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Cathepsin D is essential for the degradomic shift
of macrophages required to resolve liver fibrosis
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ABSTRACT

Background and objectives: Fibrosis contributes to 45% of deaths in industrialized nations and is characterized by an abnormal accumulation
of extracellular matrix (ECM). There are no specific anti-fibrotic treatments for liver fibrosis, and previous unsuccessful attempts at drug
development have focused on preventing ECM deposition. Because liver fibrosis is largely acknowledged to be reversible, regulating fibrosis
resolution could offer novel therapeutical options. However, little is known about the mechanisms controlling ECM remodeling during resolution.
Changes in proteolytic activity are essential for ECM homeostasis and macrophages are an important source of proteases. Herein, in this study we
evaluate the role of macrophage-derived cathepsin D (CtsD) during liver fibrosis.
Methods: CtsD expression and associated pathways were characterized in single-cell RNA sequencing and transcriptomic datasets in human
cirrhosis. Liver fibrosis progression, reversion and functional characterization were assessed in novel myeloid-CtsD and hepatocyte-CtsD knock-
out mice.
Results: Analysis of single-cell RNA sequencing datasets demonstrated CtsD was expressed in macrophages and hepatocytes in human
cirrhosis. Liver fibrosis progression, reversion and functional characterization were assessed in novel myeloid-CtsD (CtsDDMyel) and hepatocyte-
CtsD knock-out mice. CtsD deletion in macrophages, but not in hepatocytes, resulted in enhanced liver fibrosis. Both inflammatory and matrisome
proteomic signatures were enriched in fibrotic CtsDDMyel livers. Besides, CtsDDMyel liver macrophages displayed functional, phenotypical and
secretomic changes, which resulted in a degradomic phenotypical shift, responsible for the defective proteolytic processing of collagen I in vitro
and impaired collagen remodeling during fibrosis resolution in vivo. Finally, CtsD-expressing mononuclear phagocytes of cirrhotic human livers
were enriched in lysosomal and ECM degradative signaling pathways.
Conclusions: Our work describes for the first-time CtsD-driven lysosomal activity as a central hub for restorative macrophage function during
fibrosis resolution and opens new avenues to explore their degradome landscape to inform drug development.
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1. INTRODUCTION

Liver fibrosis is the result of a dysregulation of the normal wound-
healing response due to repetitive damage or chronic injury. During
liver fibrosis, replacement of the functional parenchyma by excessive
electrodense extracellular matrix (ECM) results in architectural
remodeling and a progressive stiffening of the liver, which can even-
tually lead to organ failure. It is currently estimated that fibrosis is a
contributing factor to 45% of deaths in industrialized nations [1] and it
exponentially increases liver-related mortality in nonalcoholic fatty liver
disease patients [2]. Despite liver fibrosis being widely accepted to be
reversible, little is known about the biological mechanisms controlling
ECM remodeling and reabsorption. Changes in proteolytic activity are
essential for ECM homeostasis, however, the proteolytic network
involved in ECM deposition and reabsorption is far from understood.
Considering that no specific treatments for liver fibrosis are currently
available and that previous research efforts designing anti-fibrotic
drugs focused on stopping ECM deposition have failed, increasing
our biological understanding about the proteolytic pathways controlling
ECM reabsorption can provide novel therapeutic approaches for the
treatment of fibrotic diseases.
Cathepsins (Cts) are peptide-bond cleaving enzymes classically
referred as lysosomal proteases. However, it is recognized that Cts can
be found in other cellular locations and display activity outside their
optimal acidic pH range [3]. They are classified into three families
depending on their structure and catalytic sites: serine (CtsA and G),
aspartate (CtsD and E) and cysteine (CtsB, C/DPP1, F, H, K, L, O, S, V,
W and Z/X). Proteases finely tune several biological processes through
efficient, highly selective, and limited cleavage of specific substrates, a
process also known as proteolysis. Growing evidence suggests
important roles for mainly cysteine Cts in the context of liver disease,
participating in apoptosis, activation of hepatic stellate cells (HSC),
autophagy, inflammation, matrix remodeling, lipid metabolism and
cancer. However, our understanding of their specific targets and
signaling networks remains very limited [3]. CtsB is one of the best
studied Cts in the context of liver fibrosis, and it appears to have a dual
role acting as a pro-apoptotic signal for hepatocytes [4] and a pro-
fibrogenic signal for HSC [5e7]. Contrary to CtsB, the study of
aspartyl CtsD has been challenging, partially due to the lack of an adult
CtsD global knock-out mouse [8]. Recently, the generation of a CtsD
floxed mouse [9] has opened new avenues to study the cell-specific
role of CtsD during disease progression. Therefore, the current study
was designed to evaluate CtsD cell-specific contribution to liver
fibrosis. Our analysis of cirrhotic human tissues revealed high
expression of CtsD in liver macrophages and hepatocytes, which was
confirmed by the analysis of publicly available human single-cell RNA
sequencing datasets. Hence, we generated two novel CtsD knock-out
mice for myeloid cells (CtsDDMyel) and hepatocytes (CtsDDHep) to
explore the contribution of CtsD expression in these cell types to liver
fibrosis development. CtsD deletion in myeloid cells, but not in he-
patocytes, resulted in increased liver fibrosis. In addition, proteomic
analysis of fibrotic livers demonstrated an enrichment of the immune
system and the matrisome signaling pathways in fibrotic livers from
CtsDDMyel mice. CtsDDMyel liver macrophages displayed functional,
phenotypical and secretomic changes that resulted in defective lyso-
somal proteolytic processing of collagen I in vitro and impaired
collagen remodeling during fibrosis resolution in vivo. Analysis of CtsD
mononuclear phagocyte (MP) subpopulations in cirrhotic human livers
confirmed that CtsD-expressing subpopulations were differentially
2 MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH.
enriched in lysosomal and ECM containing and degradative signaling
pathways. Our study demonstrates that CtsD is essential in regulating
CtsD-driven lysosomal activity of macrophages, influencing their
phenotype, secretomic profile and collagenolytic activity during liver
fibrosis progression and resolution.

