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Abstract

Background/Aims: Atherosclerosis underlies the majority of cardiovascular events,
consequent to non-resolving inflammation. Considerable evidence implicates autophagy
dysfunction at the core of this inflammatory condition, but the basis of this dysfunction is
not fully understood. Methods: Using an in vitro model of lipid-laden macrophages, activity-
based probes and high-throughput techniques, we studied the role of the cysteine proteases
cathepsins in autophagy. Results: We showed that cathepsin activity is suppressed by oxidized
lipids and that cathepsin has an indispensable role in the autophagy-lysosomal degradation
pathway. Accordingly, loss of cathepsin function resulted in autophagy derangement. Shotgun
proteomics confirmed autophagy dysfunction and unveiled a pivotal role of cathepsin L in
a putative cathepsin degradation network. At the physiological level, cathepsin inhibition
resulted in mitochondrial stress, which translated into impaired oxidative metabolism,
excessive production of reactive oxygen species and activation of the cellular stress response,
driven by ATF4-CHOP transcription factors. In addition, transcriptomic analysis of these cells
uncovered some genetic similarities with the inflammatory macrophage phenotype (a.k.a M1
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macrophages) and increased expression of inflammatory cytokines. Conclusion: Our data
highlight the importance of cathepsins for mitochondrial quality control mechanisms and
amelioration of vascular inflammation.
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Introduction

Cardiovascular diseases due to atherosclerosis are the primary cause of mortality in
western countries [1]. A common cause of vascular injury is a perpetuated inflammatory
response, mediated by the immune system towards modified lipoproteins under the vascular
endothelium [2, 3]. Over time, persistent inflammatory activity can damage the structure of
the blood vessel and can lead to the clinical manifestations of vascular complications such as
heart attack and stroke [2].

Macrophages are key mediators of vascular inflammation and regulate arterial
remodeling by secreting inflammatory cytokines and proteases such as cysteine cathepsins
[4]. In particular, cathepsins B, L and S (hereafter referred to as cathepsins) are over-
expressed in advanced arterial lesions and display abnormal activities compared to non-
inflamed regions [5]. Likewise, animal models provide compelling evidence that cathepsins
contribute to arterial plaque formation and underlie clinical events by extracellular matrix
digestion, thereby rendering plaques prone to rupture [6].

Cathepsins are naturally expressed in the lysosomes of various cells and tissues, where
the acidic environment provides the optimal conditions for their activity [7]. Lysosomes
also mediate a variety of homeostatic processes such as nutrient breakdown and removal of
damaged organelles, in a process uniformly termed as autophagy (macrophagy) [8, 9]. During
autophagy, cytoplasmic materials are carried and delivered by a double membrane vesicle
(autophagosome) to the lysosomes, where a variety of hydrolases overtake cargo degradation
[10]. Many cells exhibit basal autophagy activity under normal physiological conditions.
However, in response to stress, autophagy is maximized to restore homeostasis and to curb
the accumulation of potentially cytotoxic materials, thus enabling cell survival [8, 11]. Two
distinct types of autophagy are recognized: “non-selective” and “selective” degradation.
“Non-selective” or “bulk” degradation is frequently induced by nutrient depletion.
"Selective” degradation involves sequestering of specific cellular targets under nutrient
replete conditions [12, 13]. One of the best-characterized selective autophagy responses
is mitophagy, which removes malfunctioning mitochondria [12]. The physical segregation
of damaged mitochondria involves a coordinated remodeling process that generates small
mitochondrial fragments. These are recognized by autophagy receptors such as p62 and
shuttled to the lysosomes for degradation [14, 15]. This pathway of mitochondrial clearance
is important in the context of cardiovascular diseases, since mitochondria dysfunction is
known to trigger vascular inflammation through various mechanisms [16, 17].

Whether cathepsins are dispensable to autophagy and mitochondrial quality control
under conditions of metabolic stress is inconclusive. Yet, several reports suggest a possible
link between cathepsin activity and proper mitochondrial function. For example, inhibition
of cathepsins by a small molecule inhibitor increased reactive oxygen species (ROS)
production in macrophages [18, 19]. Furthermore, in mouse embryonic fibroblasts, genetic
ablation of cathepsin L was sufficient to induce mitochondrial superoxide production [20].
Nevertheless, a causative link between cathepsin inhibition and mitochondrial dysfunction
has not been verified; and has not been explored in the context of hyperlipidemic stress.
Here, we set out to study the role of cathepsins in autophagy using targeted chemical tools
in conjunction with high throughput techniques such as proteomics and transcriptomics.
We report that cathepsins temper macrophage inflammatory activity under hyperlipidemic
stress by regulating lysosomal function and mitochondria quality control.
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Materials and Methods

Animals

LDL receptor knockout mice (LDL/?) in the background of CL57BL/6 purchased from the Jackson
Laboratory (Bar Harbor, ME USA) were housed in specific pathogen free conditions at the Hebrew University
and were used with the approval of the animal ethics committee of the Hebrew University. Male mice, aged
6-12 weeks, were used for the experiments.

Isolation and preparation of human and mouse-derived macrophages

Human macrophages. Human macrophages were prepared from peripheral blood mononuclear
cells (PBMCs) that were obtained from the blood of healthy donors by separation over Ficoll-PaqueTM
gradient (GE Healthcare, 17-1440-02). CD14 MicroBeads (Miltenyi Biotech, 130-050-201) were used for
magnetic separation of monocytes. The cells were differentiated into macrophages over 7 days in RPMI
media (Thermo Fisher Scientific, 21875034) containing 5% fetal bovine serum (Capricorn Scientific),
2mM L-glutamine (Thermo Fisher Scientific, 25030149), 1 mM non-essential amino acids (Thermo Fisher
Scientific, 11140035), 1mM sodium pyruvate (Sigma-Aldrich, S8636), 1% penicillin/streptomycin (Thermo
Fisher Scientific, 15140122) and 100 ng/ml recombinant human M-CSF (BioLegend, 574806). The cells
were subsequently maintained in the same media with 10 ng/ml of M-CSF for the experiments.

Mouse bone marrow-derived macrophages. Bone marrow-derived macrophages (BMDM) were harvested
according to Zhang et al. [21], with few modifications, and referred to as a “mixed population”. Briefly,
bone-marrow cells were obtained from 5-7 mice (aged 8-10 weeks), mixed and allowed to differentiate
into macrophages over 7 days in RPMI media (Gibco/Thermo Fischer Scientific, 21875) containing 10%
fetal bovine serum (Biological industries, 04-127-1A), 2mM L-glutamine (Biological Industries, 03-022-1B),
1% penicillin/streptomycin (Biological Industries, 03-031-1B) and 50ng/mL M-CSF (Peprotech, 315-02).
Afterwards, the media was changed and the cells were cultured for subsequent experiments using the same
media formulation. For polarization experiments, the cells were treated with 20ng/mL LPS (Sigma-Aldrich,
L4391) and 50ng/mL IFN-y (Peprotech, 315-05) for 24 hours (h) for inflammatory M1 phenotype. For anti-
inflammatory macrophages, M2, cells received 20ng/mL IL-4 (R&D Systems, 404-ML-010) for 24 h.

Cell culture and commercial reagents

Mouse macrophage cell line, Raw264.7 (American Type Culture Collection, TIB71TM), and NIH/3T3
embryonic fibroblasts (American Type Culture Collection, CRL-1658TM) were maintained in DMEM
(Sigma-Aldrich, D5796), and supplemented as described for primary macrophages, but without M-CSEF. All
cell lines were negative for mycoplasma contamination (Biological Industries, 20-700-20). HBSS medium
with calcium and magnesium is from (Gibco/Thermo Fischer Scientific, 14025092).

Lipid challenges

Cells were treated with 100pg/mL acetylated LDL (Biomedical Tech, BT-906) or 100ug/mL copper-
oxidized LDL high TBAR (Biomedical Tech, BT-910X) for 24 h or 50uM 7-ketocholesterol (7-Keto), (Cayman
Chemical, 16339), as indicated.

Autophagy, and the detection of organelles and ROS

Autophagy was determined using the autophagy detection kit (Abcam, ab139484) following the
manufacturer’s protocol. Chloroquine (CQ) 50uM (Sigma-Aldrich, C6628) was used to inhibit lysosomal
activity for 2 h. Cells were stained using 50nM lysotracker green DND-26 (Fischer Scientific, L7526) or
100nM mitotracker green FM (Thermo Fischer Scientific, M7514) or 100nM mitotracker deep red FM
(Cell Signaling Technologies, 8778). The trackers were active 30 min before analysis. For mitochondrial
ROS (mtROS) detection, 1pM mitosox (Thermo Fischer Scientific, M36008) was used according to the
manufacturer’s protocol. N-acetyl-L-cysteine 10mM (Sigma-Aldrich, A7250) was used for ROS sequestering.

