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Abstract

Autophagy is a highly regulated, biological process that provides energy during periods of stress
and starvation. This conserved process also acts as a defense mechanism and clears microbes from
the host cell. Autophagy is impaired in Cystic Fibrosis (CF) patients and CF mice, as their cells
exhibit low expression levels of essential autophagy molecules. The genetic disorder in CF is due
to mutations in the cystic fibrosis transmembrane conductance regulator (¢fr) gene that encodes
for a chloride channel. CF patients are particularly prone to infection by pathogens that are
otherwise cleared by autophagy in healthy immune cells including Burkholderia cenocepacia (B.
cenocepacia). The objective of this study is to determine the mechanism underlying weak
autophagic activity in CF macrophages and find therapeutic targets to correct it. Using reduced
representation bisulfite sequencing (RRBS) to determine DNA methylation profile, we found that
the promoter regions of Afg12in CF macrophages are significantly more methylated than in the
wild-type (WT) immune cells, accompanied by low protein expression. The natural product
epigallocatechin-3-gallate (EGCG) significantly reduced the methylation of A#g12promoter
improving its expression. Accordingly, EGCG restricted B. cenocepacia replication within CF
mice and their derived macrophages by improving autophagy and preventing dissemination. In
addition, EGCG improved the function of CFTR protein. Altogether, utilizing RRBS for the first
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time in the CF field revealed a previously unrecognized mechanism for reduced autophagic
activity in CF. Our data also offers a mechanism by which EGCG exerts its positive effects in CF.

1. Introduction

DNA methylation is the most stable, epigenetic modification controlling the transcription of
the mammalian genome. DNA methylation leads to the addition of methyl groups across the
entire genome, including in and around promoters [1,2]. Methylation of the promoter
maintains differential gene expression patterns in a tissue-specific and developmental stage-
specific manner [2]. Several technologies to measure DNA methylation exist, including a
recently developed approach that achieves single-base resolution through bisulfite
conversion called reduced representation bisulfite sequencing (RRBS) [2,3]. This approach
has not been previously exploited in the study of cystic fibrosis (CF).

CF is the most common hereditary disease in the Caucasian population [4-9]. It is
characterized by the mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) protein, a member of the ATP-binding cassette transporter family coding for a
chloride channel. CFTR defect is due to many hereditary mutations, the most common
mutation however is the deletion of phenylalanine at position 508 (F508del) in CFTR.
Therefore, mice used in this study express global CFTR F508del protein and will be referred
to as CF mice [10,11]. In epithelial cells, the CFTR channel is responsible for the transport
of salt and water [12]. The disruption in the function of CFTR is accompanied by production
of thick mucus in several organs. It is also accompanied by reduction of autophagic activity
in epithelial [13,14]. Autophagy is a conserved pathway in all eukaryotic cells responsible
for clearing nonfunctional organelles, protein aggregates and microbes [15-17]. The
activation of autophagy presents as increased formation of autophagosomes that deliver their
contents to lysosomes for degradation. Specific autophagy factors called ATGs (autophagy-
related genes) are each required for the formation and progression of autophagosomes.

In CF epithelial cells, elegant studies by Maiuri and colleagues demonstrated that defective
CFTR in epithelial cells induces the upregulation of reactive oxygen species (ROS) and
tissue transglutaminase (TG2) that drives the crosslinking of autophagy molecules, leading
to aggresome formation and sequestration of mutant CFTR [14].

In CF macrophages, reduced autophagy was found to be due to low expression of major
autophagy molecules. Defective autophagy in CF macrophages is accompanied by increased
inflammatory cytokine production and persistence of specific organisms including
Burkholderia cenocepacia (B. cenocepacid). This Gram-negative bacterium is responsible
for severe pneumonia and often death in CF patients [13,19]. However, B. cenocepacia is
efficiently cleared by autophagy in healthy macrophages. Therefore, the clearance of B.
cenocepaciais considered readout for autophagic activity.

It has been shown that green tea extract induces autophagy in lung cancer, cardiac disease
[20], breast cancer [21], diabetes [22], however the mechanism was unclear. Green tea
extracts from Camellia sinensis contain a number of catechins, including epigallocatechin-3-
gallate (EGCG), epigallocatechin (EGC), epicatechin-gallate (ECG), and epicatechin (EC).
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EGCG is the most abundant polyphenol in green tea and is considered to have anti-
inflammatory, anti-oxidant, and cancer preventative properties [23-25]. Several reports have
also demonstrated the ability of EGCG to control intracellular infections, yet the mechanism
is still unclear. EGCG is an inhibitor of DNA methyltransferases (DNMTSs) by direct,
inhibitory interaction with the catalytic site of DNMTs [28]. It has also been shown that
EGCG reverses the methylation-mediated downregulation of specific targets. Although
EGCG has been used in several reports in the CF field, no studies have investigated its effect
on methylation in this disorder. Also, no studies focused on its effect on the clearance of B.
cenocepaciain CF.