2. METHODS

2.1. Generation of CtsD knock-out mouse strains for macrophages
(CtsDDMyel) and hepatocytes (CtsDDHep)
To obtain the conditional KO mice for CtsD in myeloid cells or hepato-
cytes, LysMCre mice (Jackson Laboratory B6.129P2-Lyz2tm1(cre)Ifo/J)
[10] or AlbCre (Jackson Laboratory B6.Cg-Tg(Alb-cre)21Mgn/J) [11]
were bred with CtsD floxed mice [9]. Briefly, CtsDF/F LysMCre�/� or
CtsDF/F AlbCre�/� females were bred with CtsDF/F LysMCreþ/� or
CtsDF/F AlbCreþ/� males to generate CtsDF/F-LysMCreþ/� (CtsDDMyel)
and CtsDF/F-LysMCre�/� (CtsDF/F) or CtsDF/F-AlbCreþ/� (CtsDDHep) and
CtsDF/F-AlbCre�/� (CtsDF/F) littermates, respectively. CtsDDMyel and
CtsDDHep were bred in heterozygosis and kept as separate strains.
Genotyping was performed by PCR to detect the cre allele and floxed
alleles in ear clipped biopsies and cre recombined allele in liver mac-
rophages for the CtsDDMyel or hepatocytes for the CtsDDHep. Randomized
littermates were used for the studies. Samples obtained from the animal
studies were coded and histological analysis and scoring were per-
formed blind. Males were preferentially used for the experimental
models unless stated otherwise, as cathepsin D gene expression can be
controlled by estrogens [12,13]. Females were included in all cell
isolation experiments, as we did not detect any differences between
male and female liver macrophages, and in the later in vivo experimental
model of liver fibrosis reversion. All animal studies were done in
accordance with the Comitè Ètic d’Experimentació Animal (CEEA-UB),
under the approval of the Generalitat de Catalunya and according to
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.
Primer sequences for genotyping are detailed in Table S1.

2.2. Liver fibrosis experimental animal models
8e12 weeks old males were preferentially used for the experimental
models unless stated otherwise, as cathepsin D gene expression can
be controlled by estrogens [12,13]. Hence, this can be translated into a
higher variability of CtsD expression in females depending on their
level of estrogens.
For the short-term chronic carbon tetrachloride (CCl4) model,
CtsDDMyel and CtsDF/F or CtsDDHep and CtsDF/F littermates were
injected intraperitoneally (IP) twice a week with 2 mL (CCl4/olive oil,
1:3 [v/v])/g body weight or olive oil for 8 weeks. For the bile duct
ligation model, the bile duct was ligated for 7 or 14 days in CtsDDMyel

and CtsDF/F or for 14 days in CtsDDHep and CtsDF/F mice. A sham
operation was performed as control group. For the long-term chronic
carbon tetrachloride (CCl4) model, CtsD

DMyel or CtsDF/F mice were
injected intraperitoneally once a week with 2 mL (CCl4/olive oil, 1:10
[v/v])/g body weight or olive oil for 24 weeks. At least 6 animals were
used per experimental group.

2.3. Liver reversion experimental animal model
Fibrosis was established for 4 weeks by intraperitoneal administration
of 2 mL (CCl4/olive oil, 1:3 [v/v])/g body weight twice a week in
CtsDDMyel and CtsDF/F male and female mice. Endpoints were 24 h and
72 h after the last CCl4 dose for the peak and the resolution experi-
mental groups, respectively.
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2.4. Statistical analysis
Results are expressed as mean � SEM unless otherwise stated in the
figure legend. All p-values were calculated using 1 way ANOVA followed
by Bonferroni’s post-test, 2 way ANOVA followed by Turkey’s or Bon-
ferroni’s post-test or two tailed unpaired student’s t-test. *P � 0.05;
**P � 0.01; ***P � 0.001 was considered statistically significant.
More details about the experimental procedures can be found in the
supplementary material.

3. RESULTS

3.1. CtsD expression increases in macrophages and serum from
cirrhotic patients
First, we investigated CtsD expression in publicly available single-cell
RNA sequencing (scRNAseq) datasets from five normal and five
Figure 1: CtsD is elevated in human cirrhosis and is highly expressed in liver MPs
UMAP projection depicting CtsD expression across cell types and dotplots representing perc
(GSE136103). (C) Representative images of dual IF staining for CtsD (green) and CD68 (
cirrhotic patients. Scale bars represent 20 mm. T-test analysis, **p � 0.01.

MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH. This is an o
www.molecularmetabolism.com
cirrhotic livers [14]. Our analysis identified 11 common cell lineages,
annotated according to the original publication (Fig. S1 and Table S2),
across control and cirrhotic livers. From those, CtsD was predomi-
nantly expressed in the mononuclear phagocyte population in both
control (Figure 1A) and cirrhotic (Figure 1B) livers, but it was also
expressed to a lesser extend in endothelial and epithelial cells. Inter-
estingly, while the percentage of CtsD-expressing cells increased in
the cirrhotic epithelial cells, it decreased in cirrhotic endothelial cells.
Next, we analyzed the expression of CtsD in tissue biopsies from
control and cirrhotic patients. Immunofluorescent staining confirmed
that CtsD was expressed in both macrophages (CD68þve) and he-
patocytes in control and cirrhotic tissues (Figure 1C), displaying a
common cytosolic vesiculated pattern compatible with lysosomal
expression, in agreement with classical studies performed by Yokota
and co-workers in rat liver [15]. Further transcriptomic analysis of KCs
.
entage and average expression of CtsD within human (A) control and (B) cirrhotic livers
red) in human control and cirrhotic livers. (D) CtsD activity in serum from control and
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isolated from control and cirrhotic human livers revealed a significant
up-regulation of CtsD in human cirrhotic KCs (Log2 Fc ¼ 2.63
p � 0.001) [16]. Finally, we observed that CtsD activity was also
significantly increased in serum from cirrhotic patients (Figure 1D).

