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Ivacaftor-Induced Proteomic Changes Suggest
Monocyte Defects May Contribute to the Pathogenesis
of Cystic Fibrosis

To the Editor:

Although most research on cystic fibrosis (CF) disease pathogenesis has
focused on epithelia (1), recent work shows that CF transmembrane
conductance regulator (CFTR) is expressed on human and murine
monocytes and macrophages (2, 3) and that CFIR deficiency could
alter these cells’ functions (2, 4, 5). Although these findings raise the
possibility that immune dysfunction contributes to CF disease
pathogenesis, questions remain. First, although some studies identified
defects in CF monocytes and macrophages (2, 5, 6), other studies have
not (7). Second, abnormalities in human cells could be a primary
consequence of CFIR dysfunction or secondary effects caused by the
disease environment. Third, although studies in mice may be less
affected by secondary disease manifestations, they may be complicated
by species differences. Finally, prior studies have investigated specific
myeloid cell functions and may have missed unsuspected
consequences of CFTR dysfunction.

We exploited an opportunity to investigate how CFTR channel
activity affects monocyte functioning by studying peripheral blood
monocytes from patients starting therapy with the CFTR potentiator
ivacaftor. Ivacaftor increases CFTR-G551D channel opening and
improves sweat chloride and lung function (Figures 1A and 1B) (8).
We measured the plasma membrane (PM)-associated proteome (9)
of monocytes from 12 patients with CFTR-G551D mutations
(Table 1) before and 2 and 7 days after treatment with ivacaftor. We
focused on the PM-associated proteome because these proteins
mediate immune functions, serve as biomarkers, and may suggest
disease mechanisms (9). The study design reduced variability
because each patient served as his/her own control, and studying
monocytes (Figure 1C) avoided in vitro culture to produce
macrophages and ensured that drug exposure occurred in vivo.

As our primary goal was to better understand whether CFTR
dysfunction affects monocyte functions, we wished to identify proteins
altered as a direct consequence of restored CFTR activity. We reasoned
that proteins that changed rapidly after ivacaftor initiation were likely
candidates, as late changes may be more affected by secondary effects.
However, because ivacaftor requires 3-5 days to reach steady-state
levels (10), studying very early time points could miss emergent
changes. We addressed this problem by first identifying proteins that
changed significantly at Day 7 and then testing this group of proteins
for changes at Day 2, using Gene Set Enrichment Analysis (GSEA)
(11). GSEA determines whether a priori-defined proteins (i.e., proteins
changed at Day 7) show significant and concordant changes at a point
where effects may be more modest (i.e., Day 2).

Using stringent statistical criteria that combined the t and G tests
(false discovery rate, <0.05), we identified 21 PM-associated proteins
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whose abundance significantly changed at Day 7 (Figure 1D and
see Table El in the online supplement). Importantly, GSEA found
that many proteins that changed significantly at Day 7 showed a
similar regulatory pattern, but smaller-magnitude changes, at Day 2
(P = 0.02-0.0007; Figures 1E and E1).

We used gene ontology analysis to determine whether ivacaftor
affected particular functional pathways and found that ivacaftor
disproportionately increased proteins associated with cell migration
(P=10"% Figure 1F). Ivacaftor increased ENO1 and PEN1, which
enhance monocyte migration across epithelia and endothelia, and
ICAM3 and CORO1A, which participate in leukocyte migration. This is
notable because CFIR has not previously been linked to cell migration.

Gene ontology analysis also revealed that ivacaftor
disproportionately reduced monocyte proteins involved in
inflammation, including S100A9, MX1, and HLA-B (P = 10 %
Figure 1F). SI00A9 is a biomarker of CF inflammation (12), HLA-B
mediates antigen presentation, and MX1 mediates antiviral responses.

Remarkably, all of the inflammation-related proteins reduced
by ivacaftor are IFNy induced. IFNy can also arrest monocyte
chemotaxis (13). Thus, both the decreases in inflammation-related
proteins and the increases in monocyte-migration proteins we
observed could be linked to dampened IFNvy responses.