Determination of epigenetic alterations of autophagy genes in CF will provide valuable clues
in early diagnosis and in diversifying treatment options for CF patients. The dysfunction of
autophagy is a hallmark for several disease conditions including neurodegenerative
disorders, autoimmune disorders, and chronic granulomatous diseases in addition to CF [26-
29]. ATGs are frequently governed by epigenetic mechanisms, such as chromatin
modulation, histone modification, and microRNAs [5,30-33].

In this report, using RRBS technology, we demonstrate that the promoter of autophagy gene
Atg12is significantly methylated in CF macrophages and responds to the demethylation
effect of EGCG. In turn, EGCG increases the expression of this protein, improving
autophagy, and clearance of intracellular B. cenocepacia. In addition, EGCG concomitantly
improved CFTR function in CF macrophages, yet independently of autophagy. This is the
first report investigating the DNA methylation status of autophagy genes in CF
macrophages. This study also demonstrates the specific mechanism of action of EGCG in
autophagy-mediated clearance of bacteria in CF. Our study provides novel therapeutic
targets in CF and improves our understanding of the underlying mechanism of dysfunctional
autophagy in CF and possibly other disease conditions characterized by weak autophagy.

2. Results

2.1. The promoter of Atgl2 is more methylated in CF macrophages when compared to
WT cells and responds to EGCG treatment

Macrophages from human subjects with CF or from the CF mouse model elicit weak
autophagy activity due to low expression of autophagy proteins. ATGs are essential
molecules that play specific sequential roles during the formation and maturation of
autophagosomes. We and others have previously demonstrated that the expression of
autophagy molecules is reduced in CF macrophages and epithelial cells [13,14,19,34-36].
We have shown that the expression of ATG5-ATG12 protein complex is low in CF
macrophages, compared to that of healthy cells [13,19,35]. This complex is crucial for the
early steps of autophagosome formation in all eukaryotic cells [37,38]. To better understand
the mechanism behind their low expression, we studied genome-scale DNA methylation at
The Ohio State University Comprehensive Cancer Center Genomics Shared Resources using
Reduced Representation Bisulfite Sequencing (RRBS) technology [39,40]. Interestingly, we
found that the key autophagy gene Afg1Z2is significantly more methylated in CF compared
to WT macrophages (Fig. 1A). Notably, other autophagy genes such as AfgZ3and Atg14
were not differentially methylated in CF cells compared to WT. To determine if the
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methylation profile reflects the level of corresponding protein expression in CF macrophages
compared to WT, we analyzed cell lysates by western blot and found that the expression of
ATG5-ATG12 complex is reduced in CF macrophages (Fig. 1B). The expression of ATG4
was comparable between the two (data not shown).

Because the promoter of A#g12is more methylated, we examined the possibility that EGCG
could reduce its methylation status to WT levels and thus improve its expression. EGCG has
been FDA approved as a demethylation agent for treatment for several conditions [41,42].
Studies have reported a positive effect of EGCG in CF, yet the mechanism remains unclear
[6-9]. EGCG treatment was able to reduce the methylation of AfgZ2promoter and restore its
expression (Fig. 1A and B). Therefore, EGCG restores the expression of ATG12 by reducing
the methylation of its promoter.