3.2. Characterization of CtsDDMyel and CtsDDHep mice reveals
normal basal phenotype
Our results demonstrated that macrophages and, to a lesser extent,
hepatocytes, are the main cell types expressing CtsD in human
cirrhosis. Thus, to better understand the role of CtsD in fibrosis
development we generated two novel CtsD cell-specific knock-out
mice for myeloid lineage cells including liver macrophages, both
resident [17] and infiltrated [18], or for hepatocytes by breeding CtsD
floxed mouse [9] with LysMCre [10] or AlbCre [11] mice respectively,
from now on referred as CtsDDMyel or CtsDDHep. To validate CtsD floxed
allele recombination in liver macrophages, we assessed CtsD
expression by WB in liver macrophages isolated from CtsDF/F and
CtsDDMyel mice, demonstrating a significant decrease of CtsD in F4/
80þve cells from CtsDDMyel mice (Figure 2A). In agreement with re-
sults obtained from the human cirrhotic liver macrophages, CtsDF/F

liver macrophages isolated from CCl4 injured livers displayed a sig-
nificant increase in CtsD gene expression (Figure 2B) and activity
(Figure 2C) that was absent in CtsDDMyel liver macrophages. Validation
of CtsDDHep mouse was carried out by WB in primary mouse hepa-
tocytes isolated from CtsDF/F and CtsDDHep mice (Figure 2D),
demonstrating a lack in CtsD expression in hepatocytes from CtsDDHep

mice. Of note, no significant differences in the gene expression of other
cathepsins (CtsA, B, C, L, S, X/Z) between phenotypes were observed
in liver macrophages nor in hepatocytes (Figs. S2AeB). Similarly to
what was observed in human cirrhotic livers, mouse CtsDF/F fibrotic
livers displayed the strongest CtsD signal in macrophages (F4/80þve
cells) and a mild signal in hepatocytes with a cytosolic vesiculated
pattern compatible with lysosomes. As expected, CtsD signal in
macrophages or in hepatocytes from CtsDDMyel or CtsDDHep livers
respectively was not detected (Figure 2E). Next, analysis of serum
alanine aminotransferase (ALT) and liver histology revealed no liver
damage and normal liver histology in both CtsDDMyel and CtsDDHep

adult healthy mice (Figure 2F) and no differences in the liver to body
weight ratios (Figure 2G). In addition, organ to body weight ratios and
histology of extrahepatic tissues (brain, spleen, intestine and kidneys)
from adult healthy CtsDDMyel mouse, which are affected by the
widespread deletion of CtsD in the global CtsD KO mouse [8],
demonstrated no affectation in comparison with CtsDF/F mouse
(Figure 2HeI).

3.3. Liver fibrosis is exacerbated in CtsDDMyel mouse, but not in
CtsDDHep one
Next, we investigated liver fibrosis development in CtsDDMyel or
CtsDDHep in comparison with CtsDF/F mice. To induce liver fibrosis,
both CtsDF/F and CtsDDMyel or CtsDF/F and CtsDDHep littermates were
injected with CCl4 or Olive Oil, as study controls, twice a week for 8
weeks as depicted in Figure 3A or Figure 3J. As expected, CtsD IHC
demonstrated lack of CtsD in tissue macrophages from OOil-CtsDDMyel

and 8wkCCl4-CtsD
DMyel livers (Figure 3B) or in hepatocytes from OOil-

CtsDDHep and 8wkCCl4-CtsD
DHep livers (Figure 3K). When studying

matrix deposition, liver collagen content was increased in all CCl4-
treated groups, however, only 8wkCCl4CtsD

DMyel but not
8wkCCl4CtsD

DHep, displayed significantly enhanced collagen deposi-
tion as determined by Sirius Red morphometric analysis of tissue liver
sections (Figure 3C,L) and liver hydroxyproline content (Figure 3D,M).
Classical fibrogenic markers Col1A1 and TGF-b were assessed by RT-
4 MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH.
qPCR and WB, last one only for TGF-b (Figure 3EeG), and a-SMA
expression was determined by IHC (Figure 3H) in liver tissue. All of
them were significantly increased only in 8wkCCl4-CtsD

DMyel livers
compared to 8wkCCl4-CtsD

F/Fones, but not in 8wkCCl4-CtsD
DHep

(Figures 3N and S3A-B). Of note, liver damage (serum ALT) was
increased after CCl4 treatment but no significant differences were
observed between phenotypes (Figures 3I and S3C) after CCl4
administration. Prolonged 6-month administration of CCl4, at a lower
dose (Figure S3D), resulted in comparable results to those obtained
with the 8 weeks CCl4 model, demonstrating increased liver collagen
accumulation and a-SMA expression in 6MCCl4-CtsD

DMyel compared
to 6MCCl4-CtsD

F/F mice (Fig. S3EeH).
To determine whether the effect of CtsD deletion in macrophages or
hepatocytes on fibrosis was common to different types of injury, we
performed bile duct ligation (BDL) or sham surgery in CtsDF/F and
CtsDDMyel mice (Figure 4A) or CtsDF/F and CtsDDHep mice (Figure 4I) for
14 days. CtsD deletion in macrophages and hepatocytes was
confirmed by IHC in liver tissue from CtsDDMyel or CtsDDHep mice,
respectively (Figure 4B,J). In agreement with the 8wk-CCl4 model,
BDL-CtsDDMyel mice displayed increased liver collagen deposition
(Figure 4CeD) but no differences were observed in BDL-CtsDDHep

mice when comparing with their BDL-CtsDF/F littermates (Figures 4Ke
M and S4A,B). Unlike the previous study, no significant differences
were detected in Col1A1, TGF-b or a-SMA expression between
CtsDDMyel and CtsDF/F after 14 days of BDL (Figure 4EeG). Never-
theless, early changes in gene expression showing increased Col1A1,
TGF-b and ACTA2 were demonstrated 7 days after BDL in CtsDDMyel

compared to CtsDF/F (Figs. S4DeG). Finally, as in the 8wk-CCl4 model,
no significant differences were observed in liver damage after BDL
amongst the different phenotypes studied (Figures 4H, S4C and S4H).
Our results demonstrate that CtsD deletion in macrophages, but not in
hepatocytes, contributes to an enhancement in liver fibrosis in two
etiologically different models of experimental fibrosis without inducing
changes in liver damage.