Mitochondrial metabolic analysis

Real time mitochondrial oxygen consumption was measured in Seahorse (Agilent) XF24 according to
van den Bossche et al. [22], with few modifications. Briefly, 5x10* cells were cultured in XF24-well plates in
complete RPMImedia, as described, and treated with GB111-NH, 10uM for 16 h or with DMSO as a control. Two
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hours before the assay and mitochondrial respiration inhibitors (x10 stock solutions) were injected directly
into RPMI media, 7-Keto (Cayman Chemical, 16339) 50uM was added, to obtain the final concentrations:
1.5uM oligomycin A (Sigma-Aldrich, 75351), 50uM carbonyl-cyanide 3-chlorophenylhydrazone, CCCP
(Sigma-Aldrich, C2759), 1.25uM rotenone (Sigma-Aldrich, R8875) and 2.5uM antimycin A (Sigma-Aldrich,
A8674). Data were normalized to the total protein content as determined by the BCA kit (PierceTM, 23225),
and key metabolic features were calculated as described in van den Bossche et al. [22].

Cathepsin inhibition

The following inhibitors were used, 20uM cathepsin B inhibitor II (Calbiochem, 219385), 20uM
cathepsin Linhibitor II (Calbiochem, 219426), indicated concentrations of cathepsin S inhibitor (Calbiochem,
219393) and 10uM of GB111-NH, [23]. Inhibitors were active 16 h prior to analysis.

Fluorescent gel scans and immunoblotting

Cathepsin activity was determined by fluorescent gel scans as described in [24], with several
modifications. BMDM were cultured at a density of 1x10° per well in 6-well plates one day before the
experiments. Following 7-Keto treatments, BMDM were treated with GB123 [24] 1uM for 1 h followed
by protein extraction in lysis buffer (25mM TRIS pH 7.4, 150mM NaCl, 1ImM EDTA and 1% Triton-X100).
Protein concentration was determined by the BCA kit from (PierceTM, 23225) and 25ug of total proteins
were suspended in a Laemmli sample buffer and resolved on 12.5% SDS-PAGE. Gels were scanned by
Typhoon FLA 9500 (GE Healthcare Life Science) and the Cy5 fluorescent signal intensity was quantified
by Image] software (National Institute of Health). For western blots, protein extracts were prepared using
lysis buffer as above and 50ug of total proteins were resolved on 12.5% SDS-PAGE. Proteins were then
transferred onto a PVDF membrane (Bio-Rad) and incubated overnight at 4°C with primary antibodies
diluted in TBSTx1 and 5% BSA fraction V (MP, 02160069). For immunoblots, the following antibodies
were used: beta actin (Abcam, ab8227) 1:3000, SQSTM/p62 (Abcam, ab56416) 1:1000 and LC-3B (Abcam,
ab51520) 1:1000. Membranes were then probed with secondary-HRP conjugated enzyme: goat anti-mouse
(Bio-Rad, 170-6516) or goat anti-rabbit (Bio-Rad, 170-6515) at room temperature for another hour and
a chemiluminescent signal was generated using the EZ-ECL kit (Biological Industries, 20-500-120). Blot
images were taken by ChemiDoc XRS camera (Bio-Rad) and densitometric analyses were carried out using
Image] software (National Institute of Health).

Immunofluorescence stains and microscopy analyses

Cells were seeded in 8-well cover slip chambers, p-slides (iBidi, 80826) at a density of 2x10* cells
per well. For immunofluorescence stains, the following primary antibodies were used: LAMP-1 (Abcam,
ab25245) 1:250, LC-3B (Abcam, ab51520) 1:200, SQSTM/p62 (Abcam, ab56416) 1:100 and TOMM20
(Abcam, ab56783) 1:250. All primary antibodies were diluted in Cas-Block™ (Thermo Fischer Scientific,
008120) and incubated overnight at 4°C after fixation and permeabilization in pre-chilled methanol for 10
minat-20°C. Cells were washed thrice with PBS x1 and then incubated with secondary fluorescent-conjugated
antibodies: donkey anti-rat (Jackson, 712-165-153) 1:250, donkey anti-rabbit (Jackson, 711-165-152)
1:250 and donkey anti-mouse (Invitrogen, A21202) 1:250 in Cas-Block™ solution at room temperature for
1 h. Finally, unbound secondary antibody was removed by three successive washes with PBS x1 and the cells
were mounted with DAPI-Fluoromount-G® (SouthernBiotech, 0100-20) before visualization by confocal
microscopy FV3000 (Olympus), equipped with oil immersion objective lens x60 1.4NA. For experiments
involving lipoproteins, macrophages were stimulated with 100pg/mL of acetylated LDL or oxidized LDL
(oxLDL) for 24 h and then GB137[24] 2uM was added for another 24 h. Cells were then prepared for confocal
microscopy analysis as described. For experiments with 7-Keto, GB137 2uM was added for 8 h and the
cells were processed for microscopy visualization. For mitochondrial stains, mitotracker deep red 100nM
was added to the culture medium for 30 min at 37°C and the cells were then fixed in cold methanol and
mounted with DAPI-Fluoromount-G® solution. Images were subsequently taken by inverted microscope
IX83 (Olympus) equipped with oil immersion UPLSAPO x100 1.4NA objective lens. LC-3B and p62 were
quantified by automatically counting on threshold images and dividing the total number of nuclei within
each frame [25]. Colocalization analysis was done with CellProfiler [26] on threshold images. Mitochondrial
morphology was determined according to [27, 28]. Image analyses and quantifications were done in Image]
[29].
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Real time quantitative PCR (qPCR)

RNA from mouse samples were prepared according to [30] using TRIzolTM reagent (Thermo Fischer
Scientific, 15596026) according to the manufacturer’s protocol. To improve RNA yields, NaCl was added
to 2-propanol to a final concentration of 150mM during the RNA precipitation step. RNA (2pg) was then
converted to cDNA using the high capacity cDNA reverse transcription kit (Thermo Fischer Scientific,
4368814). Samples (20ng per reaction) were analyzed using Syber green (Kapa Biosystems, KK4601) in
iCycler-CFX real time PCR machine (Bio-Rad) and normalized to 36B4\RPLP0, a housekeeping gene. The
gPCR primers available are listed in Supplementary Table 1 (for all supplementary material see www.
cellphysiolbiochem.com). For primary human macrophages, total RNA was prepared using the miRNeasy
Mini Kit (Qiagen, 217004) according to the manufacturer's instructions and 1pg of RNA was converted
into cDNA using the Omniscript RT Kit (Qiagen, 205111). Marker expression was analyzed using the Luna
Universal qPCR Master Mix (2X) (New England BioLabs, M3003) and the measurements were performed
using the 7500 Real-Time PCR system (Applied Biosystems). Ribosomal protein RPLP0O was used as a
housekeeping gene for data normalization.

Flow cytometry analysis (FACS)

Organelle staining (e.g. mitotracker, mitosox and lysotracker) was carried out in situ, the media
was removed followed by three successive washes with PBS x1. The cells were detached from the plates
using a cell scraper and then re-suspended in cold PBS solution supplemented with 1% FBS. Mitotracker
green FM (Thermo Fischer Scientific, M7514) and mitotracker deep red FM (Cell Signaling Technologies,
8778) were each applied at a 100nM final concentration for 30 min at 37°C. Lysotracker green DND-26
(Fischer Scientific, L7526) was applied at a 50nM final concentration for 30 min at 37°C. For mitochondrial
superoxide production, mitosox 1uM in HBSS solution was applied to the cells for 15 min at 37°C according
to the manufacturer’s protocol. Extracellular marker stains were performed as described in [19] using the
following dye-conjugated antibodies: CD206 (Biolegend, 141710) 1:500, F4/80 (eBioscience™, 17-4801-
82) 1:500 and CD11b (eBioscience™, 17-0112-82) 1:500. After blocking non-specific targets, aliquots of
1x10° cells in 0.5mL of cold FACS buffer (2mM EDTA and 1% FBS in PBS) were left for 30 min at room
temperature and rotated with antibodies followed by three washing steps with PBS. Finally, cells were re-
suspended in 1mL of cold FACS buffer and analyzed by flow cytometer. Data were attained using Cytoflex,
flow cytometer (Beckman Coulter) and data were analyzed in CytoExpert 2 (Beckman Coulter).