2.2. EGCG but not 5’AZA improves B. cenocepacia clearance in CF macrophages

To determine if the demethylation effect of EGCG elicits a functional effect on macrophage
autophagy response, we next determined if EGCG improves the clearance of B. cenocepacia
in CF macrophages. B. cenocepaciais a CF-associated pathogen that persists in CF
macrophages due to weak autophagy, yet is cleared in WT cells [13,19,35]. CF macrophages
were pre-treated with 25 pg/mL EGCG for 24 h and then infected with B. cenocepacia and
colony forming units (CFUs) were assessed (Fig. 2A). EGCG treatment of macrophages was
accompanied by significant reduction of B. cenocepacia intracellular growth within 3 h of
infection (Fig. 2A). Notably, EGCG was not bactericidal when added to bacterial culture in
the absence of macrophages (Supplementary Fig. 1A). In addition to EGCG, green tea
extract also contains a number of other catechins, including, EGC and ECG. To determine if
these catechins elicit an effect similar to EGCG, CF macrophages were pre-treated with
EGC or ECG then infected with B. cenocepacia. Notably, both catechins did not improve the
clearance of B. cenocepaciain CF macrophages (Fig. 2A). Therefore, EGCG and not EGC
or ECG improves B. cenocepacia clearance in CF macrophages. Five-azacytidine
(azacitidine, 5’Aza) is a cytidine analog that is incorporated into DNA where DNMTSs bind
to it, thus preventing maintenance of the methylation status, promoting demethylation of
various genes [43]. 5’Aza is FDA approved for treating myelodysplastic syndrome and other
leukemias. Unlike EGCG, pre-treatment of CF macrophages with 5’Aza did not improve the
clearance of B. cenocepacia (Fig. 2B). Rapamycin, which is a strong autophagy stimulator,
was used as a positive control and it effectively improved B. cenocepacia clearance as
previously published (Fig. 2B) [13]. Therefore, pre-treatment with EGCG, but not 5’Aza,
improves the clearance of B. cenocepacia.

2.3. EGCG improves the clearance of B. cenocepacia by improving autophagy activity
and CF macrophage survival

We and others have previously demonstrated that the expression of autophagy molecules is
reduced in CF macrophages and epithelial cells [13,14,19,36]. Low Atg expression in CF
immune cells is accompanied by persistence of B. cenocepacia infection [13,19,35]. To
determine if the ability of EGCG to improve B. cenocepacia clearance in CF macrophages is
mediated by improved autophagic activity, we examined the bacterial burdens in CF
macrophages pre-treated with EGCG in the presence or absence of the autophagy inhibitor
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3-methyl-adenine (3-MA) (Fig. 3A). Notably, EGCG reduced bacterial burdens, yet this
effect was diminished in the presence of 3-MA at 0.5 and 3 h (Fig. 3A). Therefore, EGCG
improves the clearance of B. cenocepacia via improving autophagy. Bacterial infection is
often associated with the demise of the host cell allowing the dissemination of the infectious
agents to other cells. To determine if EGCG can prevent B. cenocepacia-associated
macrophage death, CF macrophages were treated with varying concentrations of EGCG (1
=50 pg/mL) for 24 h then infected with B. cenocepacia. Cytotoxicity was determined by
assaying supernatants for release of lactate dehydrogenase (LDH). EGCG significantly
reduced macrophage death in a dose dependent manner starting at 1 pg/mL (Fig. 3B). We
also examined if 5’ Aza was able to reduce CF macrophage death during B. cenocepacia
infection. Notably, 5’Aza failed to reduce cell death at concentrations such as 1 and 10
pg/mL, but was able to significantly reduce CF macrophage death starting at 25 pg/mL
(Supplementary Fig. 2A). Similarly, the autophagy stimulating drug Rapamycin also
reduced CF macrophage death during B. cenocepacia infection at the dose of 5 pg/mL
(Supplementary Fig. 2A). In addition, the other catechins EGC and ECG did not promote
cell survival of the host cell post-infection (Supplementary Fig. 2B). Therefore, EGCG is
more effective in reducing macrophage death during B. cenocepacia infection than 5’Aza,
EGC, or ECG. Together, EGCG improves autophagy-mediated restriction and prevents cell
death in response to B. cenocepacia.

2.4. EGCG prevents the growth and dissemination of B. cenocepacia and accompanying
inflammation in live CF mice

Our data above demonstrates that EGCG improves autophagy-mediated B. cenocepacia
clearance in vitro. To determine if EGCG improves the clearance of B. cenocepaciain live
CF mice, EGCG was administrated intra-tracheally at 25mg/kg (300 ug) to lightly
anesthetized mice (Supplementary Fig. 3). Then, 10 x 106 bacterial CFUs were delivered to
the lungs of treated mice via intra-tracheal administration as we previously described
[13,19,35]. Following infection, mice were treated with two additional doses of EGCG and
then sacrificed 48 h after infection. The lungs were collected and homogenized and plated
for CFUs (Supplementary Fig. 3). Treatment of CF mice with EGCG significantly reduced
B. cenocepacia infection in the lungs after 48 h of infection (Fig. 4A and B) without
affecting the initial infectious dose as reflected by 4 h data (Fig. 4A). Because B.
cenocepacia infection is often associated with dissemination to other organs, bacterial loads
were evaluated in the liver and spleen of infected mice. EGCG treatment significantly
reduced the spread of B. cenocepaciato other organs (Fig. 4C and D). Together, these results
demonstrate that EGCG reduces bacterial infection in CF lungs and prevents dissemination
to liver and spleen (Fig. 4A-D). To determine if EGCG reduces the inflammation that
accompanies B. cenocepacia infection in vivo, cytokines were measured in the lungs of mice
treated with EGCG or vehicle control. The administration of EGCG prior to B. cenocepacia
infection significantly reduced the production of inflammatory mediators IL-1p, IL-6, KC,
and TNFa 48 h post infection (Fig. 5 A-D). Together, these results demonstrate that EGCG
reduces bacterial infection, dissemination, and the accompanying inflammation in vivo
(Figs. 4 and 5).
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2.5. EGCG increases the expression of autophagy proteins in the lungs of CF mice