3.4. Fibrotic CtsDDMyel livers present enhanced inflammatory
proteomic signature
Both Kupffer cells (KCs) and infiltrated bone marrow monocyte-derived
macrophages (MoMfs) play an essential role during the immune
response followed by any liver injury, which directly contributes to the
initiation and development of the fibrotic response. For that reason, we
evaluated the inflammatory response during liver fibrosis in CtsDF/F

and CtsDDMyel mice after both 8wk-CCl4 administration and BDL. As
expected, fibrotic livers displayed an increase in macrophages (F4/
80þve) (Figures 5A and S5A), despite no differences between
CtsDDMyel and CtsDF/F mice were detected. Closer characterization of
liver macrophages from fibrotic livers revealed that a significantly high
proportion of macrophages (>80%) from 8wk-CCl4 livers were KCs
(CLEC4Fþve-F4/80þve) in both CtsDF/F and CtsDDMyel mice. Besides,
no differences in this proportion were observed between phenotypes
(Figure 5B). Analysis of CtsD expression in CLEC4Fþve and CLEC4F-ve
macrophages demonstrated that CtsD expression was significantly
higher in KCs, which represented the main liver macrophage popu-
lation in our model (Figure 5CeD). As expected, almost no CtsD
expression was detected in CtsDDMyel liver macrophages (Figures 5Ce
D and S5B). Of note, fibrotic livers also displayed an increase in
granulocytes (NIMPþve) and neutrophils (MPOþve) (Fig. S5CeD), but
no differences between phenotypes were detected. Similar results
were obtained when analyzing neutrophil chemotactic proteins
S100A8 and CXCL1 (Fig. S5EeF). However, significantly higher levels
of classical inflammatory mediators CCL2, CCL4 and TNF-a were
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 2: Characterization and validation of CtsDDMyel and CtsDDHep mice.
(A) F4/80, mature CtsD and b-actin expression by WB from liver macrophages of CtsDF/F and CtsDDMyel mice and WB quantification. (B) CtsD gene expression of liver macrophages
isolated from CtsDF/F and CtsDDMyel mice treated � CCl4 for 72 h and (C) CtsD activity in liver macrophages isolated from CtsDF/F and CtsDDMyel mice treated with CCl4 for 72 h. (D)
Pro-CtsD, mature CtsD and b-actin expression by WB of hepatocytes from CtsDF/F and CtsDDHep mice and WB quantification. (E) CtsD (green) and F4/80 (red) dual IF in fibrotic liver
tissue from CtsDF/F, CtsDDMyel and CtsDDHep mice. (F) Serum ALT and liver H&E representative images from CtsDF/F, CtsDDMyel and CtsDDHep mice. (G) Liver to body weight ratio in
CtsDF/F, CtsDDMyel and CtsDDHep mice. (H) Organ to body weight ratios from brain (BR), thymus (TH), spleen, (SPL) and kidney (KD) and (I) representative images of brain, spleen,
intestine and kidney tissues from 10-week-old CtsDF/F and CtsDDMyel mice stained with Cresyl violet for the brain, H&E for the spleen and intestine and PAS for the kidney. Scales
represent 20 mm in panel E and 50 mm in panel F and I. Data in A and E is expressed as percentage of CtsD signal versus b-actin. 1 way ANOVA or T-test analysis, **p � 0.01,
***p � 0.001.
displayed by 8wkCCl4-CtsD
DMyel livers in comparison with 8wkCCl4-

CtsDF/F ones (Figure 5E). WB for CCL2 in total liver also demonstrated
an increase in 8wkCCl4-CtsD

DMyel livers despite not being statistically
significant (Fig. S5G).
In agreement, early changes in gene expression were detected 7 days
after BDL also demonstrating an increased expression of TNF-a, but
not CCL2 and CCL4 (Figs. S5HeJ). A label-free quantitative (LFQ)
proteomic analysis was performed comparing fibrotic 8wkCCl4-
MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH. This is an o
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CtsDDMyel versus 8wkCCl4-CtsD
F/F livers, showing differential protein

expression clustering for both phenotypes (Figure 5F). The LFQ anal-
ysis quantified 1333 proteins (identified by a minimum of 2 unique
peptides) and 189 proteins were detected as differentially expressed,
of which 121 were up- and 68 down-regulated in the 8wkCCl4-
CtsDDMyel livers (Figure 5G). Pathway enrichment analysis revealed
significantly enriched Reactome immune pathways (p < 0.01) in
fibrotic CtsDDMyel livers (Figure 5H). In addition, Eulero-Venn diagram
pen access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 5
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Figure 3: CtsDDMyel mice, but not CtsDDHep, display enhanced liver fibrosis after 8-weeks CCl4 administration.
(A) Experimental design of the 8-weeks CCl4 study in CtsDDMyel mice. (B) Representative liver tissue images of CtsD IHC (black arrows indicate CtsDþve macrophages), (C)
morphometric analysis and representative images of Sirius Red (SR)þve area/field (D) liver hydroxyproline quantification, liver (E) Col1A1 and (F) TGF-b gene expression from 8-
weeks Olive Oil (OOil) or CCl4 treated CtsDF/F and CtsDDMyel mice. (G) WB for TGF-b and b-actin in liver lysates from 8wkCCl4-CtsD

F/F and 8wkCCl4-CtsD
DMyel mice and WB

quantification. (H) Morphometric analysis of a-SMAþve area/field with representative images with zoomed area and (I) serum alanine aminotransferase from 8-weeks Olive Oil
(OOil) or CCl4 treated CtsDF/F and CtsDDMyel mice. (J) Experimental design of the 8-weeks CCl4 study in CtsDDHep mice. (K) Representative liver tissue images of CtsD IHC; (L)
morphometric analysis and representative images of Sirius Red (SR)þve area/field; (M) liver hydroxyproline quantification and (N) liver Col1A1 gene expression from 8 weeks Olive
Oil (OOil) or CCl4 treated CtsDF/F and CtsDDHep mice. Scale bars represent 50 mm. 1-way ANOVA, *p � 0.05, **p � 0.01 or ***p � 0.001.

Original article
intersecting the differential proteome of 8wkCCl4-CtsD
DMyel livers and

the genes of the immune system from the MGI database demonstrated
27 common hits, 22 of which were up-regulated (Figure 5I). Of note,
neutrophil degranulation pathway was also enriched in fibrotic
6 MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH.
CtsDDMyel livers. Considering that CtsD deletion in CtsDDMyel mouse
might also affect neutrophils, we further investigated the degranulation
capacity of neutrophils isolated from bone marrow of CtsDDMyel mouse
compared to CtsDF/F ones. Activity analysis of secreted neutrophil
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 4: CtsD deletion in macrophages, but not in hepatocytes, exacerbates liver fibrosis after BDL.
(A) Experimental design of the 14-day BDL study in CtsDDMyel mice. (B) Representative liver tissue images of CtsD IHC (black arrows indicate CtsDþve macrophages), (C)
morphometric analysis and representative images of Sirius Red (SR)þve area/field (D) liver hydroxyproline quantification, liver (E) Col1A1 and (F) TGF-b gene expression, (G)
morphometric analysis of a-SMAþve area/field and representative images with zoomed area and (H) serum alanine aminotransferase from 14 days Sham or BDL CtsDF/F and
CtsDDMyel mice. (I) Experimental design of the 14-day BDL study in CtsDDHep mice. (J) Representative liver tissue images of CtsD IHC; (K) morphometric analysis and repre-
sentative images of Sirius Red (SR)þve area/field; (L) liver hydroxyproline quantification and (M) liver Col1A1 gene expression from 14 days Sham or BDL CtsDF/F and CtsDDHep

mice. Scale bars represent 50 mm. 1-way ANOVA, *p � 0.05, **p � 0.01 or ***p � 0.001.
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Figure 5: CtsDDMyel fibrotic livers present distinct and enriched immune and inflammatory proteomic profile.
(A) Liver ADGRE1 (F4/80) gene expression in liver from 8-weeks Olive Oil (OOil) or CCl4 treated CtsD