Proteomics and data analysis

Preparation of samples for LC/MS/MS. Sample preparation and proteomic analysis were according to
[31], with several modifications. Macrophages (5x10° cells) were treated with GB111-NH, or DMSO for 16 h
prior to the addition of 7-Keto. Proteins were extracted in 100puL of SDS lysis buffer (50mM TRIS pH 7.5, 2%
SDS, 1mM EDTA and 150mM NaCl) and boiled at 95°C for 5 min. Buffer was exchanged to urea lysis buffer
(50mM ammonium bicarbonate, 8M urea), by chloroform/methanol precipitation, and proteins (25ug)
were reduced with 10mM dithiothreitol (Sigma-Aldrich, D9779) and alkylated with 20mM iodoacetamide
(Sigma-Aldrich, 11149)) for 1 h at room temperature. Unreacted iodoacetamide was quenched by the
addition of 10mM dithiothreitol. Tryptic digestion was carried out with LysC (Wako Laboratory Chemicals,
125-05061) 1:50 overnight at 37°C, after which urea concentration was diluted 5 fold in 50mM ABC buffer
to 0.8M, and trypsin, MS Grade (Thermo-Scientific, 90057) 1:25 was added for another 8 h. Digestion was
stopped by adding 1% formic acid solution.

Desalting and preparation for LC/MS/MS. Tryptic digests were desalted on homemade C18 StageTips
as described [32]. Peptides were passed over a 2-disc StageTip. After elution from the StageTips, samples
were dried using a vacuum concentrator (Eppendorf) and the peptides were taken up in 0.1% formic acid
solution (10 pL).

LC/MS/MS. Experiments were performed on an Orbitrap Elite instrument (Thermo, Michalski et al.
2012) that was coupled to an EASY-nLC 1000 liquid chromatography system (Thermo). The LC was operated
in the one-column mode. The analytical column was a fused silica capillary (75 pm x 36 cm) with an integrated
PicoFrit emitter (New Objective) packed in-house with Reprosil-Pur 120 C18-AQ 1.9 um. The analytical
column was encased by a column oven (Sonation) and attached to a nanospray flex ion source (Thermo).
The column oven temperature was adjusted to 45°C during data acquisition. The LC was equipped with
two mobile phases: solvent A (0.1% formic acid, FA, in water) and solvent B (0.1% FA in acetonitrile, ACN).
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All solvents were of UHPLC (ultra-high-performance liquid chromatography) grade (Sigma). Peptides were
directly loaded onto the analytical column with a maximum flow rate that would not exceed the set pressure
limit of 980 bar (usually around 0.5 - 0.8 pL/min). Peptides were subsequently separated on the analytical
column by running a 140 min gradient of solvent A and solvent B (starting with 7% B; gradient 7% to 35%
B for 120 min; gradient 35% to 100% B for 10 min and 100% B for 10 min), at a flow rate of 300 nl/min.
The mass spectrometer was operated using Xcalibur software (version 2.2 SP1.48). The mass spectrometer
was set in the positive ion mode. Precursor ion scanning was performed in the Orbitrap analyzer (FTMS;
Fourier Transform Mass Spectrometry) in the scan range of m/z 300-1800 and at a resolution of 60000,
with the internal lock mass option turned on (lock mass was 445.120025 m/z, polysiloxane) [33]. Product
ion spectra were recorded in a data dependent fashion in the ion trap (ITMS; lon Trap Mass Spectrometry),
in a variable scan range and at a rapid scan rate. The ionization potential (spray voltage) was set to 1.8 kV.
Peptides were analyzed using a repeating cycle consisting of a full precursor ion scan (1.0 x 10° ions or 30
ms) followed by 15 product ion scans (1.0 x 10* ions or 50 ms), where peptides are isolated based on their
intensity in the full survey scan (threshold of 500 counts) for tandem mass spectrum (MS2) generation that
permits peptide sequencing and identification. CID (collision-induced dissociation) collision energy was
set to 35% for the generation of MS2 spectra. During MS2 data acquisition, dynamic ion exclusion was set
to 60 seconds, with the maximum list of excluded ions as 500 members and with a repeat count of one. lon
injection time prediction, preview mode for the FTMS, monoisotopic precursor selection and charge state
screening were enabled. Only charge states higher than 1 were considered for fragmentation.

Peptide and protein identification using MaxQuant. RAW spectra were submitted to an Andromeda
[34] search in MaxQuant (version 1.5.3.30) using the default settings [35]. Label-free quantification and
match-between-runs were activated [36]. MS/MS spectra data were searched against the Uniprot Mus
musculus reference database (UP000000589_10090.fasta, 50717 entries, downloaded 3/17/2016).
Enzyme specificity was set to “Trypsin/P”. The instrument type in Andromeda searches was set to Orbitrap
and the precursor mass tolerance was set to +20 ppm (first search) and #4.5 ppm (main search). The MS/
MS match tolerance was set to +0.5 Da. The peptide spectrum match false discovery rate (FDR) and the
protein FDR were set to 0.01 (based on the target-decoy approach and the decoy mode “revert”). The
minimum peptide length was 7 amino acids. Label-free protein quantification was switched on, and unique
and razor peptides were considered for quantification, with a minimum ratio count of 2, as predetermined
by MaxQuant. Retention times were recalibrated based on the built-in nonlinear time-rescaling algorithm.
MS/MS identifications were transferred between LC-MS/MS runs with the “match between runs” option, in
which the maximal match time window was set to 0.7 min and the alignment time window set to 20 min.
The quantification is based on the “value at maximum” of the extracted ion current. Modified peptides were
allowed for quantification. The minimum score for modified peptides was 40. The number of biological
replicates analyzed by label free proteomics were as follows: n=5 for DMSO, n=6 for GB111-NH,, n=3 for
7-Keto, n=3 for 7-Keto + GB111-NH,.

Data availability. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [37] partner repository (https://www.ebi.ac.uk/pride/archive/) with the
dataset identifier PXD010497. During the review process, the data can be accessed via a reviewer account
(Username: reviewer92067 @ebi.ac.uk; Password: Fz05Pe9r).

Data analysis. The list of identified proteins generated by MaxQuant was loaded into Perseus (version
1.5.2.6). Comparison of protein group quantities (relative quantification) between different MS runs is
based solely on the LFQ’s as calculated by MaxQuant (MaxLFQ algorithm). The list was filtered for proteins
with at least three valid values in each group. Subsequently, missing values were imputed, with values
representing a normal distribution around the detection range of the mass spectrometer. Accordingly,
means and standard deviations of the measured intensities were determined and a new distribution with
a downshift of 1.8 standard deviations and a width of 0.3 standard deviations was generated. Subsequent
statistical analyses and graphs were carried out in R (version 3.4.0) and Rstudio (version 1.0.143). Principal
component analysis (PCA) was computed using the standard R statistical environment. PCA and volcano
plots were both created with ggplot2. Protein network analysis was curated using Genmania [38] and
visualized by the Statnet package [39] in R and Rstudio. Differentially expressed proteins were determined
with the Limma package [40, 41], by setting a threshold for Log, difference greater than 1 or smaller than
-1andaFDR<0.1.
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RNA sequencing (RNA-seq) library preparation and data analysis

RNA (25 -50 ng) molecules from a mixed donor population were fragmented by adding 5 fragmentation
buffer (200 mM Tris acetate, pH 8.2, 500 mM potassium acetate and 150 mM magnesium acetate) and
heating at 94°C for 3 min in a thermocycler followed by ethanol precipitation with ammonium acetate and
GlycoBlue (Life Technologies) as carrier. Fragmented RNA was further processed using the Ovation® mouse
RNA-Seq Systems (Nugen) according to the instructions of the manufacturer. This library preparation
includes reverse transcription using random priming, second strand synthesis, blunt end repair, adapter
ligation with nucleotide analog-marked adaptors, strand selection and insert dependent adapter cleavage
(inDA-C) to remove rRNA, globin, and other housekeeping transcripts. Target sequences for inDA-C were
derived from human sequences. The barcoded libraries were purified and quantified using the Library
Quantification Kit - [llumina/Universal (KAPA Biosystems). A pool of up to 10 libraries was used for cluster
generation at a concentration of 10nM using an I[llumina cBot. Sequencing of 2x100 bp was performed
with an Illumina HiScanSQ sequencer at the sequencing core facility of the I1ZKF Leipzig (Faculty of
Medicine, University Leipzig) using version 3 chemistry and flow-cell according to the instructions of the
manufacturer. Deep sequencing data of total-RNA with 101-bp paired-end, was de-multiplexed and raw data
of each sample were quality checked (FastQC, v.0.11.5). After low quality bases were trimmed off, adapter
sequences were clipped (cutadapt, v.1.14) and filtered reads were further quality checked. Remaining reads
were uniquely aligned against the mouse genome (UCSC mm10 assembly) performed by HISAT2 (v.2.1.0)
[42] for total-RNA reads. Subsequently, mapped reads were sorted and indexed (samtools, v.1.5) [42].
Annotation (featureCounts, v.1.5.3) [43] of total-RNA reads was performed against exonic regions of the
mouse genome annotation (Ensembl, genome-build GRCm38.79). Resulting count data were normalized
by the weighted trimmed mean of M-values (TMM) method, scaling sizes for each library [44]. Normalized
read counts were converted to normalized fragments per kilobase per million (FPKM) mapped reads for
paired-end reads of total-RNA; and to counts per million (CPM) mapped reads for single-end small-RNA
reads. Subsequently read count data were tested for differential gene expression (DE), determined by edgeR
(v.3.12.1) [45] in given conditions. Statistically significant DE was determined by a p-value of 0.05 using the
FDR to correct for multiple testing. A multidimensional scaling plot was generated using the Limma package
[40] in R. Pathway enrichment was determined based on the Gene Set Enrichment Analysis (GSEA) module
in Webgestalt [46], using KEGG as the reference database.

