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ABSTRACT

Acquired cystic fibrosis transmembrane regulator (CFTR) dysfunctions have been associated with several con-
ditions, including myocardial infarction (MI). Here, CFTR is downregulated in brain, heart, and lung tissue and
associates with inflammation and degenerative processes. Therapeutically increasing CFTR expression attenuates
these effects. Whether potentiating CFTR function yields similar beneficial effects post-MI is unknown. The CFTR
potentiator ivacaftor is currently in clinical trials for treatment of acquired CFTR dysfunction associated with
chronic obstructive pulmonary disease and chronic bronchitis. Thus, we tested ivacaftor as therapeutic strategy
for MI-associated target tissue inflammation that is characterized by CFTR alterations.

MI was induced in male C57Bl/6 mice by ligation of the left anterior descending coronary artery. Mice were
treated with ivacaftor starting ten weeks post-MI for two consecutive weeks.

Systemic ivacaftor treatment ameliorates hippocampal neuron dendritic atrophy and spine loss and attenuates
hippocampus-dependent memory deficits occurring post-MI. Similarly, ivacaftor therapy mitigates MI-associated
neuroinflammation (i.e., reduces higher proportions of activated microglia). Systemically, ivacaftor leads to
higher frequencies of circulating Ly6C" and Ly6Chi cells compared to vehicle-treated MI mice. Likewise, an
ivacaftor-mediated augmentation of MI-associated pro-inflammatory macrophage phenotype characterized by
higher CD80-positivity is observed in the MI lung. In vitro, ivacaftor does not alter LPS-induced CD80 and tumor
necrosis factor alpha mRNA increases in BV2 microglial cells, while augmenting mRNA levels of these markers in
mouse macrophages and differentiated human THP-1-derived macrophages.

Our results suggest that ivacaftor promotes contrasting effects depending on target tissue post-MI, which may
be largely dependent on its effects on different myeloid cell types.

1. Introduction

non-CF individuals has only recently been investigated. With regard to
non-CF airway pathologies, a number of environmental insults

Structural and functional alterations of the cystic fibrosis trans-
membrane conductance regulator (CFTR) are well-recognized in cystic
fibrosis (CF) [1]. More recently, the channel has gained interest in the
pathophysiology of other chronic lung diseases, such as chronic
obstructive pulmonary disease (COPD) [2-4], asthma [3] and chronic
bronchitis [2] where acquired CFTR alterations have been reported.

Although the expression of CFTR is not limited to the lung [5-8], the
role of acquired CFTR deficiency in the course of various diseases in

including, cigarette smoke, hypoxia, and inflammation have been re-
ported to promote chronic rhinosinusitis, COPD, chronic bronchitis, and
asthma by inducing acquired CFTR dysfunction [9-16]. Specifically,
tobacco smoke has been associated with systemic CFTR dysfunction [14,
17,18]. Similarly, heart failure experimentally induced by myocardial
infarction (MI) associates with CFTR downregulation in multiple organs,
including the heart, the lung, and the brain [6] with serious implications
for tissue structure and function [19-22].

Abbreviations: CFTR -, cystic fibrosis transmembrane regulator; Iva -, ivacaftor; Lum —, lumacaftor; MI -, myocardial infarction.
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In CF patients, CFTR defects can therapeutically be targeted by small
molecules acting as CFTR potentiators, correctors or amplifiers. Com-
bination treatments including the CFTR potentiator ivacaftor and CFTR
correctors such as lumacaftor, tezacaftor or elexacaftor are widely used.
At present, the potentiator ivacaftor (marketed as Kalydeco®) is the only
FDA approved CFTR modulator monotherapy for CF patients with a
G551D mutation (i.e., 2.5-5% of all CF patients [23]). Besides that,
ivacaftor is currently in several clinical trials for the treatment of various
pulmonary diseases with an acquired CFTR dysfunction, including
COPD and chronic bronchitis [2-4]. In animal models, acquired sys-
temic CFTR downregulation post-MI is improved after C18, lumacaftor
and lumacaftor/ivacaftor therapy [19,20]. Specifically, CFTR corrector
compound-induced increases in neuronal CFTR expression ameliorate
structural alterations in hippocampal neurons and memory impairment
post-MI (10). Lumacaftor therapy further attenuates Ml-associated
adverse vascular remodeling of the lung and reduces pulmonary
inflammation by promoting favorable polarization of non-alveolar
macrophages [22].