F/F and CtsDDMyel mice and representative images of F4/80 IHC with zoomed
area in liver tissue sections; (B) percentage CLEC4Fþve-F4/80þve or CLEC4F-ve-F4/80þve cells/field; (C) representative images of triple IF staining for F4/80 (red), CLEC4F
(cyan) and CtsD (green). White arrows point CLEC4F-ve-F4/80þve cells; (D) CtsD MFI within CLEC4Fþve-F4/80þve or CLEC4F-ve-F4/80þve cells in liver tissue sections from 8-
weeks CCl4 treated CtsDF/F and CtsDDMyel mice. (E) CCL2, CCl4 and TNF-a gene expression in liver from 8-weeks Olive Oil (OOil) or CCl4 treated CtsDF/F and CtsDDMyel mice. (F)
Heatmap for the proteome distribution based on the Z-score-normalized LFQ abundances throughout all the samples. Green and red color ranges refer to lower and higher
abundance, respectively; (G) Volcano plot of differentially regulated proteins. Green and red dots show the significant down- and up-regulated proteins, respectively, with highlight
of CtsD protein; (H) Statistically significant enriched Reactome immune pathways in livers from CCl4-treated CtsD

DMyel versus CtsDF/F mice; (I) Eulero-Venn diagram with common
hits between the differential proteome of CtsDDMyel mice and the genes of the immune system from the MGI database. Scale bars represent 50 mm. 1-way ANOVA, *p � 0.05,
**p � 0.01 or ***p � 0.001.

Original article
elastase (NE), one of the main proteases stored in neutrophil azur-
ophilic granules, after PMA stimulation showed no significant differ-
ences in neutrophil degranulation between phenotypes (Fig. S5K).
Our observations demonstrate an enhanced inflammatory signature in
fibrotic CtsDDMyel livers with no differences in the total numbers of liver
macrophages or neutrophils, pointing towards a differential pheno-
typical change of CtsDDMyel inflammatory cells as responsible for the
enriched inflammatory proteomic profile.
8 MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH.
3.5. CtsD deficient liver macrophages exhibit functional,
phenotypical and secretomic alterations compatible with impaired
pro-resolutive shift
Macrophages not only play an important role as drivers of the in-
flammatory response during liver fibrosis but can also participate in the
remodeling and recycling of the extracellular matrix. Thus, we decided
to analyze whether phenotypical changes in CtsDDMyel macrophages
also affected their collagenolytic capacity. First, Eulero-Venn analysis
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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was performed combining the differential proteome of 8wkCCl4-
CtsDDMyel livers and the databases for the matrisome, cytoskeleton
and lysosome, revealing 9, 22 and 5 common hits, respectively. Most
of the hits identified were up-regulated, confirming an increased
abundance of proteins within these signaling pathways in fibrotic
CtsDDMyel livers (Fig. S6A). Next, collagenolytic activity of isolated liver
macrophages was assessed using DQ Collagen I probe, which only
emits fluorescence when is proteolytically cleaved. Proteolytic pro-
cessing of DQ Collagen I was significantly decreased in CtsDDMyel liver
macrophages in comparison with CtsDF/F ones (Figure 6A) and partially
colocalized with the lysosomal marker LAMP2, confirming DQ Collagen
I processing was occurring within the lysosomes (Figure 6B). To prove
whether decreased DQ Collagen I signal was caused by impaired
endocytosis, dextran internalization assay was performed in liver
macrophages isolated from CtsDF/F and CtsDDMyel mice demonstrating
similar levels of endocytosis independent of CtsD presence (Figure 6C).
In addition, no differences were observed in the expression of the
collagen internalization receptor, UPARAP/Endo 180, its co-receptor
UPAR and the lysosomal marker LAMP2 in 8wkCCl4-CtsD