Enzyme linked immunosorbent assay (ELISA)

TNF-a and MCP-1 were quantified using commercial ELISA kits from R&D systems® MTOOB and
MJEOOB, respectively, according to the manufacturer’s protocol. Briefly, 5x10° BMDM were cultured and
covered with 6 mL of complete media. After overnight incubation with stimuli, the supernatant was collected
and filtered through 0.22pm PVDF membrane (Millipore). The supernatant was collected and kept at -80°C
until analysis.

Statistical analysis

Statistical analyses were performed in Graphpad Prism 7 (GraphPad Software, Inc) or R (version
3.4.4) and Rstudio (version 1.0.143). Statistical significance was determined by Student’s ¢ test or Wilcoxon
rank sum test (for data that did not follow a normal distribution). For multiple samples, one-way ANOVA
was performed with Tukey or Dunnett post hoc corrections, or Kruskal-Wallis for non-parametric tests.
Normality tests were done using the Shapiro-Wilk and D’Agostino-Pearson tests. P values below 0.05 were
considered statistically significant unless stated otherwise. Biological replicates indicate the number of
independent biological samples that were analyzed independently. The results are summarized over the
number of independent experiments.

Statement of Ethics

For experiments involving human samples, all participants signed an informed consent. All animal
studies conformed to internationally accepted standards and were approved by the institutional ethical
committee.
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Results

Cathepsin activity is induced by cholesterol in macrophage foam cells, but is suppressed by

oxidized lipid metabolites

To begin to explore the role of cathepsins in autophagy under hyperlipidemic conditions,
we established an in vitro model of macrophage foam cells, a bona-fide feature of the nascent
plaque that was previously shown to induce autophagy [47]. To this end, we loaded primary
bone marrow derived macrophages (BMDM) with acetylated LDL cholesterol (acLDL)
and confirmed the formation of foam cells by oil red O stains (Supplementary Fig. 1a).
Next, we verified the induction of autophagy under similar conditions in primary BMDMs
and in the macrophage like cell line Raw264.7 by staining for LC-3B (autophagosomes),
(Supplementary Fig. 1b and Supplementary Fig. 2). Since autophagy culminates in the
fusion of autophagosomes with lysosomes, we investigated the effect of hyperlipidemia on
lysosomal cathepsin activity. Specifically, we sought to determine the effect of oxidized lipids
such as oxLDL on cathepsin function, as oxLDL is believed to trigger vascular inflammation
[48]. BMDMs were stimulated with oxLDL or acLDL as control, and cathepsin activity was
measured by the quenched fluorescent activity-based probe GB137 [24]. We found that
acLDL stimulated cathepsin activity at 4 fold compared to controls, while this effect was
remarkably attenuated (to 2 fold) by oxLDL (Fig. 1a, b). Since 7-Keto is the most abundant
lipid metabolite in the oxLDL particle [49], we hypothesized that it might be responsible for
the reduction in cathepsin activity. Thus, we measured the impact of 7-Keto on cathepsin
activity over time using a fluorescent gel assay with GB123 [23]. Similar to our observations
with oxLDL particles, 7-Keto attenuated cathepsin activity, and cathepsins B and L displayed
a steep decline, up to 50% after two hours (Fig. 1c, d). Cathepsin S, however, demonstrated
a similar trend but only after 8 hours of 7-Keto stimulation (Fig. 1c, d). Next, we examined
the effect of 7-Keto, and consequently reduced cathepsin activity on lysosomal function. We
therefore stimulated BMDMs with 7-Keto and reduced the amount of serum in the culture
media to induce lysosomal cargo delivery. Then the fluorescent signal produced by GB137
was captured by microscopy, thus confirming that 7-Keto attenuated cathepsin activity (Fig.
1le, f). In addition, we observed an overt structural change of the lysosomes to large spherical
shapes; this suggests reduced lysosomal function (Fig. 1e). This attribute of lysosomal
expansion was also positively correlated with a significant increase in the lysotracker signal
as measured by flow cytometry analysis (Fig. 1g), and by microscopy studies when cathepsin
activity was dampened by an inhibitor (Supplementary Fig. 3a, c). Overall, these data
demonstrate a temporal relationship between autophagy induction and cathepsin activity
in lipid-laden macrophages and suggest that cathepsin inhibition by oxidized lipids could
impair lysosomal function.

Impaired cathepsin function attenuates autophagic degradation

Autophagy has become recognized as a preventive mechanism that reduces cellular
damage and vascular inflammation [17]. Previous studies demonstrated that genetic
ablation of cathepsin L impaired lysosomal cargo degradation [20]. Likewise, we set out
to explore the impact of cathepsin inhibition on autophagy in response to hyperlipidemic
conditions in primary BMDMs. We therefore blocked cathepsin activity by the cathepsin
inhibitor GB111-NH, [23] and added 7-Keto at different time points. In the next step, we
monitored the dynamics of the autophagy markers LC-3B and p62 over time. We observed
higher levels of LC-3B and p62 in GB111-NH, treated-BMDMs, even before the addition of
7-Keto. This suggests that baseline autophagic degradation is suppressed due to cathepsin
inhibition (Fig. 2a-e and Supplementary Fig. 4a, b). Similarly, autophagic degradation
induced by 7-Keto was markedly suppressed in these cells, as evident by the accumulation of
LC-3B and p62 after 7-Keto (Fig. 2a-e), and also by autophagy flux analyses (Supplementary
Fig. 4c-e). Furthermore, LC-3B expression increased after 7-Keto stimulation, regardless of
cathepsin inhibition. We therefore hypothesized that GB111-NH, does not affect the initiation
of autophagy, but rather acts downstream within lysosomes to impair autophagosome
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Fig. 1. Oxidized cholesterol attenuates cathepsin activity. Primary BMDMs were stimulated with modified
cholesterol. (A) Confocal micrographs of BMDMs stimulated with cholesterol for 48 hours. LAMP-1
stains for lysosomes (green) and cathepsin activity (red), as indicated by GB137 fluorescent signal. (B)
Quantification of the GB137 fluorescent signal from three independent experiments and subsequent one-
way analysis of variance (ANOVA) with Tukey’s corrections for multiple hypotheses performed to assess
statistical difference. (C) Representative fluorescent gel scan (Ex/Em 532/580) and quantification (D) of
BMDM cathepsin activity after 7-Keto stimulation at different time points. Data are expressed relative to
unstimulated controls (time point 0) and one-way ANOVA with Tukey’s post hoc analyses used to evaluate
the statistical difference from three independent experiments. *, P <0.05, ***, P <0.0001. (E, F) Confocal
images and quantification of lysosomal marker LAMP-1 (green) and cathepsin activity (red) in primary
BMDMs with or without 8 hours of 7-Keto stimulation under low serum conditions (2% FBS). Cathepsin
activity was monitored by the GB137 fluorescent signal and statistical differences were evaluated by two
tailed Student’s t-test from two independent experiments. (G) Flow cytometry analysis of lysotracker signal
from three independent trials. Bar graphs present the mean + SEM. The scale bar is 5um and 2.5um for
magnified images.