We and others have previously demonstrated that the expression of autophagy molecules is
reduced in CF macrophages and epithelial cells [13,14,19,34-36]. We next determined if B.
cenocepacia exerts an effect on the expression of autophagy molecules in vivo (Fig. 6). CF
mice were infected with B. cenocepacia intratracheally, then, lungs were isolated and
homogenized. The expression of ATG5-ATG12 complex was characterized. Notably,
infection with B. cenocepacia significantly reduces the expression of autophagy molecules
(Fig. 6A). Interestingly, EGCG alone improves the expression of ATG5-ATG12 complex
(Fig. 6B) and when added before infection, it prevents the B. cenocepacia-mediated
reduction of expression (Fig. 6C). Therefore, EGCG effectively improves the expression of
ATG5-ATG12 complex in vivo preventing B. cenocepacia-mediated reduction of ATG5-
ATG12 expression.

2.6. EGCG improves the function of the CFTR channel independently of autophagy

The CF cells expressing the F508del mutant protein are characterized by weak CFTR
channel function which is implicated in many phenotypes in CF patients and CF mouse
model. To determine if EGCG improves CFTR function, CF macrophages were treated with
EGCG and CFTR activity was determined by SPQ assay, as previously described [35,44].
The SPQ assay is commonly used to evaluate CFTR-mediated iodide efflux (reflecting
CFTR function) in epithelial cells and we have successfully modified it to use it to measure
CFTR function in mouse macrophages [35]. Macrophages were loaded with SPQ by
incubation with a hypotonic solution then incubated with an iodide containing buffer to
quench SPQ fluorescence. The CFTR channel was then activated by adding forskolin to
increase intracellular cAMP (since CFTR is a cAMP-activated channel) [45]. Efflux of
iodide was reflected by increase in SPQ fluorescence intensity. We found that EGCG and
5’Aza significantly improved CFTR function in CF macrophages (Fig. 7A). However, the
addition of autophagy inhibitor 3-MA did not prevent the increase in SPQ activity mediated
by EGCG (Fig. 7A). To determine if improved CFTR function in macrophages by EGCF is
due to increased CFTR expression, we analyzed CF macrophages treated with EGCG by
western blot using specific antibody to mouse CFTR. We found that the expression of mouse
CFTR in CF macrophages did not increase in response to EGCG (Fig. 7B). Therefore,
EGCG improves CFTR function in macrophages independently of autophagic activity and
expression.

3. Discussion

The pathobiology of CF is multi-factorial, including impairment of autophagy in epithelial
cells and macrophages. Macrophages from cystic fibrosis patients and mice allow the
persistence and growth of B. cenocepacia, Pseudomonas, Staphylococcus, and non-
tuberculosis mycobacteria [46,47]. This permissiveness is mainly due to weak autophagic
activity as reports from our lab and other groups clearly demonstrated that autophagy is
compromised in CF immune cells and epithelial cells [13,14,48]. We also showed that the
expression of ATGs such as ATG5, ATG12, and ATG7 is significantly reduced in CF
macrophages when compared to non-CF counterparts [13,35]. Despite the rapidly growing
literature describing defective autophagy in CF, the underlying mechanisms remain
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enigmatic. Autophagy activity can be promoted by several drugs including rapamycin in live
CF mice and their macrophages as well as human CF macrophages. However, B.
cenocepacia infection blocks the effect of any autophagy stimulating drug even rapamycin
[13,35]. This finding suggests that stimulation of autophagy in CF should be used to prevent
but not treat infections such as B. cenocepacia. Nonetheless, rapamycin exerts severe side
effects making it unsuitable for patients with CF or any other chronic disease [49,50].
Similarly, EGCG treatment after B. cenocepacia infection failed to restore autophagic
activity (data not shown). Therefore, correcting autophagy in CF has to be achieved before
the onset of infection with a vicious autophagy suppressing organism such as B.
cenocepacia. Therefore, safer autophagy-stimulating drugs are desperately needed for
chronic conditions where autophagy is down-regulated.