F/F and
8wkCCl4-CtsD

DMyel
fibrotic livers (Figure 6D). Supporting our results in

liver macrophages, collagen I was detected within F4/80þve macro-
phages in CCl4-treated livers (Figure 6E) and CtsD showed a lysosomal
distribution (LAMP-2) in liver macrophages (Figure 6F). Pro-resolutive
macrophages are responsible for ECM remodeling and recycling during
fibrosis resolution. Hence, a decrease in the lysosomal collagenolytic
activity of liver macrophages might be an indication of a wider
defective pro-resolutive phenotype of macrophages. To study this, liver
macrophages were isolated from CtsDF/F and CtsDDMyel CCl4 treated
mice. Indeed, CtsDDMyel hepatic macrophages displayed a significant
decrease in the expression of pro-resolutive markers such as CD206,
TREM2 and TGF-b and an increase in the pro-inflammatory marker
CD11c, with no changes in CD86 (Figure 6G). Despite some reports
indicate that CtsD is able to directly process collagen I [19] and IV [20],
it is unlikely to be the only protease responsible for the phenotype
observed in the CtsDDMyel mice, as proteases do not operate alone but
in networks of several different proteases. Thus, we decided to
investigate CtsDDMyel liver macrophage secretory protease signature to
further elucidate CtsD associated protease network. Conditioned me-
dias from hepatic macrophages isolated after an acute dose of CCl4
were run in a protease array. Protease array detected 33 proteases, 18
of which were differentially secreted in CtsDDMyel liver macrophages
(Figures 6HeI and S6B) and could be organized in an interactome
(Figs. S6CeD). Most of the proteases detected were down-regulated in
CtsDDMyel liver macrophages including MMP-2 [21,22] and MMP-9
[21e23], which are both well-described gelatinases, responsible for
the degradation of collagen during liver fibrosis. In addition, other less
well-known enzymes with ECM degrading activity, such as CtsS
[24,25], KLK7 [26], MMP-3 [21,23] and MMP-7 [23] were also
significantly less secreted by CtsDDMyel liver macrophages. Surpris-
ingly, MMP-12 was the only enzyme whose secretion was significantly
up-regulated in CtsDDMyel hepatic macrophages. Interestingly, CtsD
secreted by hepatic macrophages was proteolytically active and
significantly downregulated in CtsDDMyel mice (Fig. S6E). Our results
demonstrate CtsDDMyel liver macrophages present deficient pro-
resolutive characteristics, including defective lysosomal proteolytic
processing of collagen, and altered secretomic proteolytic profile,
which contributes to the enhanced liver fibrosis displayed by these
mice.
MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH. This is an o
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3.6. Changes in CtsDDMyel liver macrophages result in impaired
fibrosis resolution
To analyze whether these phenotypical and secretomic alterations in
CtsDDMyel liver macrophages translated into changes in fibrosis res-
olution in vivo, we administered CCl4 for 4 weeks and established two
endpoints after the last dose of CCl4, 1 day for the peak-CCl4 and 3
days for the resolution-CCl4 (Figure 7A). The percentage of liver
collagen remodeling during resolution was assessed by hydroxyproline
(Figure 7B) and liver staining of denatured collagen chains using flu-
orescently labelled Gly-X-Y collagen hybridizing peptides (Figure 7C)
demonstrating that collagen remodeling and degradation was signifi-
cantly decreased during resolution in CtsDDMyel mice. Further study of
liver tissues during the resolution phase showed that, despite no
significant differences were observed in the total area occupied by F4/
80þve cells, the percentage of macrophages surrounding the fibrotic
area was decreased in the CtsDDMyel livers, supporting the idea that
macrophages are not properly fulfilling their role during resolution
(Figure 7D). In addition, and opposite to our observation in the 8wk-
CCl4 livers, during the resolution phase CtsD expression was signifi-
cantly higher in MoMfs (CLECF4-ve-F4/80þve) instead of in the KCs
(Figure 7EeF), despite similar proportion of KCs and MoMfs were
maintained as in the 8wk-CCl4 model (Figure 7G). Closer analysis of
the lysosomal content of liver macrophages during the resolution
phase demonstrated similar levels between phenotypes (Figure 7HeI),
but analysis by TEM revealed the presence of abnormal lysosomal
structures in CtsDDMyel liver macrophages from normal adult livers
(Figure 7J). These findings might underpin an alteration on lysosomal
function, but not lysosome numbers, as responsible for the secretomic
and phenotypical changes observed in CtsDDMyel mice. Besides the
direct effect that CtsDDMyel liver macrophage altered secretome
(Figures 6HeI and S6C,D) can have over ECM remodeling, the
imbalance in extracellular protease content might also exert an indirect
effect over the function of proteins that participate in the ECM as-
sembly and organization. SPARC (secreted protein acidic and rich in
cysteine), which is a collagen-binding matricellular protein that par-
ticipates in collagen I assembly, exhibits 13 cleaving sites for CtsD,
spanning 18e303 residue range (Table S3) [27]. Analysis of SPARC
expression within the collagen I area demonstrated that while in
CtsDF/F mice there was a significant reduction in the expression of
SPARC associated with collagen during resolution, no changes were
observed in CtsDDMyel mice (Figure 7K). These results might indicate
that during fibrosis resolution active CtsD secreted by macrophages
(Fig. S6E) could proteolytically process SPARC, facilitating ECM
remodeling and degradation (Figure 7K). Lack of secreted active CtsD
would result in sustained SPARC-collagen association, contributing to
fibrosis perpetuation. Our results revealed that phenotypical and
secretomic alterations of CtsDDMyel macrophages caused suboptimal
collagen remodeling in vivo, hampering fibrosis resolution and
perpetuating liver fibrosis.

3.7. Human cirrhotic CtsD-expressing MPs subpopulations are
enriched in ECM degradation pathways
To investigate the potential biological translation of our results in
mouse liver fibrosis into human cirrhosis, we performed further
analysis of the single-cell transcriptomes [14]. Specific analysis of
CtsD-expressing MPs identified KCs and SAM(2) as highly expressing
CtsD (Figure 8A and Fig. S7AeG) in human cirrhotic livers. Analysis of
differentially expressed transcripts between CtsD-expressing and
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Figure 6: CtsDDMyel liver macrophages exhibit phenotypical and secretomic alterations compatible with impaired pro-resolutive shift.
(A) Flow cytometry plot of relative cell counts and quantification of DQ collagen I expression in F4/80þve liver macrophages isolated from CtsDF/F and CtsDDMyel mice. (B)
Representative confocal images and colocalization mask of CtsDF/F liver macrophages treated with DQCol I (green) and stained for LAMP-2 (red). (C) Flow cytometry plot of relative
cell counts and quantification of Dextran internalization in F4/80þve liver macrophages isolated from CtsDF/F and CtsDDMyel mice. (D) WB for Endo180, UPAR, LAMP2 and their
respective b-actin in liver lysates from 8wkCCl4-CtsD

F/F and 8wkCCl4-CtsD
DMyel mice. Representative images of IF staining (E) for F4/80 (green) and Collagen I (red) and (F) for

CtsD (green), LAMP-2 (red) and F4/80 (cyan) in liver tissue from 8wkCCl4-CtsD
F/F mice. (G) CD206, TREM2, TGF-b, CD11c and CD86 gene expression in liver macrophages isolated

from CtsDF/F and CtsDDMyel mice treated with CCl4 for 72 h. (H) Average protein expression level and (I) heatmap of proteases differentially regulated in conditioned media of KC
isolated from CtsDF/F or CtsDDMyel mice treated 72 h with CCl4. Scale bars represent 10 mm for B and 20 mm for E-F. T-test analysis, *p � 0.05, **p � 0.01 or ***p � 0.001.

