proteins (30~50 ug) were denatured in Laemmli sample buffer for 10 min at 95°C, and then analyzed by SDS-PAGE and transferred onto
polyvinylidene difluoride (PVDF) membranes. PVDF membranes were immunoblotted for B-actin (Cell Signaling, 8H10D10) and anti-CFTR mAb
596 obtained from the CFTR Antibody Distribution Program (https://www.cff.org/Research/Researcher-Resources/Tools-and-Resources/CFTR-
Antibodies-Distribution-Program). Membrane and cytosolic fractionations were prepared via manufacturer Kit instructions (Thermo Fisher, 78840).
Cell lysates were immunoblotted for B-actin, GAPDH, CFTR, and Na*/K*-ATPase (Santa Cruz, 21712). Relative expression level of CFTR proteins

were quantified by densitometry of immunoblots, using ImageJ software version 1.47v (National Institutes of Health).

Scanning electron microscopy (SEM): MDMs (8x10°) were cultured in monolayers on 12 mm glass coverslips in 24-well tissue culture plates and
incubated 4 days before infection. MDMs were infected with B. cencocepacia at a MOI of 20 and incubation with 5%CO2 at 37°C for 50 minutes.
The coverslips were rinsed three times with PBS (pH7.4) and then prefixed in 2.5% glutaraldehyde (Electron Microscopy Sciences, 16120) overnight
at 4°C and post-fixed twice in 1% osmium tetroxide solution (Electron Microscopy Sciences, RT-19112) for 1 hour for each fixation, followed by
five washes in double-distilled water. Fixed samples were dehydrated through a graded series of alcohol solution (25%, 50%, 70%, 95%, and 100%)
and dried with hexamethyldisilazane (HMDS, Electron Microscopy Sciences, RT-16700) for 15 minutes followed by adding fresh HMDS 10 minutes
and allowed to air dry. The coverslips were adhered to stubs using a colloidal silver coat (Electron Microscopy Sciences, 12630) and allowed to dry
overnight before sputter coating in an Emitech K550X (Emitech, Ashford) and observed on a Hitachi S-4800 field-emission scanning electron

microscope (Hitachi High Technologies, Schaumburg).

Transmission electron microscopy (TEM): MDMs were cocultured with apoptotic PMNSs for 1 hour at a ratio of 1:6 and detached by Accutase

solution, fixed with 2.5% glutaraldehyde in Millonig’s phosphate buffer at 4°C for a minimum of 4 hours and washed twice in Millonig’s buffer for 1



hour each. The samples were post-fixed with 1% osmium tetroxide in Millonig’s buffer for 1 hour followed by two washes in Millonig’s buffer,
dehydrated in a graded series of ethanol and embedded in Epoxy resin (Ted Pella Inc) after treated with propylene oxide twice for 20 mins each time.
Samples were polymerized for 48 hours at 60°C and then ultrathin sections were cut on a Leica EM UCG6 ultra microtome (Leica microsystems),
collected on copper grids, and stained with lead citrate and uranyl acetate. TEM images were obtained using a Hitachi S-4800 field-emission

scanning electron microscope (Hitachi High Technologies, Schaumburg).

Electrophysiology recording (patch-clamp): The extracellular solution was prepared with 145 mM NaCl, 15 mM sodium glutamate, 4.5 mM KClI,
1 mM MgCI2, 2 mM CaCl2, 10 mM HEPES, 5 mM glucose at pH of 7.4. The intracellular solution was prepared with 139 mM CsClI, 2mM MgCI2,
5mM EGTA, 10 mM HEPES, 5 mM glucose, 2 mM ATP, 0.1 mM GTP at pH of 7.2. The CFTR current was induced in MDMs using a cocktail of
15uM forskolin, 100uM IBMX and 2mM ATP. Patch clamp experiments were conducted at room temperature using an Axopatch 200B and
Multiclamp 700 B amplifiers (Molecular Devices Corp. CA, USA) equipped with pPCLAMP 10.6 and 11 software. The recording electrode was made
from borosilicate glass (World Precision Instruments, Inc, Sarasota FL, USA) with a Sutter puller (model P-97, Sutter Instruments, USA). The
resistance was 3-5 mQ. Whole-cell currents were elicited by 400 msec voltage steps from -80 to +80 mV in 10 mV steps from a holding potential of

-40 mV.

lon Channel array: RNA concentration was measured using the NanoDrop1000 spectrophotometer. RNA concentration was adjusted to 50ng/ul for
each sample and then reverse transcription was performed by using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
4368814). gPCR amplifications used the TagMan Array 96-well plate Custom Format48 (Thermo Fisher Scientific, 4391526) that contains 45
predefined probes and 3 endogenous controls. Each subject’s pre- and post-ETI treatment samples were measured simultaneously. A description of

gPCR was previously published (5). Gene expression was normalized to the control gene GAPDH.