turnover (Fig. 2b). To examine this hypothesis, we measured the overlap between LC-3B and
the lysosomal protein LAMP-1 at basal conditions and after 7-Keto stimulation. We found
that cathepsin inhibition increased the overlap of LC-3B with the lysosomal marker LAMP-1
at baseline conditions and after four hours of 7-Keto treatment (Fig. 2f, g). This confirmed
our hypothesis that cathepsins are instrumental to lysosomal turnover. Consistent with
this hypothesis, NIH3T3 and cultured BMDMs both failed to degrade LC-3B and p62 under
starvation conditions, which entail a potent autophagy stimuli, such as when cathepsins were
blocked by GB111-NH, (Supplementary Fig. 4a, b). We therefore concluded that cathepsins
are pivotal to the autophagy-lysosomal pathway by regulating lysosomal turnover.
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Fig. 2. GB111-NH, tampers with lysosomal activity and impairs autophagic degradation. (A) Primary
BMDMs were treated with GB111-NH, or DMSO for 16 h followed by stimulation with 7-Keto for indicated
times. Immunoblot of p62, LC3-A/B and beta actin from total cell lysate is presented. (B, C) Gel densitometry
analyses of LC-3B and p62 normalized to beta actin from four independent trials. Two tailed Student’s t-test
was used to evaluate the statistical difference between GB111-NH,and DMSO for each time point, with the
False Discovery Rate (FDR) post hoc correction for multiple comparisons. (D) Primary BMDMs were treated
as described in panel A, fixed in cold methanol and stained with anti-p62 antibody (shown in purple) and
DAPI (blue). (E) Quantification of microscopy data from two independent experiments. Statistical evaluation
performed as described in panels B and C. (F) A representative confocal micrograph of immunofluorescence
stains of LAMP-1 (green) and LC-3B (red) in BMDMs treated with GB111-NH, or DMSO, as described in (A)
or after 4 h of 7-Keto treatment. (G, H) Data were quantified from three independent experiments presenting
LC-3B colocalized with LAMP-1 without 7-Keto (G) or after 7-Keto stimulation (H). Bar graphs present the
mean + SEM of DMSO (black bars) or GB111-NH, (gray bars) treated cells. Two tailed Student’s t-test was
used to determine statistical significance. The scale bar is 5um and 2.5pum for magnified images.

Mass spectrometrical analysis reveals an important role for cathepsins in lysosomal

function in BMDM cells

To extend our understanding on cathepsin function during autophagy, we implemented
an unbiased shotgun proteomics approach as illustrated (Fig. 3a). This proteomic method
led to the identification of 3255 proteins from the mouse proteome, in which we analyzed
the impact of cathepsin inhibition on protein expression. Initially, we undertook an
unsupervised learning approach, namely, PCA. This uncovered various expression patterns
due to cathepsin inhibition (Fig. 3b). Targeted inspection of the autophagy markers, p62
(Sgstm1) and LC-3 (Map1LC3), confirmed that cathepsin inhibition attenuated autophagy
turnover in this data set (Fig. 3d and Supplementary Table 2 and 3). Deeper examination of
up-regulated proteins (e.g. up-regulated upon GB111-NH, treatment compared to DMSO)
revealed 16 common proteins (displayed in a venn diagram) that were significantly changed
regardless of 7-Keto stimulation (Fig. 3c). Since this protein set represents over 80% of
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Fig. 3. Cathepsins are pivotal to lysosomal function. (A) Schematic description of experimental design.
BMDMs were treated with GB111-NH, or DMSO vehicle for 16 h followed by 7-Keto or a vehicle for another
4 h. Cells were subsequently lysed and proteins were further prepared for mass spectrometry analyses. (B)
Principal component analysis (PCA) of protein expression in BMDMs treated as described in panel A. Each
pointrepresents a biological replicate. (C) Venn diagram showing the overlap between up-regulated proteins
(e.g. GB111-NH, vs. DMSO) in normal conditions or in response to 7-Keto. (D) Representative volcano plot
showing differentially expressed proteins due to cathepsin inhibition by GB111-NH.. Differentially expressed
proteins (log, fold change + 1 and FDR < 0.1) represented by different colors (red, up-regulated, green, up-
regulated endolysosomal, and blue, down-regulated protein expression). (E) Cathepsin-proteolytic network
showing potential interactions and putative cathepsin targets.

the total differentially expressed proteins under 7-Keto-conditions (e.g. 19 proteins), we
assumed that cathepsins regulate a similar set of biological processes. To further explore the
biological processes that are regulated by cathepsins, we performed an enrichment analysis
on a list of up-regulated proteins using the Kyoto Encyclopedia for Genes and Genomes
(KEGG) pathways as areference. We found enrichment for proteins constituting the lysosomal
pathway, shown in green in the volcano plot (Fig. 3d, and Supplementary Tables 2 and 3).
Finally, we were interested in exploring the relationship between cathepsins and the endo-
lysosomal system, and in discovering potential novel protein targets. We therefore curated
a theoretical cathepsin-proteolytic network based on existent data of physical interactions
and colocalization (Fig. 3e). This network further confirmed that cathepsins play a key role
in the endolysosomal system and suggested potential novel targets for cathepsins within
this network (indicated in blue).

Next, we asked whether cathepsins are equally important in the lysosomal proteolytic
network. We therefore simulated network-perturbation (in silico). This suggested that
cathepsin L is a central modulator of this proteolytic network. To test this hypothesis, we
evaluated the selectivity and potency of specific cathepsin inhibitors between the various
cathepsins. Accordingly, BMDMs were treated with escalating doses of cathepsin inhibitors
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and their remaining enzymatic activity was measured in tandem with the expression of LC-3B
and p62. This assay revealed that the cathepsin L blockade was sufficient to cause lysosomal
dysfunction, as evident by the dose-dependent relationships of cathepsin L inhibition
with LC-3B and p62 protein levels (Supplementary Fig. 5a). Furthermore, we performed
independent microscopy studies for p62 expression. These supported our observations, as
cathepsin L blockade yielded p62 accumulation. This was exacerbated in the presence of
7-Keto (Supplementary Fig. 5b, c). Together, these data suggest that cathepsins are important
to lysosomal function and support a key role for cathepsin L in this proteolytic system.

Mitochondria are targeted for lysosomal degradation by the autophagy machinery in

response to 7-Keto

Our proteomic data demonstrated that the autophagy response induced by 7-Keto did
not have a profound effect on the proteome level (data not shown). However, atherogenic
lipids such as oxLDL and 7-Keto are known to inflict mitochondrial damage by elevating
mitochondrial oxidative stress [16]. Consequently, damaged mitochondria are cleared
by autophagy (mitophagy) to reduce cellular damage, and thus prevent inflammatory
events and apoptosis [50]. Hence, we examined whether mitochondria are substrates for
autophagic clearance under conditions of lipid overload. For this purpose, BMDMs were
stimulated with 7-Keto and stained with LC-3B, p62 and the mitochondrial specific markers,
Tomm20 and mitotracker deep red. We found that mitochondria were colocalized with LC-
3B or the lysosomal marker LAMP-1 after 7-Keto stimulation (Supplementary Fig. 6a-c).
Additionally, cathepsin inhibition augmented the association of mitochondrial markers with
LC-3B and p62 (Fig. 4a-d). We also observed dense clusters of p62 on top of mitochondria,
following GB111-NH, treatment. This implies slow protein turnover and possibly reduced
mitochondrial clearance (Fig. 4b). These data suggest that the loss of cathepsin activity in
the setting of hyperlipidemia forces macrophages to accumulate damaged mitochondria.
Indeed, immunofluorescence and FACS analyses demonstrated that GB111-NH,-treated
BMDMs had increased mitochondrial content, as indicated by the fluorescent signals of the
mitochondrial stains, Tomm20 and mitotracker green (Fig. 4e, f). Similarly, when we used
CQ to block lysosomal activity, the mitotracker signal increased. In contrast, no change was
observed when BMDMs were pre-treated with GB111-NH, (Fig. 4g). These findings suggest
that cathepsins are essential to mitochondrial turnover by the lysosomes. We assumed
that cathepsin inhibition would lead to the accumulation of mitochondrial damage under
conditions of metabolic stress. We therefore assessed mitochondrial damage by FACS using
double mitochondrial stains, mitotracker green (voltage independent) and mitotracker
deep red (voltage dependent), as described previously [15, 51]. Consistent with our data,
7-Keto induced the appearance of damaged mitochondria (gated population), which was
exacerbated by the presence of GB111-NH, or other lysosomal inhibitors such as cathepsin
L inhibitor or CQ (Fig. 4h and Supplementary Fig. 6e). Overall, our data demonstrate that
cathepsins are critical to mitochondrial clearance by autophagy in lipid-loaded macrophages.