Thus, targeting such acquired CFTR dysfunction in airway and non-
airway related diseases in non-CF settings represents a novel treatment
strategy that may benefit a larger patient population beyond the CF
field. Moreover, prices for the marketed CFTR modulator drugs are high
[24], creating additional value for the investigation regarding the drugs’
repurposing potential in order to increase drug demand and therefore,
potentially reduce production cost. Considering first promising results
with regard to lung function from clinical ivacaftor trials in acquired
airway CFTR dysfunction [2], the current study tests its efficacy in
MI-induced target tissue injury that is characterized by CFTR alterations
[6,19-22].

2. Material and methods
2.1. Materials

All chemicals used were purchased from Fisher Scientific (Gothen-
burg, Sweden), Saveen & Werner (Limhamn, Sweden), Sigma-Aldrich
(Stockholm, Sweden), or Nordic Biosite (Taby, Sweden) unless other-
wise stated. Primers utilized for qPCR were purchased from Eurofins
(Ebersberg, Germany).

2.2. Ethics approval

The current investigation conforms to the EU Directive 2010/63/EU
for animal experiments and the ARRIVE 2.0 guidelines. The study,
approved by the institutional ethical committee for animal experiments
Malmo/Lund (Dnr 5.8.18-04938/2021), was performed according to
the Swedish Animal welfare ACT SFS 1988:534 act and conducted in
accordance with European animal protection laws.

2.3. Animals

Male wild-type (WT) C57Bl/6 N mice purchased from Taconic Bio-
sciences (Ejby, Denmark) were used and housed under a standard 12
h:12 h light-dark cycle in a climate-controlled facility, fed normal chow
and had access to food and water ad libitum. Surgical procedures were
conducted on 12-week-old mice with a body weight > 25 g.

2.4. Induction of myocardial infarction in mice

A left anterior descending (LAD) coronary artery ligation was used to
induce an MI as described previously [20-22]. Briefly, mice were
anesthetized with 2-3% isoflurane (IsoFlo in room air; Abbott, Solna,
Sweden) before they were intubated with a 22-gauge angiocatheter (BD,
Helsingborg, Sweden), and were ventilated at a rate of 120 breaths per
minute with a 200-250 ul tidal volume and 3 cm positive end expiratory
pressure (MiniVent; Hugo Sachs, March, Germany). Following a left
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lateral thoracotomy, the pericardium was opened, and the LAD was
permanently ligated with 7-0 non-absorbable suture (AgnTho’s;
Lidingo, Sweden). Thereafter, the chest was closed, and upon restoration
of spontaneous respiration, mice were extubated. Post-surgery, all mice
received buprenorphine (0.05 mg/kg delivered subcutaneously every
twelve hours for 2-4 times).

Animals were assigned to the following treatment groups at 10 weeks
post-surgery: MI + vehicle (ctrl; 10% DMSO in 50:50 PEG/H20); MI +
ivacaftor (1.875 mg/kg ivacaftor in 10% DMSO / 90% 50:50 PEG/H0);
or MI + lumacaftor (3 mg/kg lumacaftor in 10% DMSO / 90% 50:50
PEG/H0). Dosages are based on previously published data [19,20]. The
treatments were administered by intraperitoneal (i.p.) injection daily for
2 consecutive weeks, starting 10 weeks after MI induction. At endpoint,
mice were euthanized under 2% isoflurane anesthesia for tissue collec-
tion. This study contains data from 2 different MI cohorts: [1] 3 months
post-MI with ivacaftor treatment (N = 8 MI + vehicle, N = 8 MI + Iva);
and [2] 3 months post-MI with lumacaftor treatment (N = 8 MI +
vehicle, N = 10 MI + Lum).

2.5. Novel object recognition test

A novel object recognition test with a 1-hour delay interval was used
to assess hippocampal non-spatial memory that involves the activation
of CA1 neurons [25,26], as previously described [20]. Briefly, habitu-
ated mice were allowed to explore two identical objects for 8 min. On
the test day, mice were re-exposed to the same identical objects. After
one hour, one of the original objects was exchanged for a novel object
and mice were allowed to explore the two objects for 8 min. Both, ob-
jects and arena were thoroughly cleaned with 70% ethanol between
each test, to eliminate potential odor cues. Mice were video tracked with
AnyMaze software (Stoelting; Dublin, Ireland); time spent exploring the
novel (Tn) and the original (To) object were recorded. The results were
verified by manual Tn and To determination using stopwatches by an
observer blinded to the experimental group assignments. A recognition
index (RI) was calculated from Tn/[Tn+To]. Animals with total explo-
ration times below 20 s were excluded from analyses.