To better understand the mechanism behind low expression of autophagy molecules in CF,
we analyzed epigenetic regulations of A#g genes. Epigenetic modification of DNA causes
changes in gene expression without altering the DNA sequence. Our previous studies
demonstrated that the microRNA cluster Mir-17-92 is over-expressed in CF macrophages.
Notably, this cluster repetitively targets autophagy genes, reducing their transcription.
Lowering the expression of specific Mirs within the cluster in CF macrophages improved the
expression of ATG7 and ATG16l1, but not other ATGs including Atg12 [35].

In this report, we studied epigenetic regulation of autophagy by DNA methylation. The role
of methylation in disease states such as cancer is becoming increasingly important leading to
an increase in FDA-approved demethylation agents [25,42]. The four main sequencing
technologies used for exploring genome-wide DNA methylation include methylated DNA
binding domain sequencing, methylated DNA immunoprecipitation sequencing, whole
genome bisulfite sequencing (WGBS), and reduced representation bisulfite sequencing
(RRBS) [39,40]. The former two use the enrichment of methylated DNA to acquire a
maximum resolution of 150 bp while the latter two achieve single-base resolution through
the bisulfite conversion [51]. Compared with WGBS, RRBS is a cost-effective approach for
studying genomewide patterns of DNA methylation. Using RRBS for the first time in the CF
field, we demonstrate that the promoter of Afg12is more methylated in CF macrophages
when compared to WT cells. The higher methylation of this gene correlated with its low
expression in CF cells. Whether, this finding will translate into a viable marker to follow CF
progression and exacerbations remains to be elucidated.

On the other hand, several studies have reported the hypermethylation of the CFTR gene in
human and murine CF cells [4,5]. However, our analysis using RRBS did not reveal
significant methylation of the promoter region of the cftrgene. Additionally, the treatment of
CF macrophages with EGCG did not increase the total expression of CFTR. Nevertheless,
EGCG improved CFTR function yet independently of autophagy. Thus, it is possible that
EGCG increases the stability of mature plasma membrane bound CFTR without increasing
the total protein level. Notably, several reports demonstrated that EGCG improves CFTR
function and expression of human CFTR mature form in epithelial cells from CF patients.
EGCG was used in combination with cysteamine [6-9] that increases the expression of
Beclin 1 and re-establishes the autophagic pathway which improved the clearance of
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Pseudomonas [52]. Thus, EGCG improves CFTR function through multiple mechanisms
that may differ between epithelial cells and macrophages.

EGCG has been extensively studied primarily because of its anticarcinogenic effects [53,54].
It has been used in other studies demonstrating its ability to improve microbial clearance
[42]. Several reports suggested that EGCG improves autophagy [6-9], yet, the mechanism
was unknown. Here we found that the treatment of CF macrophages with EGCG
significantly reduces the methylation of Azg12promoter and is accompanied by
improvement of expression of the corresponding protein. This led to improved autophagic
activity and in turn, increased B. cenocepacia clearance in vitro and in vivo. The impairment
of autophagy has been implicated in other infectious disease conditions, cancer, and
neurodegenerative disorders.

Our study herein offers mechanistic insight into CF pathobiology and additional disease
conditions characterized by weak autophagic activity.

4. Materials and methods

4.1. Bacterial strains and reagents

B. cenocepacia K56-2 is a clinical isolate obtained from a CF patient. MH1K is a
gentamicin-sensitive derivate of K56-2. All bacteria were grown overnight in LB media at
37 °C and 200 rpm.

4.2. Mice

C57BL/6 wild-type (WT) mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA). F508del (CF), C57BL6 background mice were purchased from the Cystic
Fibrosis Mouse Models Core at Case Western Reserve Univer sity (CWRU). All mice
were housed in a pathogen-free facility and experiments were conducted with approval from
the Animal Care and Use Committee at The Ohio State University (Columbus, OH, USA).