Cathepsin inhibition alters mitochondrial dynamics and function

Mitochondrial dynamics has become recognized as a critical factor in the regulation of
many aspects of mitochondrial health and function [52]. In various cell types, mitochondria
are normally tubular, with interconnected branches that facilitate efficient metabolic function
[52]. However, in response to mitochondrial damage, this versatile network rapidly changes
and small-spherical fragments emerge, which are then cleared by the autophagy system
[53]. The intimate link between mitochondrial dynamics, autophagy and the accumulation
of damaged mitochondria resulting from cathepsin inhibition led us to investigate the impact
of cathepsin inhibition on mitochondrial dynamics. To this end, BMDMs were stimulated by
7-Keto treatment at different time points and the resulting mitochondrial morphology was
analyzed by fluorescence microscopy (Fig. 5a and Supplementary Fig. 7a). We observed that
under normal culture conditions, BMDMs displayed dense clusters of tubular mitochondria
(Fig. 5a and Supplementary Fig. 7a). However, with the addition of 7-Keto, a gradual
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Fig. 4. Mitochondria are targeted for autophagic degradation by 7-Ketocholesterol (7-Keto). (A) Primary
BMDMs were treated with GB111-NH, or DMSO for 16 h and then 7-Keto or vehicle were added for another
4 h. BMDMs were fixed and stained with LC-3B (red), Tomm20 (green) and DAPI for nuclei (blue). (B)
BMDMs were treated as described in (A) and stained for p62 (green), mitotracker deep red (red) and DAPI
(blue). (C, D) Colocalization analysis of LC-3B-Tomm20 and p62-mitotracker deep red, respectively. The data
represent a summary of three independent experiments and one-way ANOVA with Tukey’s correction for
multiple hypotheses used to assess statistical difference. (E) Quantification of Tomm20 signal intensity from
BMDMs treated with 7-Keto for 8 h after GB111-NH, pre-treatment, as described in panel A. One-way ANOVA
with Tukey’s correction for multiple hypotheses used to assess statistical significance. (F) Flow cytometry
analysis of mitochondrial mass. BMDMs were treated with GB111-NH, or DMSO0, as described in panel A and
then stimulated with 7-Keto for another 4 h. During the last 30 min, mitotracker green was added and the
cells were analyzed by flow cytometry. The data are summarized over three independent experiments and
one-way ANOVA, with Sidak’s correction for multiple hypotheses was used to assess statistical significance.
(G) Flow cytometry analysis of mitochondrial mass, as described in panel . BMDMs received chloroquine
for 2 h prior to analysis. The data represent a summary of three biological replicates with one-way ANOVA,
with Sidak’s correction for paired comparisons. (H) Mitochondrial damage assessed by flow cytometry
analyses. BMDMs were treated as described in (F) and stained with mitotracker green and mitotracker deep
red prior to analysis. The gates represent cells with damaged mitochondria and the results are expressed as
percentages of the total population. The data represent three independent experiments. Bar graphs present
the mean + SEM.

increase in mitochondrial circularity was observed, which translated into the appearance
of fragmented mitochondria (Fig. 5a-b and Supplementary Fig. 7a). Furthermore, we noted
that cathepsin inhibition alone interfered with normal mitochondrial structure. This effect
was intensified by the addition of 7-Keto, as evident by the frequency of small circular
mitochondria (Fig. 5a-b). To further assess the contribution of cathepsins to mitochondrial
morphology, we used JPM-0Et, an alternative pan cathepsin inhibitor and obtained similar
results (Supplementary Fig. 6a-b). Hence, these data provide an intriguing link between
cathepsins activity and mitochondrial quality control mechanisms.
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Fig. 5. Cathepsin inhibition causes mitochondrial dysfunction and alters its networked structure. Time
resolved microscopy of mitochondrial structure in response to 7-Keto. (A) BMDMs were treated with
GB111-NH, or DMSO for 16 h and then received 7-Keto or vehicle at the indicated time points. BMDMs were
stained with mitotracker deep red for 30 min and fixed in cold methanol prior to microscopy examination
(scale bar is 10 pm). (B) Mitochondrial circularity is presented in a box and whisker plot. One-way ANOVA
with Tukey’s post hoc test was used to compute statistical significance. The data represent a summary of
three independent experiments. (C-F) Live cell mitochondrial-metabolic performance was measured using
a Seahorse metabolic analyzer. BMDMs were cultured in assay plates and treated with GB111-NH, or DMSO
as described in (A). 7-Keto was added two h before the metabolic assay. Real time oxygen consumption was
measured by the Seahorse machine and respiratory performance was assessed as described in the Materials
and Methods. Basal respiration, ATP turnover and spare respiratory capacity rates were inferred from the
curve, normalized to total protein content and calculated as described in the Materials and Methods. Each
assay contained 4-6 biological replicates, measured in three technical replicates. The data are summarized
over 7 independent experiments. One-way ANOVA with Sidak’s post hoc test was used to evaluate statistical
significance. (G) Flow cytometry analysis of mitochondrial reactive oxygen species (mtROS) production.
BMDMs were treated with GB111-NH, or DMSO as described in (A) and stimulated with 7-Keto for another
4 h. Mitosox was used to evaluate mitochondrial ROS levels and measured by flow cytometry. One-way
ANOVA and Tukey’s post hoc test were used to compute statistical significance from three independent
experiments. Bar graphs present the mean + SEM.

Since mitochondrial networked-structure is considered advantageous to oxidative
phosphorylation, we examined the effect of cathepsin inhibition on mitochondrial metabolic
activity. Consistent with the changes in mitochondrial morphology, cathepsin inhibition
reduced the mitochondria oxygen consumption rate and its coupling to ATP production
before and after two hours of 7-Keto stimulation (Fig. 5c-e, Supplementary Fig. 7c). In
addition, cathepsin inhibition reduced the mitochondrial spare respiratory capacity when
loaded with 7-Keto (Fig. 5f). Since mitochondrial dysfunction is frequently associated with
increased levels of mtROS, we measured mtROS production by flow cytometry. Lipid-loaded
BMDMs generated significantly higher levels of mtROS when cathepsin activity was hindered
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by small molecules (Fig. 5g and Supplementary Fig. 7d). Together, these data support
the hypothesis that cathepsins are important for mitochondrial dynamics and for proper
mitochondrial function.

Cathepsin inhibition promotes a pro-inflammatory phenotype and reduces anti-

inflammatory markers in macrophages

Mitochondrial fragmentation has been demonstrated in astrocytes and in T cells
following pro-inflammatory stimuli [53, 54]. Since mitochondrial fragmentation after
GB111-NH, treatment was reminiscent of the phenotype observed in pro-inflammatory
macrophages, and given that mitochondrial oxidative metabolism is a hallmark of anti-
inflammatory macrophages [55], we considered whether GB111-NH, treatment could
trigger a pro-inflammatory environment. First, we performed unbiased transcriptomic
profiling in BMDM cells for different phenotypes, including M1 (inflammatory) and M2 (anti-
inflammatory) polarization states. To this end, BMDMs were stimulated with LPS/IFN-y for
M1, IL-4 for M2, or with GB111-NH, or DMSO as a control. We then examined similarities
and differences in the transcriptional profiles using a multi-dimensional scaling plot. As
anticipated, M1 and M2 BMDMs were clearly distinguished from each other, while the DMSO
and GB111-NH, treatments were closely related to M2 BMDMs (Fig. 6a). Interestingly,
however, GB111-NH, treated BMDMs displayed some common transcriptomic features
akin to M1 BMDMs, along the second dimension. This suggests that GB111-NH, induced
transcriptional-reprogramming towards a pro-inflammatory state (Fig. 6a). Furthermore,
analysis of differentially expressed genes between GB111-NH, and DMSO identified a
transcriptional fingerprint of the integrated stress response spearheaded by ATF4 and CHOP,
and their downstream targets (Fig. 6b). This transcriptional fingerprint is congruent with
the mitochondrial dysfunction observed after GB111-NH, administration and concurs with
observations by Quiros et al. [56]. The latter demonstrated induction of this stress-related
pathway in response to mitochondrial damage. In addition, pathway enrichment using the
KEGG database highlighted the induction of compensatory metabolic pathways, and also
gene sets related to Parkinson and Huntington diseases, where lysosomal dysfunction is a
key pathological feature (Fig. 6¢).

Given the transcriptional programing described and the overt cell stress, we examined
the expression of several inflammatory mediators by real time qPCR in BMDMs treated with
GB111-NH,. We found that IL-1a, TNF-a and MCP-1 transcripts were significantly higher
than DMSO controls. On the other hand, the expression of IL-6 remained unchanged (Fig.
6d). Most significantly, 7-Keto stimulated the secretion of MCP-1 and TNF-«, and GB111-
NH, enhanced this effect (Fig. 6d, ). Altogether, these data suggest that cathepsin inhibition
primes the inflammatory nature in BMDM.