Original article
non-expressing MPs in cirrhotic livers revealed 17 differentially
expressed genes, 16 of which were upregulated and included the
previously described pro-resolutive marker GPNMB [28,29]
(Figure 8B). Additional heatmap analysis demonstrated a distinct
gene expression pattern of the highest-CtsD expressing MPs sub-
populations (KC(1), KC(2) and SAM(2)) in cirrhotic livers (Fig. S8A).
10 MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH.
Volcano plot comparing the differential expression of these three MPs
subpopulations versus the other MPs confirmed these subpopulations
as the ones highly expressing the macrophage pro-resolutive
markers FABP5, GPNMB and TREM-2 [28,29] (Fig. S8B). Further
analysis of differentially regulated pathways in CtsD-expressing
versus non-expressing MPs revealed an enrichment in genes
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 7: Phenotypical and secretomic alterations of CtsDDMyel liver macrophages causes deficient fibrosis resolution in vivo.
(A) Diagram displaying experimental setting for the fibrosis resolution model. (B) Percentage of HP collagen remodeling in liver tissue, (C) percentage of mean fluorescent intensity
(MFI) of R-CHP staining in liver sections and representative R-CHP images from resolution-CCl4 CtsD

F/F and CtsDDMyel mice. (D) Percentage F4/80 area in total area or fibrotic area,
(E) representative images of triple IF staining for F4/80 (red), CLEC4F (cyan) and CtsD (green). White arrows point CLEC4F-ve-F4/80þve cells; (F) CtsD MFI within CLEC4Fþve-F4/
80þve or CLEC4F-ve-F4/80þve cells; (G) percentage CLEC4Fþve-F4/80þve or CLEC4F-ve-F4/80þve cells/field in liver tissue sections from resolution-CCl4 CtsDF/F and
CtsDDMyel mice. (H) Representative images of dual IF of F4/80 (green) and LAMP2(R) with zoomed area and (I) LAMP2 MFI within F4/80 area in liver sections from resolution-CCl4
CtsDF/F and CtsDDMyel mice. (J) Representative liver images of transmission electron microscopy displaying liver macrophages with zoom in lysosomal structures from CtsDF/F and
CtsDDMyel mice. (K) SPARC MFI within R-CHP area in liver sections from peak- and resolution-CCl4 CtsD

F/F and CtsDDMyel mice and representative images of dual IF staining for R-
CHP (red) and SPARC (green) in liver sections from peak- and resolution-CCl4 CtsD

F/F mice. Scale bars represent 50 mm. T-test analysis, *p � 0.05; **p � 0.01; ***p � 0.001.
related to the ECM content and degradation and the lysosome
(Figure 8CeD). In agreement with these results, gene set enrichment
analysis of the transcriptome of human cirrhotic KCs [16] confirmed
an enrichment in pathways related to the lytic organization, the
MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH. This is an o
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endopeptidase complex and the lysosomal lumen (Figure 8E). Our
results demonstrate that CtsD-expressing MPs in human cirrhosis
display an enriched gene expression signature in the lysosome and
the ECM degradation related pathways.
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Figure 8: CtsD-expressing MPs in cirrhotic patients are associated to ECM degradation in human liver cirrhosis.
(A) UMAP projection depicting CtsD expression and dotplot representing percentage CtsD expression within the different MPs subpopulations in human cirrhotic livers
(GSE136103). (B) Volcano plots for differential expression of CtsD-expressing MP versus CtsD-non-expressing MPs in cirrhotic livers. (C) Top 10 up and down regulated signalling
pathways and (D) selected pathways in CtsD-expressing MPs versus CtsD-non-expressing MPs in cirrhotic livers. (E) Selected gene set enrichment analysis within the 15
pathways with highest NES of human cirrhotic KCs (GSE123661).
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4. DISCUSSION

In this study we demonstrate that CtsD-driven lysosomal activity in
macrophages is essential for liver fibrosis development and resolution.
Liver fibrosis is caused by a dysregulation of the normal homeostatic
wound healing response due to chronic injury and can lead to severe
organ dysfunction or even failure, as a result of the replacement of
functional parenchyma by fibrotic ECM. Liver fibrosis is currently
widely accepted to be reversible, however, no specific treatments to
slow-down or reverse fibrosis have been successfully developed so
12 MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH.
far. Little is still known about the biological mechanisms controlling
ECM remodeling during liver fibrosis. Changes in proteolytic activity are
essential to liver fibrosis development and resolution as ECM ho-
meostasis is controlled, among others, by proteases. The contribution
of cysteine cathepsins to the development of fibrotic diseases has been
previously reported in heart (CtsL) [30], lung (CtsK) [31], and liver
(CtsB) [3]. However, the role of aspartyl cathepsins, such as CtsD, has
not yet been explored.
Analysis of CtsD expression in control and cirrhotic human scRNAseq
datasets [14] and liver biopsies revealed CtsD expression in
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com


hepatocytes and macrophages (Figure 1AeC). Analysis of CtsD in KCs
(Log2 Fc ¼ 2.63 p � 0.001) and in serum (Figure 1D) from cirrhotic
patients revealed a significant increase of CtsD during cirrhosis. It is
not surprising that CtsD major reservoir in the liver are macrophages,
as they have been reported to display increased proteolytic activity
during liver injury [32] and proteolytic enzymes are essential for pro-
cessing phagocytic products and for macrophage mesenchymal
migration [33]. To investigate the cell-specific role of CtsD in macro-
phages or in hepatocytes during liver fibrosis we generated two novel
cell-specific KO mouse strains by breeding CtsD floxed [9] mice with
LysMCre mice [10] (CtsDDMyel) or AlbCre [11] (CtsDDHep) mice and
validated CtsD deletion in liver macrophages and hepatocytes,
respectively (Figures 2 and S2). Liver fibrosis was induced by chronic
CCl4 administration or BDL. Enhanced liver fibrosis was demonstrated
by an increase in collagen deposition (Figure 3CeD, Fig. S3F and
Figure 4CeD) and fibrogenic markers (Figure 3EeH, S3G-H and S4E-
G) in liver tissue from CtsDDMyel mice, but not in CtsDDHep ones
(Figures 3L-N, 4K-M, S3A-B and S4A-B), after both CCl4 and BDL
induced liver fibrosis without affectation of the liver damage (Figurs 3I,
S3C, 4H, S4C and S4H). When we assessed liver inflammation, we
observed an increase in gene expression of inflammatory markers
(CCL2, CCL4 and TNF-a) (Figures 5E and S5H-J) and a distinct pro-
teomic signature (Figure 5FeG) with a significant enrichment in the
Reactome immune pathways in 8wkCCl4-CtsD