4.3. Cell culture and reagents

Murine bone marrow-derived macrophages (BMDMs) were isolated from C57BL/6 (WT)
mice, as previously described [13,55-57]. Prior to infection, macrophages were treated
overnight with 25 pg/mL EGCG (Sigma Aldrich #E4143), EGC (Sigma Aldrich #E3768),
ECG (Sigma Aldrich #E3893), or 5’ Aza-deoxycytidine (5’Aza, Sigma Aldrich, #A3656), in
combination or not with 1 mM 3-MA (Sigma Aldrich, M9281) in IMDM media
supplemented with 10% FBS. All in vitro infections were performed with MOI 10:1.
Infections were synchronized by centrifugation 400 rpm for 5 min. For the Gentamicin
Protection Assay macrophages were infected for 0.5 h followed by 0.5 h incubation with 50
pg/mL gentamicin to avoid extracellular bacterial replication. EGCG, or 5’Aza, with or
without 3-MA treatments were added to macrophages for specified times. To stimulate
autophagy, cells were incubated with 5 pg/mL rapamycin (cat # R0395, Sigma Aldrich) 1 h
prior to infection and then continuously until the end of the experiment.
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4.4. Reduced representation bisulfite sequencing (RRBS)

Genome-wide methylation analysis was performed on WT or CF-derived macrophages
treated with either vehicle or EGCG (3 replicates per treatment group) using RRBS. This
approach utilizes the methylation-insensitive restriction enzyme Mspl to cut DNA at CCGG
sites in the genome. This effectively enriches for fragments derived from CpG-rich regions.
The RRBS libraries were prepared using an input amount of 200 ng DNA following the
protocol described by Gu et al. with modifications [51]. Briefly, 200 ng genomic DNA was
digested with Mspl (New England Biolabs, #R0106L) followed by AMPure XP beads
(A63882, Beckman Coulter, Inc.) cleanup. Digested DNA (75 ng) was end-repaired,
adenylated and ligated with methylated adapters (BIOO NEXTFlex Bisulfite-seq kit
(NOVA-5119-02, PerkinElmer, Inc.). This was followed by bead-based cleanup and
fragment size selection. Bisulfite conversion was performed using EZ DNA Methylation-
Gold Kit (Zymo Research Corp, #D5005). Converted DNA was amplified for 18 cycles
followed by beads cleanup. Quantity and quality of RRBS libraries were assayed by Qubit
dsDNA HS kit (Invitrogen, #Q32854) and Bioanalyzer HS 12000 DNA chip (Agilent
Technologies, #5067-1509,), respectively. Sequencing was performed using Illumina HiSeq
4000 Sequencer (lllumina, San Diego, CA) to ~40 million pass filter paired-end 150 bp
clusters per sample.

4.5. Bioinformatics analysis

RRBS data in fastq format was preprocessed with Trim Galore (v0.4.0) [58]. It employs
Cutadapt to perform both adapter and quality trim (bases with Phred score < 20) on paired-
end 150 bp RRBS reads. Trimmed reads were aligned to the bisulfite converted human
genome using the Bismark (v0.17.0) aligner [59]. FastQC and Bismark output files were
parsed through a custom python script that generated RRBS post-alignment quality control
statistics including parameters such as trimming percentage, alignment rates, and incomplete
conversion rate. BAM files were sorted using SAMtools [60] and then passed to methylKit
to create text files containing % methylation values for each RRBS read. Differential
methylation analysis was performed using methylKit [61] for extraction of CpG methylation
values. Only CpGs with coverage of at least =80 reads across all three replicates were
considered for analysis. Gene promoter regions were defined to be +1 kb of the transcription
start site (TSS) according to NCBI's mm 10 RefSeq annotation. However, when repetitive
elements are present in gene promoters, the multiply-mapped nature of sequencing reads
derived from these regions will make it difficult to call methylation value accurately. In these
scenarios, the proximal promoter was then defined to be +1 kb or the longest region
uninterrupted by repetitive elements on either side of TSS.

4.6. In vivo infection

F508del mice were treated intratracheally for 3 days with 100 pL EGCG (25 mg/kg) or
vehicle (PBS). On the fourth day, mice were infected with 10 x 108 K56—-2. The four hour
mouse group was sacrificed and lungs were isolated for RNA, protein, and initial bacterial
CFU counts. EGCG or PBS treatments continued for the second group and 48 h later, this
group was sacrificed. Again, lung, but also liver, and spleen were obtained for RNA, protein,
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and CFUs to determine bacterial load and dissemination (Supplemental Fig. 2). Data are
presented as colony forming units (CFU) per gram of organ.