To further evaluate the clinical effect of cathepsin inhibition, primary human
macrophages derived from peripheral blood were treated with GB111-NH,. Similarly, the
inflammatory phenotype observed in mouse BMDMs was phenocopied, and demonstrated an
increase in IL-1, IL-6, TNF and MCP-1, and also in iNOS and CCR?7. This further substantiates
the generality of these findings (Fig. 6e). In light of the contribution of cathepsin inhibition
to mitochondrial dysfunction and the excess production of mtROS under hyperlipidemic
conditions (Fig. 5g), we sought to determine whether mtROS could stimulate inflammatory
cytokine expression in BMDMs. To this end, BMDMs were conditioned with GB111-NH, or
DMSO, and treated with N-acetyl cysteine or vehicle to sequester ROS. Then, BMDMs were
supplemented with 7-Keto and cytokine expression was measured by qPCR. In agreement
with the inflammatory shift due to cathepsin inhibition, NAC effectively reduced the
transcript levels of the aforementioned cytokines (Supplementary Fig. 8). This effect was
mostly significant in the presence of 7-Keto and GB111-NH, (Supplementary Fig. 8). Taken
together, these data suggest a cellular paradigm-shift towards a pro-inflammatory phenotype
due to mitochondrial stress, driven by cathepsin inhibition.

We examined if GB111-NH, also intensifies inflammatory cytokine expression in
response to the pro-inflammatory (M1) stimuli, INF-y and LPS. Under these stimuli, the
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Fig. 6. Loss of cathepsin function promotes pro-inflammatory phenotype in macrophages. BMDMs were
treated with GB111-NH, or DMSO for 16h or IL-4 for 24 h to induce the M2 phenotype, or LPS/IFN-y for
24 h to generate the M1 phenotype. (A) Multi-Dimensional Scaling (MDS) plot from RNA-seq data showing
distances between groups on a two-dimensional scale (n=3 biological replicates). (B) A heat-map presenting
expression of stress related genes in GB111-NH, and DMSO vehicle treated BMDMs, as described in panel
(A). (C) Gene Set Enrichment Analysis (GSEA) of KEGG pathways showing enriched gene sets in GB111-
NH, treated BMDMs compared to DMSO controls. (D) BMDMs pre-treated with GB111-NH, or DMSO for
16 h were further stimulated with 7-Keto or vehicle for an additional 4 h (n=10-15 biological replicates
from five independent experiments). The box and whisker plot presents log, fold changes compared to
DMSO controls. The data are summarized over 15 biological samples per condition. The Kruskal-Wallis
test was used to compute statistical significance. (E) Secretion of inflammatory cytokines is exacerbated
by cathepsin inhibition upon stimulation with oxidized lipids. MCP-1 and TNF-a levels were determined by
ELISA from the supernatant of BMDM cultured with different stimuli. The data were summarized from two
independent experiments with 6 biological replicates. One-way ANOVA with Sidak’s post hoc correction for
multiple comparisons was used to evaluate the statistical difference between treatments. (F) Expression of
inflammatory genes due to cathepsin inhibition in human primary macrophages (n=3 biological replicates).
Macrophages were treated with GB111-NH, for 24h or with DMSO control. Normalized expressions of
inflammatory genes are presented in bar graphs. Two-tailed Student’s t-test was used to evaluate the
statistical difference. Bar graphs present the mean + SEM, and box and whiskers plot.

pattern of inflammatory gene expression (IL-6, TNFa, MCP-1 and iNOS) was comparable
between GB111-NH, and controls, in both human and mouse primary macrophages (Fig 7a,
b). However, in the mouse samples, we noted that GB111-NH, stimulated the expression of IL-
1a, consistent with our observations in naive BMDMs (Fig. 6d). In parallel, we examined the
expression of anti-inflammatory markers in mouse M2 stimulated BMDMs, in the presence
of IL-4, by qPCR and flow cytometry. Unlike with the M1 phenotype, here we observed a
steep decline in Retnla and ARG-1 mRNA expression and surface expression of CD206 (Fig.
7¢, d), and a moderated reduction in IL-10 and MRC-1 mRNA expression (Supplementary
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Fig. 7. Cathepsin dysfunction alters M2 phenotype. BMDMs were treated with GB111-NH, or DMSO
vehicle for 16 h and then polarized with LPS/INFy (M1) or with IL-4 for 24 h (M2, anti-inflammatory). (A)
Normalized expression of inflammatory cytokines in M1 BMDMs are presented relative to non-polarized
BMDMs (6 biological replicates from three independent experiments). The Wilcoxon rank sum test was
used to evaluate statistical difference. (B) Human primary macrophages were pretreated with GB111-NH,
or DMSO control for 24 h and polarized to generate M1 phenotype with LPS/INFy. Normalized expressions
of inflammatory genes are presented in the bar graph. The data are presented as mean * SEM (n=3
biological replicates). Student’s t-test was used to evaluate statistical significance. (C) BMDMs were treated
with GB111-NH, for 16 h, then polarized to yield M2 phenotype in the presence of IL-4 for another 24 h.
Normalized expressions of classical M2 markers, Retnla and ARG-1 are expressed as fold changes relative
to non-polarized samples (n=6 biological replicates from three independent experiments). The Wilcoxon
rank sum test was used to evaluate statistical differences between samples. (D) Flow cytometry analysis
of CD206 expression in M2 polarized BMDMs. Contour plot showing CD11b and CD206 expression in M2
polarized BMDMs or in untreated cells with M0 as controls. CD206 positive cells were quantified from CD11b
positive cells and presented as percentages of the population. The intensity of CD206 was analyzed relative
to untreated BMDMs (MO0) and presented as the percentage of untreated cells. The data are summarized
over three biological replicates from two independent experiments. One-way ANOVA with Sidak’s post hoc
correction for multiple comparisons was used to evaluate statistical differences between groups. (E) mRNA
expression of CD206 in human primary macrophages is shown in the bar graph (n=3 biological replicates).
Two-tailed Student’s t-test was used to evaluate statistical difference. Bar graphs present the mean + SEM.

Fig. 9a). Consistent with these observations, we found a similar trend in CD206 mRNA
expression in primary human macrophages (Fig. 7e). Collectively, these data suggest that
cellular stress due to cathepsin inhibition, and possibly due to mitochondrial dysfunction,
are key cellular events that suppress the anti-inflammatory phenotype in these cells. In
support of this hypothesis, RNA-seq analysis of mice BMDMs uncovered a transcriptional
fingerprint of the integrated stress response, which was independently validated by qPCR
analyses (Supplementary Fig. 9b, c). In addition, pathway enrichment using the KEGG
database suggested the potential integration of altered cell signaling events (mTOR signaling
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pathway) and altered metabolic pathways (lipid biosynthesis) that could drive this cellular
stress response (Supplementary Fig. 9d).

Discussion

The long-standing view of cathepsins as atherogenic factors is supported by a large
body of work. Both murine models and human vascular tissues underscore the contribution
of cathepsins to the long-term sequela of atherosclerosis, by regulating the extracellular
constituents of the vascular lesion. The present study focused on the intracellular functions
of cathepsins. The findings raise new insights on cathepsins as anti-inflammatory mediators
and highlight their importance to autophagy during the early events of atherosclerotic lesion
development. Most significantly, we discovered that blunted cathepsin activity in the setting
of hyperlipidemia perturbs mitochondrial dynamics, increases mitochondrial damage and
elicits an inflammatory response. We conclude from these data that dysfunctional cathepsin
activity has a key role in nascent plaque development.

Using an in vitro model of BMDM foam cells, we were able to gain a deeper understanding
of the role of cathepsins during the early events of vascular lesion development. A protective
role for cathepsins was hypothesized based on previous studies that demonstrated
that lysosomal activity is increased in BMDM foam cells and potentially protects them
from apoptosis, by means of various mechanisms [47, 57]. Similarly, since cathepsins
are lysosomal hydrolases, we suspected they may have a protective role under similar
conditions. Comparable to Ouimet et al. [47], we observed a similar increase in autophagy
in primary BMDMs and in a macrophage like cell line, Raw264.7 (Supplementary Fig. 1
and 2). This finding suggests a general response to cholesterol overload in macrophages.
The simultaneous increase in cathepsin activity indicates that cathepsins are engaged in
the autophagic response under hyperlipidemic conditions (Fig. 1 and Supplementary Fig.
3). While these observations were carried out using acLDL (native cholesterol), oxLDL is
considered the main trigger of vascular inflammation [48]. In contrast to acLDL, oxLDL
reduced cathepsin activity. In particular, we noted that 7-Keto, an abundant oxidized lipid,
was sufficient to phenocopy this effect in a time dependent manner (Fig. 1).