2.6. Fluorescence activated cell sorting (FACS)

After whole blood collection and trans-cardiac perfusion, lung-heart
blocks were extracted, and broncho-alveolar lavage was performed by
instillation of sterile PBS. The left lung was mechanically dissociated
into pieces and enzymatically digested in a DNAse-Collagenase XI mix
under continuous agitation. After centrifugation and red blood cell
(RBC) lysis, the cell pellets were reconstituted in Fc block (1:100 in FACS
buffer; phosphate buffered saline (PBS) + 2% fetal bovine serum (FBS)
+ 2 mM ethylenediaminetetraacetic acid (EDTA); pH 7.4) prior to
antibody staining (Supplemental Table 1) [22]. From whole blood, RBCs
were lysed, and cell pellets were incubated in Fc block (1:100 in FACS
buffer) prior to staining with antibodies for 30 min at 4 °C (Supple-
mental Table 1). Samples were washed with FACS buffer to remove the
antibody solution and centrifuged at 400xg at 4 °C for 5 min prior to
resuspension in FACS buffer. Data acquisition was carried out on a BD
LSR Fortessa cytometer using FacsDiva software Vision 8.0 (BD Bio-
sciences). Data analysis was performed with FlowJo software (version
10, TreeStar Inc., Ashland, OR, USA). Cells were plotted on forward
versus side scatter and single cells were gated on FSC-A versus FSC-H
linearity.

2.7. Immunofluorescence analyses

Coronal brain sections (10 pm) were stained with ionized calcium-
binding adapter molecule-1 (Iba-1; FUJIFILM Wako Shibayagi Cat#
019-19741, Supplemental Table 1) in a humidity chamber over night at
4 °C after blocking with a blocking reagent (Roche). Slides were washed
with PBS, incubated with secondary antibody (Supplemental Table 1)
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for 1 h at room temperature, and mounted with Fluoromount-G with
DAPI. In brain slices, CA1 and DG Iba-1 + microglia were classified
based on morphology into ramified (resting state; cells with a small cell
body and long processes), intermediate (cells with enlarged cell body
and thickened, reduced branches), and round (active state; cells with
round cell body without visible branches) [27]. Representative images
were generated with a Nikon A1RHD confocal microscope.

2.8. Histological analysis of dendrite morphology

Neuronal arborization and dendritic spine density of pyramidal
neurons of the hippocampus were assessed in coronal Golgi-Cox-stained
brain sections (150 pum) as previously described [20,28,29]. Neurons
and their dendritic spines were imaged with a Nikon Eclipse Ti2 mi-
croscope (Nikon Instruments Europe) and analyzed using Image J
(https://imagej.net/ Sholl_Analysis, version 3.7.4). The arborization of
single hippocampal neurons from CAl region were digitally assessed
from hyperstack images using the Simple Neurite Tracer plugin for
Image J and analyzed using Sholl analysis [30]. The center of the soma
was pinpointed, and arborization was then characterized by Sholl
analysis (https://imagej.net/Sholl_Analysis, version 3.7.4), using 5 um
intervals. Dendrite intersections (i.e., branching) and maximum
dendrite length were characterized by this Sholl analysis. For each
group, 3-4 pyramidal CA1 neurons per brain from 4 mice per group
were analyzed, under blinded conditions.

Dendritic spine density, calculated as the number of spines (i.e.,
small protrusions) per segment normalized to the length of the segment,
was assessed using 3rd branch order dendritic branches at 100x
magnification. For each treatment group, spine density was measured in
3 pyramidal CAl neurons (two third order branches per neuron) per
mouse from 4 mice, under blinded conditions.

2.9. Cell culture

Murine microglial cells (BV2, ATCC CRL-2469) and murine macro-
phages (RAW 264.7, ATCC TIB-71) were grown in DMEM (Gibco, low
glucose or high glucose, respectively) supplemented with 10% (v/v) FBS
and 1% (v/v) Penicillin-Streptomycin (Pen-Strep; 10.000 U/ml; Gibco).
Human monocytes (THP-1, ATCC TIB-202) were cultured in RPMI
supplemented with 10% FBS, 1% Pen-Strep and 50 uM 2-mercaptoetha-
nol until 80% confluency. THP-1 cells were differentiated using phorbol-
12-myristate-13-acetate (PMA; 100 ng/ml) for 24 h; and thereafter
rested for 3 days to allow for differentiation. All cell types were incu-
bated with vehicle or lipopolysaccharide (LPS; 100 ng/ml) for 24 h and
simultaneously subjected to CFTR modulators ivacaftor (+ Iva), luma-
caftor (+ Lum) or vehicle control (Ctrl).