Immunoblotting

Protein, RNA and DNA were extracted from macrophages using Qiagen AllPrep DNA RNA
protein mini kit according to the manufacturer's instructions. (Qiagen #80004). Lung tissue
was homogenized using TRIzol (Thermo Fisher Scientific #15596026) followed by protein
isolation. Briefly, after phase separation using chloroform, 100% ethanol was added to the
interphase/phenol-chloroform layer to precipitate genomic DNA. Subsequently, the phenol-
ethanol supernatant was mixed with isopropanol to isolate proteins. The Bradford method
was used to determine protein concentrations. Equal amounts of protein were separated by
12% SDS-PAGE and transferred to a polyvinylidene fluoride (PVVDF) membrane.
Membranes were incubated overnight with antibodies against ATG5-ATG12 complex
(Sigma Aldrich #A0856), CFTR (Santa Cruz #sc376683) and GAPDH (Cell Signaling
Technologies #2118) or Actin (Abcam #ab8226). Corresponding secondary antibodies
conjugated with horseradish peroxidase and in combination with enhanced
chemiluminescence reagent (Amersham #RPN2209) were used to visualize protein bands.
Densitometry analyses were performed by normalizing target protein bands to their
respective GAPDH/B-actin loading control using ImageJ software as we previously
described [30,34,35,48].

4.8. CFTR channel activity assay

The CFTR channel transports chloride as well as iodide. Therefore, CFTR function was
assessed by measuring iodide efflux using the fluorescent and halide-sensitive dye 6-
Methoxy-N-(3-sulfopropyl) quinolinium (SPQ) as previously described by our group [35].
Briefly, macrophages were plated in a 96 well-plate to confluency. Cells were loaded with
SPQ using hypotonic shock and were incubated with 10 mM SPQ in Opti-MEM/water (1:1)
for 15 min at 37 °C. Cells were then washed and incubated twice for 10 min with
fluorescence quenching Nal buffer [130 mM Nal, 5 mM KNOg3, 2.5 mM Ca(NO3),, 2.5 mM
Mg(NO3),, 10 mM p-glucose, 10 mM A-(2-hydroxyethyl) piperazine- /A -(2-ethanesulfonic)
acid (HEPES, pH 7.4)]. Subsequently, cells were switched to a dequenching isotonic NaNO3
buffer (identical to Nal buffer except that 130 mM Nal was replaced with 130 mM NaNQO3)
in the presence of 20 uM forskolin and 100 uM 8-(4-chlorophenylthio)-c-AMP to activate
CFTR. Non-specific increase in fluorescence was measured by incubating the cells with the
activation cocktail and the specific CFTR inhibitor GlyH101 (10 pM). Fluorescence was
measured using the plate reader VICTOR X3 (Perkin Elmer) with excitation wavelength at
350 nm and DAPI emission filter. Results are expressed as % increase of fluorescence and
represent CFTR-mediated lodide efflux that was calculated by subtracting total fluorescence
(measured in presence of CFTR activators) — fluorescence CFTR-independent (measured in
presence of CFTR activators plus inhibitor) as we [35] and others [62] previously published.

4.9. Statistical analyses

Data were analyzed using GraphPad Prism 7. All figures display the mean value and
standard error of the mean (SEM) from at least three biologically independent samples
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and/or experiments. Comparisons between groups were conducted with Student's #test, one-
way, or two-way ANOVA. P-values <.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Methylation percentage of autophagy gene promoter A#g12is elevated in CF (F508del)

macrophages and responds to EGCG. (A) The effect of EGCG treatment on autophagy
genes in CF compared to untreated CF and WT. WT (black bars), CF (white bars), and CF
+EGCG (grey bars), 7/=3 independent experiments (B) Western blot of ATG5-ATG12
(ATG5/12) complex of wild-type (WT) and CF (F508del) macrophages treated with EGCG
or vehicle control. Blot is representative of three independent experiments. Densitometry
analysis of ATG5/12 complex (56 kDA) is shown as mean intensities of bands compared to
housekeeping (B-actin 42 kDa). *p < .05 ** p< .01, One-way ANOVA with Holm-Sidak'’s
correction.

J Cyst Fibros. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caution et al. Page 16

A *

2410+ "

1.5x10°4 —_—

-
£
S 1x10°+
L.
o

5x10¢4 i i i

0+
o © O © o © O © o © 9 ©
o & o o < o o & o
v & R & 4 <& & & 4 & R &
x O o ; o o 'x o o
?° ) ") ?° Q ? Q° Q Q
0.5 3 6
Time post infection (h)

B

510+

4:10° s
—E‘ 34104
=]
& 2x10°4

1:10°4

L I I e
o & s o ~ S
Q ‘;,?' ? Q 5)? s.\
* > * >
9 R o L
Q & Q &
* *
(< <2
Q Q
0.5 3 6
Time post infection (h)
Fig. 2.