The simplest mechanism to explain decreased IFN<y responses in
monocytes would be that ivacaftor decreased circulating IFN7y levels.
We thus measured plasma IFNvy levels and found them unchanged
(Figure 1G). These findings led us to hypothesize that CF monocytes
may have increased sensitivity to ambient IFN and that ivacaftor
decreases sensitivity. This hypothesis predicts that ivacaftor will
decrease the levels of PM-associated STAT1, as STATT1 is recruited to
the PM during IFNy signaling (14). As shown in Figure 1F, ivacaftor
markedly decreased PM-associated STAT1. Together, these results
suggest that CF monocytes may have increased IFNvy sensitivity, and
that increased sensitivity may be mediated by increased STAT1
activation. However, IFNy responses can also be regulated by STAT1-
independent mechanisms, and additional confirmatory work is needed.

One mechanism by which CFTR dysfunction could increase
monocyte IFNy sensitivity and increase STAT1 PM recruitment
is decreased IFNvy receptor endocytosis (14). Previous work indicates
that CF macrophages have decreased LPS receptor endocytosis, and as
a consequence, have exaggerated LPS responses (4). Thus, defective
receptor endocytosis in CF myeloid cells could be a common
mechanism that produces both increased LPS and IFNvy sensitivity.

A key question for future research is whether dampened IFNvy
sensitivity is a direct effect of ivacaftor on monocyte CFTR channel
activity or a secondary effect of decreased systemic inflammation (see
model, Figure 1J). Our study cannot distinguish between these
possibilities. Arguing for a direct effect, we found no ivacaftor-
mediated decrease in blood leukocyte counts, IFNvy levels, or C-reactive
protein (12) (Figures 1G-1I). Also arguing for a direct effect, GSEA
found that many proteins significantly changed at Day 7 showed
concordant changes at Day 2 (Figures 1E and E1). Arguing against a
direct effect, lung function is known to increase 3 days after ivacaftor
treatment (8). Thus, it is possible that the proteomic changes are
secondary to ivacaftor-mediated improvements in general health.

In summary, the ivacaftor-induced proteomic changes we
observed suggest unsuspected impairments in CF monocyte
migration and IFNvy responses. If confirmed by future studies, our
data could have implications for disease. Increased monocyte IFN<y
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Figure 1. Ilvacaftor alters the monocyte plasma membrane (PM) proteome but does not change systemic inflammation. All measurements were performed at
Day O, before initiation of ivacaftor, and on Day 7 of therapy. Patients were prescribed ivacaftor 150 mg by mouth, every 12 hours. Effects of ivacaftor on
(A) sweat chloride levels. Normal, <40 mM; borderline, 41-60 mM; abnormal (consistent with cystic fibrosis transmembrane conductance regulator [CFTR]
dysfunction), >60 mM, and (B) FEV; (liters). (C) Flow cytometry demonstrates enrichment of monocytes (Mn, CD14™ cells) after magnetic bead negative
selection. (D) The graph depicts all 731 proteins detected by PM proteomics, with each dot representing one protein. Red dots indicate the 21 proteins that were
statistically significantly changed in abundance between Day 0 and Day 7. (E) Heat map of PM proteins significantly regulated after 7 days of ivacaftor treatment.
Protein levels are presented as fold changes (log 2 scale) from Day 7 to Day 0 and Day 2 to Day 0. Yellow, up-regulated; blue, down-regulated. (F) Bioinformatics
analysis of the 21 proteins altered by ivacaftor identified that proteins involved in the inflammatory response and monocyte migration were altered by ivacaftor
treatment much more frequently than expected on the basis of their representation in the genome. PM-associated levels for these proteins (spectral counts)
and references implicating their involvement in the functional categories are provided. (G and H) Plasma IFNy and C-reactive protein (CRP) levels before and
after ivacaftor therapy. (/) Peripheral blood mononuclear cells (PBMCs) were analyzed by flow cytometry to determine proportions of leukocyte subsets; CD3%,
T cells; CD19", B cells; CD14™, monocytes. (J) A hypothetical model for how ivacaftor may elicit PM proteomic changes in monocytes. Model 1 proposes
that exaggerated IFNvy responses are produced by dysfunctional CFTR and that ivacaftor therapy attenuates IFNy responses by increasing monocyte CFTR
channel activity. Model 2 proposes that changes in the lung caused by ivacaftor lead to systemic changes that affect monocyte IFNy responses. CFTR is
depicted in the plasma membrane for simplicity of illustration; however, CFTR may be present in other membranes within monocytes. Dashed arrows
indicate possible intermediate steps, whereas solid arrows indicate direct actions. FEV4, forced expiratory volume in 1 sec; ns, not significant.
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Table 1. Patient Demographics