2.10. Quantitative real-time PCR

Total RNA was extracted from BV2, RAW264.7 and THP-1 cells using
TriZol Reagent (Invitrogen) according to manufacturer’s instructions.
500 ng of total RNA was reverse transcribed with random hexamer
primers using a “High-Capacity Reverse Transcriptase Kit” kit (Applied
Biosystems; Gothenburg, Sweden). cDNA was diluted with RNAse-free
water (1:12.5) and used as template for quantitative real-time PCR
(qRT-PCR) reactions. Gene expression was determined with qRT-PCR,
using Fast SYBR Green (Applied Biosystems, Naerum, Denmark) and
0.2 puM gene specific forward and reverse primers (Supplemental
Table 2) in a CFX384 TouchTM Real-Time PCR Detection System (Bio-
Rad; Sundbyberg, Sweden) with the cycling parameters: 95 °C for 10
min, a total of 39 cycles (95 °C for 15 s, 60 °C for 1 min) followed by a
dissociation stage (95 °C for 1 min, 55 °C for 70 s and 95 °C for 50 s).
Data were analyzed using standard curves generated from a pooled
cDNA sample to be analyzed and normalized to the housekeeping genes.
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2.11. Statistics

Using previous data as guidance [19,28,31,32], the experimental
group sizes necessary to ensure that all data provide a power of 80%
power (1-f > 0.8) and a two-tailed Type I alpha error of 0.05 were
calculated.

All assessments and analyses in the current study were performed
under blinded conditions, using codes that concealed the identity of the
intervention. Data were analyzed using GraphPad Prism 9 software (San
Diego, California). Normality of the data was determined by the
Shapiro-Wilk test. Normally distributed data are presented as mean +
standard error of the mean (SEM) and compared using parametric sta-
tistical tests. Data that are not normally distributed are presented as
median + interquartile range (IQR) and are compared using non-
parametric statistical tests. Student’s t-tests or Mann Whitney tests are
used to compare two independent groups; one-way analysis of variance
(ANOVA) with Dunnett post-hoc test or Kruskal Wallis test with Dunn’s
post-hoc test are used to compare multiple independent groups. Differ-
ences are regarded as significant at p < 0.05. For all data sets, N rep-
resents the number of animals or independent biological sample and n
the number of independent measures. All figure data, sample size, and
statistical test outcomes are presented in Supplemental Table 3 & 4.

2.12. Role of the funding sources

The study sponsors did not play any role in study design; collection,
analysis, and interpretation of the data; manuscript preparation; nor the
decision to submit for publication.

3. Results
3.1. Ivacaftor therapy attenuates post-MI brain alterations

In previous studies, we showed that increasing CFTR expression
using C18, lumacaftor and lumacaftor/ivacaftor therapies improved MI-
associated neurodegeneration with implication for memory function
[19,20]. Here, we test whether CFTR potentiation using ivacaftor as
monotherapy accommodates similar beneficial effects in MI-associated
brain alterations.

Two weeks of ivacaftor therapy (1.875 mg/kg by daily i.p. injection)
mitigates Ml-associated dendritic atrophy of CA1 hippocampal pyra-
midal neurons (Fig. 1A-C) evidenced by significantly longer dendrites
(Fig. 1B-C) and higher spine density (Fig. 1D) compared to vehicle-
treated MI mice. A direct comparison between ivacaftor effects and
previously published data on lumacaftor effects on dendrite spine den-
sity post-MI [20] reveals a lower drug-to-vehicle ratio in the ivacaftor
study (1.1 vs. 1.6; Supplemental Fig. 1). Despite the potentially lower
efficacy of attenuating alterations in neuronal structures, ivacaftor
monotherapy  substantially  improves  Ml-associated  hippo-
campus-dependent memory impairment (Fig. 1E).