EGCG but not 5’ Aza promotes the restriction of B. cenocepacia in vitro. (A) CF (F508del)
macrophages were treated with 25 pg/mL EGCG, EGC, or ECG then infected with B.
cenocepacia at a multiplicity of infection (MOI) of 10. Colony forming units (CFUs) were
determined at 0.5, 3, and 6 h post infection. (B) CF macrophages were treated with 25
pg/mL 5°Aza or 5 pg/mL Rapamycin and infected with B. cenocepacia. CFUs were
determined at 0.5, 3, and 6 h post infection. /7= 3 independent experiments. *p < .05, **p <.
01, ***p<.001, ****p< .0001, One-way ANOVA with Holm-Sidald's correction.
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Fig. 3.
EGCG promotes the clearance of B. cenocepaciain CF (F508del) macrophages via

autophagy and reduces cell death. (A) CF (F508del) macrophages were treated with 25
pg/mL EGCG and/or 1 mM 3-MA, or 5 pg/mL rapamycin, then infected with B.
cenocepacia at an multiplicity of infection (MOI) of 10. Colony forming units (CFUs) were
then assessed 0.5, 3, and 6 h. (B) CF macrophages were treated with increasing
concentration (1-50 pg/mL) of EGCG, and LDH release from cells was assessed 0.5, 6, and
24 h post infection. 7= 3 independent experiments. *p < .05, **p < .01, ***p < .001, ****p
<.0001, One-way ANOVA with Holm-Sidak correction.

J Cyst Fibros. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Caution et al.

Page 18
A B
8.5 - 81 hkk
o
8.0 4 7 -
o
o]
S _.c_a_r - (E, og
751 —= X
§’ o L 8’ 1 |
|
70- ;- — =
]
6.5 T T 4 T T
vehicle EGCG vehicle EGCG
Lung 4h post infection Lung 48h post infection
C . D
5 - % 4 -
[e]
I 8o
o [ ] ] 3 1
D - o) .
5 31 5
= o 24 -
[o2] 2.4 o))
3 S
14 k
0 T i 0 @ -
vehicle EGCG vehicle EGCG
Spleen 48h post infection Liver 48h post infection
Fig. 4.

EGCG contributes to the restriction of B. cenocepacia in vivo. B. cenocepacia colony
forming units (CFUs) from CF (F508del) mice treated with vehicle (PBS) or 25 mg/kg
EGCG obtained from lung homogenates at (A) 4 h and (B) 48 h post-infection.
Disseminated bacterial CFU recovered from (C) spleen and (D) liver 48 h post-infection.
Vehicle (PBS) and EGCG, n=5 mice. *p< .05, **p < .01, unpaired #test with Welch's
correction.
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EGCG reduces inflammation after infection with B. cenocepacia in vivo. MSD V-PLEX
Proinflammatory Panel 1 (mouse) cytokine analysis from lung homogenate supernatants
analyzed for (A) IL-1B, (B) IL-6, (C) KC, and (D) TNF-a. Vehicle, 7= 3 mice, Vehicle +
B.c., EGCG, and EGCG + B.c. treated groups, 7="5 mice. *p< .05, **p< .01, ****p< .
0001, unpaired #test with Welch's correction.
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Fig. 6.

E(gCG promotes expression of autophagy members during B. cenocepacia infection in vivo.
Western blot of ATG5-ATG12 (ATG5/12) complex from lung homogenates of CF (F508del)
mice treated with (A) vehicle or vehicle + B.c. (B) vehicle or EGCG (C) EGCG or EGCG +
B.c. Densitometry analysis of ATG5/12 (56 kDa) are shown as mean intensities of bands
compared to housekeeping protein (GAPDH36 kDa) + SEM. Vehicle 7=3 mice and
treatment groups /=5 mice. **p < .01, ***p < .001, ****p < .0001, (A&B) unpaired #test
with Welch's correction (C) One-way ANOVA with Holm-Sidak correction.
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Fig. 7.
EGCG increases CFTR activity in CF (F508del) macrophages. (A) SPQ assay was

performed on WT and CF (F508del) macrophages treated or not with 25 ug/mL EGCG or
5’Aza with or without ImM3-MA overnight. Values depicted as mean+SEM, are normalized
to CF no treatment as 100% functionality. 7/=4 independent experiments, *p < .05, **p < .01.
(B) Western blot of (CFTR) protein of WT and CF macrophages treated with EGCG or
vehicle control. Blot is representative of three independent experiments. Densitometry
analysis of CFTR (165 kDA\) is shown as mean intensities of bands compared to
housekeeping (p-actin 42 kDa).
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