While the basis for cathepsin inhibition by oxidized lipids requires further investigation,
a possible mechanism could be a rise in lysosomal pH consequent to lipotoxicity. This is
evident in other cell systems, such as pancreatic beta cells, hepatocytes and cardiomyocyte
cells [58]. This surmise is consistent with the very rapid blunting of cathepsin B and L activity
by 7-Keto, while its effect on cathepsin S was slower (Fig. 1).

Lysosomal degradation of autophagic cargo is the terminal step in autophagy. Lysosomal
enzymes are commonly inhibited by alkalizing agents or broad cysteine/serine protease
inhibitors in order to study the outcomes of lysosomal dysfunction in various models.
Research from our laboratory and others [19, 20] suggests that cathepsin inhibition leads
to autophagy dysfunction. However, this interpretation is not straightforward and could be
context dependent. For example, a recent study by Qi et al. [59] demonstrated that genetic
ablation or pharmacological inhibition of cathepsin B protects mice from Francisella novicida
infection by enhancing its lysosomal degradation in a mechanism that involved the EB
transcription factor. In the current work, we examined the effect of cathepsin inhibition on
autophagy in a more rigorous manner. Using complementary approaches, we showed that
cathepsin inhibition attenuates autophagic degradation by causing lysosomal dysfunction
(Fig.1and 2 and Supplementary Fig.4). Our observations thatboth LC-3Band p62 accumulate
due to cathepsin inhibition with GB111-NH, and the attenuated flux in the presence of the
general lysosomal inhibitor, CQ, confirms this paradigm (Fig. 2 and Supplementary Fig. 4)
and concurs with other data sets [19, 20]. Further, unbiased mass-spectrometry analysis
affirmed this hypothesis, and provides new insight into how cathepsins regulate lysosomal
function under conditions of lipid-overload (Fig. 3).
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Our data raise the intriguing possibility that cathepsins regulate lysosomal function
through posttranslational modification of lysosomal hydrolases. This is because many of
the differentially expressed proteins were annotated to the lysosomes. Our data indicate
prosaposin as a putative cathepsin target (Fig. 3). Prosaposin is a lysosomal precursor
for saposins A, B, C and D, which collectively facilitate the hydrolysis of glucoceramides.
Mutations or deficiency in the saposin C gene are associated with abnormal accumulation
of cytotoxic derivatives of ceramides and the lysosomal storage disease, Gauche. Previously
reported data showed that excess dietary lipids altered lysosomal lipid composition and
reduced its function [60, 61]. Hence, it is tempting to speculate that cathepsins regulate
lysosomal activity by modulating its lipid composition. Another possibility is that impairment
in the release of lysosomal calcium harms autophagosome-lysosome fusion, as suggested by
Baixauli et al. [62].

Overall, our proteomic data demonstrate that a similar set of proteins is degraded by
cathepsins under basal conditions and in response to stimulation with 7-Keto (Fig. 3). This
is in line with the general model that under nutrient-replete conditions, autophagy mainly
protects against organelle dysfunction [12]. As such, the mitochondria were attractive
candidates, since previous studies showed that oxidized lipids, including oxLDL and 7-Keto,
induced mtROS production [16]. Indeed, both autophagy markers, LC-3B and p62, were
found in close proximity to mitochondria after 7-Keto stimulation. Notably, this stimulation
was augmented in the presence of GB111-NH, (Fig. 4). Furthermore, the overall increase in
mitochondrial mass and the accumulation of dysfunctional mitochondria is consistent with
a uniform model in which cathepsin inactivation exacerbates mitochondrial dysfunction in
the setting of hyperlipidemia.

How does cathepsin dysfunction contribute to elevated mitochondrial content?
Intracellular mitochondrial content is dependent on the balance between mitochondrial
biogenesis and mitochondrial clearance [63]. In the current study, the rapid increase in
mitochondrial content (after 4 h of 7-Keto treatments) is less likely to be a consequence of
increased mitochondrial biogenesis, even though we do not exclude this possibility [64]. Yet,
a discriminative feature in the structural organization of the mitochondrial network was
clearly visible between GB111-NH, and non-treated BMDMs (Fig. 5). Indeed, a significant
increase in small-circular mitochondrial fragments was apparent in GB111-NH, treated
cells. This indicates an increase in mitochondrial fragmentation and impaired mitochondrial
turnover. The close relationship between mitochondrial structure and function recently
elicited great interest in the context of immune function. The general framework is of an
organized mitochondrial network that supports efficient oxidative metabolism. On the other
hand, mitochondrial fragmentation that favors glycolytic metabolism was recently described
in various immune cells including macrophages, astrocytes and T-cells [54, 65]. In consensus
with this metabolic paradigm, we observed a decrease in oxidative metabolism due to
cathepsin inhibition. This was exacerbated in the presence of 7-Keto (Fig. 5). Moreover, the
parallel increase in the production of mtROS consolidates these observations and suggests
that cathepsin inhibition reduces mitochondrial fitness and increases mitochondrial stress.

The molecular cues that drive mitochondrial fragmentation in the setting of cathepsin
inhibition are currently unknown. However, an interesting possibility entails the involvement
of the metabolic sensor AMP activated protein kinase (AMPK). AMPK is activated from a
decrease in the energetic status of the cell, as can be induced by mitochondrial respiration
inhibitors [53]. Under these circumstances, AMPK is engaged in a cell-signaling cascade
that promotes mitochondrial fragmentation and facilitates its clearance via autophagy.
Accordingly, AMPK acts as a feed-forward mechanism for mitochondrial fragmentation and
dysfunction in the settings of cathepsin inhibition. However, future studies are needed to
verify the likelihood of such mechanism.

Recently, comparable concentrations of GB111-NH, were found to attenuate glycolytic
metabolism and to increase mtROS in LPS primed macrophages [18]. To circumvent the
possibility that mtROS production in our study reflects changes in glycolytic metabolism
rather than mitochondrial damage, we confirmed our findings that cathepsin inhibition
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causes mitochondrial stress, also with other cathepsin inhibitors that are not known to affect
glycolytic metabolism (Supplementary Fig. 7).

Oxidative stress ensuing from damaged mitochondria is a common driver of vascular
inflammation. Our data show a consistent increase in the expression of IL-1a, TNFa and
MCP-1 due to cathepsin inhibition (Fig. 6). Recently, Childs et al. demonstrated a similar
fingerprint of gene expression in senescent macrophage foam cells [66]. This is particularly
interesting given the causative link between autophagy dysfunction and aging-related
diseases. These could link between metabolic cathepsin dysfunction and premature aging.
More importantly, Freigang et al. reported a critical role for IL-1a in arterial plaque formation
[67]. Our findings suggest a similar mechanism by which cathepsin dysfunction promotes
vascular disorders by increasing IL-1a in response to various stimuli, including classical
inflammatory signals (Fig. 6). The mechanism by which cathepsin inhibition elicits IL-1a
expression is not addressed in the current study. However, both the work of Freigang et al.
and our research suggest the involvement of mitochondrial dysfunction. In support of this
mechanism, pre-treatment with the general ROS scavenger, N-acetyl cysteine could rescue
this inflammatory phenotype in lipid-laden BMDMs.

It is well established that arterial plaques host a variety of leukocytes [3], including
distinct types of macrophages, known as M1 and M2, with different inflammatory
properties. While M2 induce anti-inflammatory activity, M1 promote inflammatory activity.
A key difference between these two cell subtypes revolves around cellular metabolism.
Whereas M1 display higher glycolytic activity, M2 rely heavily on oxidative metabolism. The
overt perturbations to mitochondrial structure and the resultant decline in mitochondrial
fitness prompted a closer look at the effect of cathepsin inhibition on BMDM polarization.
Under inflammatory conditions, GB111-NH, did not show an additional effect on classical
inflammatory markers, while it did increase IL-1a expression (Fig. 7). Furthermore, we
found that cathepsin inhibition had a profound impact on M2 polarization, as demonstrated
by the reduction in classical M2 markers (Fig. 7) and as shown elsewhere [19].

Conclusion

In conclusion, this study demonstrated a key role for cathepsins in regulating vascular
inflammation, and delineated intriguing crosstalk between cathepsin activity, autophagy,
mitochondrial dysfunction and inflammation. Moreover, these data draw a clear line between
the protective and side effects of cathepsin inhibition in the context of cardiovascular diseases.
Nonetheless, this paper argues that intracellular cathepsin activity is mainly engaged in
homeostatic processes such as mitochondrial quality control, and has a protective role. As
others have shown, the extracellular activity of cathepsin appears to be the culprit of the
devastating consequences of atherosclerosis complications.
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