Efferocytosis assay: Blood samples in Ethylenediaminetetraacetic acid (EDTA) tubes (Becton Dickinson 367861) were dispensed in HBSS(-)
(Thermo Fisher Scientific, 14175095) and carefully overlaid onto lymphocyte separation medium (Corning, 25-072-CV), followed by centrifugation
for 30 min at 500 x g with no brakes. After aspirating mononuclear cells, neutrophils and the erythrocyte-rich pellet was mixed with equal volume of
3% dextran solution (Fisher Scientific, ICN16011010) and spun at 1 x g for 20 minutes at room temperature. The neutrophil-rich supernatant was
then isolated and centrifuged at 300 x g for 10 minutes. Remaining erythrocytes were lysed with 10 ml hypotonic lysis buffer (13.6 ml 10 x PBS in
600 ml water) and incubated for 30 seconds followed by the quick addition of 10 ml re-equilibration buffer (108.1 ml 10 x PBS in 500 ml water)

followed by diluting further with 30 ml HBSS(-) and then spinning at 300 x g for 10 minutes. Neutrophil pellets were kept on ice for further use.

CFSE labeling neutrophils: The above harvested neutrophils were resuspended in 1 ml HBSS(-) (Thermo Fisher Scientific, 14175095) and labeled
using the CellTrace CFSE cell proliferation Kit (Invitrogen, C34570) following the manufacturer’s recommendations. Neutrophils were re-suspended
in RPMI with 10% AB serum and allowed to undergo sterile, age-induced apoptosis for 24h prior to efferocytosis assay with at least 70% apoptotic
cells confirmed by Annexin V/PI staining. The hMDMs were cocultured with apoptotic PMNs for 1 hour at a ratio of 1:6 and then gently washed
twice with cold HBSS (-) prior to detachment with Accutase solution. Efferocytosis was measured using flow cytometry by quantifying the

percentage of CD14" macrophages and CFSE staining with Flowjo software (Tree Star Inc.).

RhoA and Cdc42 activity Assays: MDMs (3x10%/per condition) were triggered by 1 uM N-formylmethionyl-leucyl-phenylalanine (fMLP, Sigma-
Aldrich, F3506) in adhesion buffer (phosphate buffer saline, 1mM CaCl2, 1mM MgCI2, 10% FCS, pH7.2) at indicated times. Stimulation was
stopped by adding ice-cold 4% paraformaldehyde (PFA, Affymetrix, 19943) immediately with fixation for 30 minutes at room temperature in the
dark. MDMs were harvested by gentle detachment with scrapers and then treated with permeabilization buffer (Invitrogen, 00833356) for 15 min

followed by 2 washes with cold PBS. Intracellular staining was performed with anti-active RhoA antibody, anti-active Cdc42 antibody (NewEast



Biosciences, 26904, 26905) at a dilution of 1:100, followed by staining with Alexa Fluor647 Goat anti-mouse antibody at a dilution of 1:300

(Molecular Probes, A21235).

Literature Cited for methods

1. Zhang S, Shrestha CL, Kopp BT. Cystic fibrosis transmembrane conductance regulator (CFTR) modulators have differential effects on cystic
fibrosis macrophage function. Sci Rep 2018; 8: 17066.

2. Kopp BT, Abdulrahman BA, Khweek AA, Kumar SB, Akhter A, Montione R, Tazi MF, Caution K, McCoy K, Amer AO. Exaggerated
inflammatory responses mediated by Burkholderia cenocepacia in human macrophages derived from Cystic fibrosis patients. Biochem
Biophys Res Commun 2012; 424: 221-227.

3. Schlesinger LS. Macrophage phagocytosis of virulent but not attenuated strains of Mycobacterium tuberculosis is mediated by mannose receptors
in addition to complement receptors. J Immunol 1993; 150: 2920-2930.

4. Zhang S, Shrestha CL, Wisniewski BL, Pham H, Hou X, Li W, Dong Y, Kopp BT. Consequences of CRISPR-Cas9-Mediated CFTR Knockout in
Human Macrophages. Front Immunol 2020; 11: 1871.

5. Kopp BT, Fitch J, Jaramillo L, Shrestha CL, Robledo-Avila F, Zhang S, Palacios S, Woodley F, Hayes D, Jr., Partida-Sanchez S, Ramilo O, White
P, Mejias A. Whole-blood transcriptomic responses to lumacaftor/ivacaftor therapy in cystic fibrosis. J Cyst Fibros 2019.