3.2. Ivacaftor therapy post-MI leads to increased systemic inflammation

Previously published results suggested an attenuation of MI-
associated immune system activation by therapeutic administration of
the CFTR corrector C18 [19]. Ivacaftor monotherapy augments fre-
quencies of several circulating myeloid cell populations, including
Ly6C* cells, pro-inflammatory monocytes (Ly6C™) and neutrophils
(Table 1), indicating a systemic activation of the immune system. In
contrast to ivacaftor, lumacaftor therapy does not alter frequencies of
these immune cell subsets (Table 1), suggesting CFTR
modulator-specific systemic immune responses.
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Fig. 1. Ivacaftor is protective for MI-induced neurodegeneration and cognitive impairment. (A) Shown are representatives of Golgi Cox-stained pyramidal, hip-
pocampal cornu ammonis (CA1) neurons from vehicle or ivacaftor treated mice at 12 weeks post-myocardial infarction (MI). The dendrite’s arborization is high-
lighted with traces superimposed onto the images. Ivacaftor therapy (Iva; 1.875 mg/kg daily for 2 weeks, starting at 10 weeks post-MI) does not significantly
influence (B) the number of intersections of CA1 pyramidal neurons (n = 3-4 neurons from N = 4 mice), however effectively increases (C) mean dendrite length
(n = 3-4 neurons from N = 4 mice), (D) pyramidal CA1 neuron dendrite spine density (n = 24 analyzed branches from N = 4 mice) in the hippocampus; and (E) Iva
normalizes hippocampal-dependent retention of object familiarity in a non-spatial novel object recognition task (N = 6; 2 mice from MI + vehicle and 2 mice from MI
+ Lum/Iva groups were excluded due to total exploration times below 20 s). * denotes p < 0.05 for unpaired comparisons. Panels C, D and E are presented as mean
+ SEM and are compared with Students t-test. Bar over micrographs is 100 um in Panel A.

3.3. MlI-associated pulmonary inflammation but not neuroinflammation is
exacerbated after ivacaftor therapy

Therapeutic augmentation of CFTR cell surface expression, specif-
ically on non-alveolar macrophages, using lumacaftor attenuates tissue-
specific inflammation in the lung post-MI by mitigating adverse
macrophage polarization [22]. Expectedly, CFTR surface expression of
pulmonary cells, including non-alveolar macrophages (F4/80" SiglecF’
cells) is unchanged after ivacaftor potentiator treatment (i.e., ivacaftor
does not attenuate MI-induced CFTR downregulation; Supplemental
Fig. 2). In accordance, macrophage phenotype profiling reveals
increased frequencies of CD80" F4/80" as well as F4/80™ non-alveolar
and alveolar (F4/80" SiglecF™) cells in the ivacaftor group (Table 2a-c),
indicative of a proinflammatory phenotype. When comparing to previ-
ously published data on lumacaftor effects [22], the CD80™ cell ratio of
drug-to-vehicle is higher after ivacaftor compared to lumacaftor mon-
otherapy (2 vs. 1.4 for all subsets; Supplemental Fig. 3A), suggesting that
improper CFTR cell surface expression contributes to the observed
pro-inflammatory ivacaftor effects in the lung post-MI. In contrast to
results obtained after lumacaftor treatment [22], frequencies of all
CD206" F4/80" as well as non-alveolar and alveolar CD206"
F4/80"cells remain largely unaffected by ivacaftor treatment

(Table 2d-f). Thus, drug-to-vehicle ratios of CD206™ cells are lower with
ivacaftor compared to lumacaftor treatment (2 vs. 4 for all subsets;
Supplemental Fig. 3B).

Contrasting the findings in the lung, Ml-associated activation of
brain-specific macrophages (i.e., microglia; [20,28]) is attenuated by
ivacaftor monotherapy. Morphological assessment of microglial cells in
hippocampus regions (CA1 and DG) reveals significantly lower pro-
portions of intermediate and round (i.e., activated) microglia, while
percentages of ramified, resting phenotype are higher in ivacaftor
compared to vehicle-treated MI mice (Fig. 2A-B).

3.4. Ivacaftor evokes cell-type dependent effects in vitro

Results obtained in in vitro experiments utilizing different macro-
phage cell types suggest a cell type-specific inflammatory potential of
ivacaftor. Specifically, ivacaftor leads to an augmentation of LPS-
induced CD80 and TNF-o« mRNA expression in human monocyte-
derived macrophages (Fig. 3A; Supplemental Fig. 4 A) and murine
macrophages (Fig. 3B; Supplemental Fig. 4B). This contrasts its effects in
BV2 microglial cells where ivacaftor does not augment LPS-induced
CD80 and TNF-o mRNA expression (Fig. 3C, Supplemental Fig. 4C).
Treatment with lumacaftor, on the other hand, does not affect CD80 nor
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Table 1
Ivacaftor, but not lumacaftor, augments systemic inflammation post-MIL.
Cell type (#) Veh Iva p-value
a B-cells 125,075 + 13,689 133,756 + 9,881 p =0.62
b T-cells 28,009 + 5,051 39,890 + 3,606 p =0.08
c LyGCf 15,310 + 1,343 23,343 + 3,077 p = 0.04
d Ly6C]“ 7,194 + 692 11,501 + 1,654 p = 0.04
e Neutrophils 18,077 + 2,811 34,158 + 5,057 p=0.01
Cell type (#) Veh Lum p-value
f B-cells 87,699 + 11,267 100,946 + 12,153 p =0.45
g T-cells 38,702 + 4,113 47,600 + 4,598 p=0.18
h Ly6Cf 15,778 £ 2,454 16,877 + 2,408 p=0.76
i Ly6Cl" 6,009 + 897 5,900 + 910 p=0.93
j Neutrophils 23,445 + 12,341 26,939 + 15,060 p = 0.50