Patient* Age (yr) Sex Genotype G551D
1 23 F AF508 29.7
2 25 F AF508 255
3 23 F AF508 21.8
4 30 F AF508 20.4
5 27 F AF508 20.2
6 22 F 3659delC 18.4
7 33 F AF508 171
8 57 F P67L 19.5
9 35 F AF508 20.6
10 29 M G551D 23.2
11 30 M AF508 23.4
12 33 M R117H 22.1

BMI (kg/m?)

FEV, (L), Percentage Predicted Sputum Microbiology

3.08 (87%) PA

2.71 (80%) PA, MSSA
2.74 (88%) SA, AF
1.05 (38%) PA

1.71 (58%) PA, MRSA
1.22 (38%) PA, CA, AF
2.57 (89%) PA

0.94 (39%) MSSA, CA
2.17 (78%) PA

4.16 (106%) PA

1.60 (39%) MSSA, BM
2.71 (71%) BC, CA

Definition of abbreviations: AF, Aspergillus fumigatus; BC, Burkholderia cepacia; BM, Burkholderia multivorans; BMI, body mass index; CA, Candida
albicans; CF, cystic fibrosis; F, female; FEV,, forced expiratory volume in 1 sec; M, male; MSSA, methicillin-sensitive Staphylococcus aureus; MRSA,
methicillin-resistant Staphyloccus aureus; PA, Pseudomonas aeruginosa; SA, Staphyloccus aureus.

*All patients received routine CF care at the adult CF clinic at St. Vincent’s Hospital, Dublin, Ireland, and this study was approved by the St. Vincent’s

Hospital’s Institutional Review Board.

sensitivity could hyperactivate IFN+y-induced inflammatory
pathways and block monocyte migration to the lungs. Chronic
monocyte activation caused by increased IFNvy sensitivity could
also produce a tolerant state (15) that impairs the ability of
monocytes to respond to acute fluctuations in IFNvy levels.
Future studies to explore both mechanisms and consequences
of altered IFNv signaling in CF monocytes may suggest new
approaches to develop therapeutics for modulating
inflammation in CF. H
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Erratum: Aberrant DNA Methylation of
Phosphodiesterase 4D Alters Airway Smooth Muscle
Cell Phenotypes

There is an error in the article by Lin and colleagues (1), which
appeared in the February 2016 issue of the Journal. A typo was
introduced in the article title during the production process. The word
“phosphodiestarase” should read “phosphodiesterase”; the full
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corrected title is: “Aberrant DNA Methylation of Phosphodiesterase
4D Alters Airway Smooth Muscle Cell Phenotypes.”
The Journal apologizes for this error. ll
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Erratum: Cigarette Smoke-Induced Damage-Associated
Molecular Pattern Release from Necrotic Neutrophils
Triggers Proinflammatory Mediator Release

There were errors in the article by Heijink and colleagues (1), which
appeared in the May 2015 issue of the Journal. Because of oversights
in the production process, incorrect versions of two figures and their
accompanying legends were inadvertently included in the published
version of the article. Panel E was missing in Figure 5, and panel C
was missing in Figure 6. The complete artwork and legends for both
Figures 5 and 6 are reprinted below; the updates made to the legends
appear in boldface.

The Journal apologizes for this error. H
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