Ten weeks post myocardial infarction, mice were administered vehicle or CFTR
modulator treatment daily for 2 consecutive weeks. Two cohorts are used each
containing one vehicle group and a treatment group that received different CFTR
modulators: (i) ivacaftor (Iva; 1.875 mg/kg) or (ii) lumacaftor (Lum; 3mg/kg).
Iva administration (a-e) further increases the number of circulating immune
cells compared to their vehicle control, while (f-j) Lum does not alter circulating
immune cell levels, compared to their vehicle control group. P-values for un-
paired comparisons are indicated, with significant differences marked in red.
Rows a, b, c d, f, g, h, i and j are presented as mean + SEM and are compared
with Student’s t-test; Row e, is presented as median + IQR and compared with
Mann-Whitney.

Table 2
Ivacaftor increases frequencies of pro-inflammatory pulmonary macrophage
subsets.

Macrophage type (#) Veh Iva p-value

a  All (CD80" F4/80™) 4,116 + 8,745 + p=
1,134 5,727 0.0148

b  non-alveolar (CD80™" SiglecF 3,336 + 6,807 + p=
F4/80™") 1,212 5,158 0.0281

¢ alveolar (CD8O™" SiglecF" F4/ 847 + 154 1,602 + p=
80™") 269 0.0290

d  All (CD206™ F4/80™) 3,177 + 5,370 + p=
2,035 5,466 0.1949

e non-alveolar (CD206™" SiglecF 2,904 + 4,611 + p=
F4/80™") 1,453 4,739 0.1949

f alveolar (CD206™ SiglecF*™ F4/ 434 + 858 899 + 943 p=
80™") 0.3824

Ivacaftor (1.875 mg/kg daily for 2 weeks, starting at 10 weeks post-MI) treat-
ment results in increased CD80-positivity in all (a; CD80" F4/80™), non-alveolar
(b; CD80™ SiglecF” F4/80"), and alveolar cells (¢; CD80" SiglecF™ F4/80%),
while not changing CD206-expressing cells (d-f). P-values for unpaired com-
parisons are indicated, with significant differences marked in red. Rows a, b, d, e,
fare presented as median + IQR and are compared with Mann-Whitney; Row c is
presented as mean + SEM and are compared with Student’s t-test.

TNF-a mRNA expression (Fig. 3A, B, C; Supplemental Fig. 4A, B, C) with
the exception TNF-u that is increased in response to lumacaftor in
human monocyte-derived macrophages (Supplemental Fig. 4A). In BV2
microglial cells, lumacaftor decreases TNF-a mRNA expression (Sup-
plemental Fig. 4C).

Importantly, ivacaftor increases CD80 and TNF-o expression in the
absence of LPS in human macrophages, while lumacaftor has no such
effects (Fig. 3D; Supplemental Fig. 4D). In murine macrophages and BV2
microglial cells and, CD80 (Fig. 3E, F) and TNF-a (Supplemental Fig. 4E,
F) expression are not affected by either ivacaftor or lumacaftor treat-
ment in the absence of LPS. Together, this data suggests macrophage
type-specific ivacaftor effects.

4. Discussion

This investigation demonstrates that treatment with the CFTR
potentiator ivacaftor evokes contrasting effects in different target tissues
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post-ML. In the brain, systemic ivacaftor therapy mitigates MI-associated
dendrite atrophy of hippocampal pyramidal neurons as well as hippo-
campal memory impairment and attenuates adverse microglia activa-
tion induced by ML In contrast, systemic ivacaftor therapy enhances
peripheral immune system activation and induces a pro-inflammatory
macrophage profile in the post-MI lung. In vitro experiments confirm
cell type-specific ivacaftor effects with respect to its inflammatory po-
tential, which may be the cause of both beneficial and adverse tissue-
dependent effects evoked by systemic ivacaftor therapy.

CFTR potentiator compounds like ivacaftor increase the activity of
dysfunctional CFTR at the cell surface, whereas corrector compounds
improve defective protein processing and trafficking to the cell surface.
Furthermore, CFTR potentiators enhance the function of wild type forms
of CFTR [33-35], enabling new therapeutic strategies for the treatment
of acquired CFTR dysfunction associated with several diseases. An initial
evaluation of ivacaftor therapy in COPD patients with chronic bronchitis
yielded promising, yet non-significant improvements in CFTR function
accompanied by minor symptom relieve [2]. The study, however, was
underpowered and warrants a larger trial allowing for better associa-
tions of CFTR activity with lung function parameters. In a separate
study, ivacaftor was shown to reverse acquired CFTR abnormalities
resulting from cigarette smoke exposure, such as reduced
CFTR-mediated anion secretion that rapidly inhibited ciliary beating
function of airway monolayers in vitro [36], suggesting beneficial iva-
caftor effects when treating acquired CFTR dysfunction in the lung.

Although the observed effects of ivacaftor on lung function seem
promising, inflammation has rarely been investigated in these studies
despite its obvious role in diseases such as CF, COPD, and chronic
bronchitis [37,38]. In CF, contradictive results from the limited number
of available studies that focus on sputum inflammation markers hinder
clear conclusions regarding ivacaftors effects [39,40]. Moreover,
studying sputum inflammatory markers does not reflect systemic
inflammation, which would be interesting to study considering the
generally systemic administration route of ivacaftor. Particularly, sys-
temic administration and lipophilic properties that make both ivacaftor
and lumacaftor permeable to the blood-brain barrier [41], necessitate
the investigation of their effects systemically (i.e., in the whole body). In
diseases where solely the lung is affected by acquired CFTR down-
regulation, the possibility for direct pulmonary drug application could
be an interesting approach to avoid possible systemic side effects. We
have previously studied different administration routes of the CFTR
modulator lumacaftor (i.e., i.p. and oro-tracheal (o.t.)), where local (o.
t.) treatment shows a more efficient increase in CFTR expression and has
similar effects on the phenotype of alveolar and non-alveolar macro-
phages compared to systemically (i.p.) treated mice [22]. Nonetheless,
we have also noted an administration-specific activation of
lung-resident macrophages after o.t. treatment, potentially limiting its
beneficial effects long-term. Recently, the use of spray dried inhalable
ivacaftor has been suggested as a potential approach for pulmonary
administration of hydrophobic drugs [42]. However, when CFTR func-
tion is affected in multiple organs, such as after MI, systemic drug
administration will likely remain the first-line therapy. In lung diseases
such as COPD and chronic bronchitis, it is thus far unknown whether
CFTR downregulation is isolated to the lung or also affects other organs.
Evidently, more research regarding target organ effects and different
administration routes is necessary to enable safe and efficacious repur-
posing of CFTR modulators for diseases other than CF.

In the current study, systemic ivacaftor treatment post-MI associates
with increased systemic and pulmonary inflammation extending beyond
that of vehicle-treated mice. In contrast to the lung, this augmented
systemic inflammation does not show detrimental effects on the brain as
systemic ivacaftor therapy attenuates MI-associated neuroinflammation
in the hippocampus, which correlates with improvements in hippo-
campal neuronal structure and memory function. Specifically, cells of
the myeloid lineage seem to respond differently to systemic ivacaftor
treatment. With respect to CFTR function in myeloid cells it was shown
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Fig. 2. Ivacaftor reduces microglial activation. (A) Ivacaftor (1.875 mg/kg daily for 2 weeks, starting at 10 weeks post myocardial infarction) effectively reduces
microglia activation as apparent by increased percentage of ramified (resting) microglia and decreases in the intermediate and round (active) phenotype in cornu
ammonis 1 (CA1) and dentate gyrus (DG) hippocampal regions. (B) Representative images of ramified, intermediate and active microglia. * denotes p < 0.05 for
unpaired comparisons. All groups are presented as mean + SEM. Ramified and intermediate are compared with Student’s t-test; round is compared with Mann-

Whitney. Bar in the micrographs is 10 um.

that monocyte derived macrophages (MDM) from CF patients present
with a 2-fold higher apoptotic rate compared to non-CF MDMs [43]. In
CFTR-deficient mice, myeloid cells such as alveolar and bone-marrow
derived macrophages (BMDM) present with elevated levels of inflam-
matory cytokines after in vitro LPS stimulation compared to WT cells
[44]. Interestingly, the same study confirms these findings in vivo by
transplantation of WT BMDM into CFTR”" mice, which corrects a sig-
nificant fraction of LPS-induced inflammation in CFTR”" mice [44].
Another group investigated ivacaftor effects in combination with o.t.
LPS administration and showed that preventative ivacaftor administra-
tion leads to an increased macrophage infiltration compared to control,
which is suggestive of a potential priming of the lung towards an in-
flammatory response [45]. This ivacaftor effect may be independent of
its CFTR corrector function, however, pharmacochemical studies are
needed to mechanistically underpin this. The currently only longitudinal
study to characterize ivacaftor effects on systemic inflammation and the
blood proteome in CF patients showed increases in several regulators of
inflammation [46], including repulsive guidance molecule A (RGMA)
that has been show to activate T-cells and promote pathogenic T-helper
17 responses [47] and afamin, which has been associated with plasma
inflammation markers such as c-reactive protein in metabolic syndrome
[48]. Similar increases of pituitary adenylate cyclase-activating poly-
peptide (PACAP-38) after ivacaftor [46] are indicative of its immuno-
modulatory effects as PACAP-38 protects CD4 " T-cells from activation
induced cell death [49] and differentially affects macrophages towards

pro- or anti-inflammatory pathways [50]. Whether these regulators of
inflammation are directly modulated by ivacaftor or result from indirect
drug effects remains to be determined. It will furthermore be important
to investigate whether CFTR potentiation alone is sufficient to
compensate for the absence of CFTR, which has been associated with
inflammation in multiple cell types. Studies reported that CFTR defi-
ciency can trigger inflammation in neutrophils and platelets [51], the
absence of CFTR in myeloid cells slows down resolution of infection and
inflammation [52], and CFTR has been shown to play a role in proper
lysosomal acidification [53]. We have previously shown that down-
regulation of CFTR correlates with an enhanced pro-inflammatory im-
mune cell profile in the lung post-MI. Cigarette smoke has been found to
reduce CFTR expression and function [17] which is related to impaired
bacterial phagocytosis [53,54], favoring recurrent infections and airway
inflammation [55]. Whether CFTR is affected on myeloid cells in vivo
during COPD and chronic bronchitis is yet to be determined.

Other CFTR modulators may also be of interest for repurposing. One
of the most widely used CFTR corrector compounds, lumacaftor, has not
been clinically approved as a monotherapy, hence little is known about
its effects in the absence of ivacaftor. In CF, combination therapy of
lumacaftor with ivacaftor often shows beneficial effects (e.g., increased
FEV1, reduced hospitalizations due to pulmonary exacerbations) [56,
57]. However, effects of combination therapy in diseases with acquired
CFTR deficiencies are rarely investigated. Some studies suggest that
ivacaftor can diminish beneficial effects of lumacaftor; for example,
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Fig. 3. Ivacaftor exacerbates LPS-induced inflammation in human and murine macrophages, but not microglia in vitro. Lipopolysaccharide (LPS; 100 ng/ml, for
24 h) augmented CD80 mRNA expression in differentiated human monocyte-derived macrophages (THP-1 cells), murine RAW264.7, and BV2 microglial cells. Dotted
lines in the graphs indicate control levels. Simultaneous application of ivacaftor (Iva, 10 uM), but not lumacaftor (Lum, 10 uM) augments the LPS response in (A)
differentiated human monocyte-derived macrophages or (B) murine RAW264.7 cells. (C) Neither simultaneous ivacaftor (Iva, 10 uM) nor lumacaftor treatment (Lum,
10 pM) increase the LPS response in murine BV2 microglial cells. In absence of LPS, ivacaftor treatment stimulates CD80 mRNA expression in (D) human, but not (E)
murine macrophages or (F) BV2 microglial cells. * denotes p < 0.05 for unpaired comparisons. Panels B, D, E and F are presented as mean + SEM and are compared
with ANOVA followed by Dunnetts post-hoc testing. Panels A and C are presented as median + IQR and are compared with Kruskal-Wallis followed by Dunn$s post-
hoc testing.
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ivacaftor reduced lumacaftor-stimulated phagocytosis of Pseudomonas
aeruginosa in CF MDMs [58]. Although, as CF macrophages are intrin-
sically hyperinflammatory, the observed effects of CFTR modulators
cannot be generalized [59]. Cells in diseases with acquired CFTR defi-
ciency do not bear genetic CFTR defects, hence different effects might
occur. Considering the different pathophysiology of CFTR defects in
other diseases, a monotherapy of one CFTR modulator may be favored
over a combination treatment such as Orkambi® (lumacaftor/-
ivacaftor). Interestingly, until today lumacaftor monotherapy has not
been assessed in clinical trials at the dose in which it is currently used in
the combination treatment regimen for CF.

Repurposing CFTR modulator compounds for diseases other than CF
represent a promising new therapeutic approach. The herein presented
results of ivacaftor therapy post-MI call for caution due to proin-
flammatory effects, but also show the therapeutic potential with regard
to positive effects in the brain. In future studies, it will be important to
investigate both the CFTR-modulating functional outcome in the
respective target organ and the effects on inflammation, locally as well
as systemically.
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