DMyel
fibrotic livers

(Figure 5HeI). No significant differences were observed in the number
of macrophages (Figures 5A and S5A) and the proportion of KCs and
MoMfs (Figure 5B) detected in fibrotic liver tissue between CtsDF/F

and CtsDDMyel mice. Interestingly, CtsD expression was significantly
higher in KCs (CLECF4þve-F4/80þve) (Figure 5CeD), which repre-
sented the main liver macrophage population in our model. These
results suggest that functional or phenotypical changes of the in-
flammatory cell population might be responsible for the enriched in-
flammatory signature displayed in the liver in the absence of CtsD,
instead of changes in the number or proportion of liver macrophages.
While the role of macrophages during initiation, progression and res-
olution of liver fibrosis is quite well defined, the role of neutrophils is
still controversial [34]. Regarding our work, it is important to notice Cre
recombination driven by lysozyme 2 gene promoter also occurs in
granulocytes, including neutrophils. Our results demonstrated that
neither the number of granulocytes or neutrophils (Figs. S5CeD), nor
the expression of neutrophil chemotactic proteins (Figs. S5EeF), or
their degranulation capacity (Fig. S5K) are different between pheno-
types. Nevertheless, although several reports have shown that
neutrophil depletion during chronic liver disease does not influence
liver fibrosis [35], we still cannot discard that CtsD deletion in neu-
trophils might also partially contribute to the phenotype observed in
CtsDDMyel mice. Thus, further studies will be needed to clarify the full
impact of CtsD deletion in neutrophils over liver fibrosis, as this was not
the aim of our study.
During liver fibrosis, macrophage plasticity allows them to adapt their
phenotype, playing different and even opposing roles in disease pro-
gression. Hence, macrophages are responsible for the immune and
inflammatory mechanisms driving liver fibrosis but also promote tissue
repair and remodeling, contributing to fibrosis resolution. To analyze
the effect of CtsD deletion in macrophages over ECM remodeling, we
intersected the 8wkCCl4-CtsD

DMyel differential proteome with the
matrisome database, confirming increased abundance of ECM-related
proteins in fibrotic CtsDDMyel livers (Fig. S6A). Little is still known about
the function and phenotypical characteristics of restorative macro-
phages. While their indirect role modulating ECM remodeling due to
their ability to secrete proteolytic enzymes, such as MMPs, is been
MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH. This is an o
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recognized [28], their role as fibrolytic cells, directly phagocytosing and
degrading ECM proteins, is far less understood [36]. Our experiments
demonstrated that CtsD is important for lysosomal proteolytic pro-
cessing of DQ Collagen I in liver macrophages (Figure 6AeB). Impaired
lysosomal proteolysis has also been reported due to the absence of
CtsE in macrophages [37] supporting our findings. Receptor-mediated
collagen endocytosis is mediated in macrophages by the uPAR-
associated protein (uPARAP/Endo180) in cooperation with UPAR
[38,39]. No differences in endocytosis in hepatic macrophages
(Figure 6C) or the expression of collagen internalization receptor
UPARAP/Endo180, and its partner UPAR (Figure 6D) were detected in
CtsDF/F and CtsDDMyel fibrotic livers, suggesting that changes in
internalized DQ Collagen I signal were caused by defective proteolytic
processing instead of alterations in the receptor-mediated endocytic
pathway. Indeed, collagen I was visualized within macrophages in
fibrotic livers demonstrating collagen I was being internalized by liver
macrophages in vivo during liver fibrosis (Figure 6E). Furthermore,
confirmation of CtsD lysosomal distribution in liver macrophages
(Figure 6F) from fibrotic livers supported an intracellular role for CtsD in
collagen remodeling.
Since pro-resolutive macrophages are responsible for ECM remodeling
and recycling during fibrosis resolution, a decrease in the lysosomal
collagenolytic activity of liver macrophages might be an indication of a
wider defective pro-resolutive phenotype of macrophages. Analysis of
CtsDDMyel hepatic macrophages demonstrated decreased pro-
resolutive markers such as CD206, TREM2 [29] and TGF-b and an
increase in the pro-inflammatory marker CD11c (Figure 6G). In line
with our findings, strong enrichment of CtsD has been previously re-
ported in TREMþve macrophage subclusters during murine NASH
[29], displaying pro-resolutive markers resembling those previously
described in pre-monocyte-derived KCs and MMP12þve macro-
phages [29,40]. In agreement with our findings, combined pharma-
cological inhibition of cathepsins B, L and S in tumor associated
macrophages from pancreatic cancer resulted in phenotypical shifting
from M2 to M1 linked to distinct lysosomal alterations, however, the
exact mechanism is still unknown [41].
Despite direct proteolytic processing of collagen I19 and IV [20] by CtsD
has been previously reported, it is unlikely to be the only protease
responsible for the defective collagen remodeling observed in
CtsDDMyel fibrotic livers. Indeed, protease array from hepatic macro-
phage conditioned medias revealed 18 out of 33 proteases differen-
tially regulated in CtsDDMyel liver macrophages, most of them
downregulated, which could be built in an interactome providing novel
insights on hepatic macrophage protease network (Figure 6HeI and
S6C-D). Among the proteases with decreased secretion were well-
described gelatinases MMP-2 [21,22] and MMP-9 [21e23] and less
well-known enzymes with ECM degrading activity, such as CtsS
[24,25], KLK7 [26], MMP-3 [21,23] and MMP-7 [23]. Interestingly,
MMP-12 was the only enzyme whose secretion was significantly up-
regulated in CtsDDMyel liver macrophages, opposite to what could be
expected from recent reports proposing MMP-12 as a maker for
restorative macrophages in murine experimental models of liver
fibrosis [28,29]. Since MMP-12 is synthetized as an inactive pro-form
(zymogen), gene transcription is not the first regulatory step, but the
proteolytic activation of the existing cellular pool. Hence, opposite
observations at the transcript, protein and even activity level are not
unusual when it comes to protease study, as changes in gene tran-
scription not always encompass the same changes at the protein or
activity level. Thus, further study is required to fully clarify the role of
MMP-12 in restorative macrophages not only as a marker but also as
part of their proteolytic landscape. Phenotypical and secretomic
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alterations of CtsDDMyel liver macrophages resulted in deficient fibrosis
resolution in vivo (Figure 7AeC) and decreased number of macro-
phages in the fibrotic areas (Figure 7D) supporting macrophages might
not be fulfilling their role during resolution. Interestingly, a switch in
CtsD expression was observed from KCs (CLECF4þve-F4/80þve)
(Figure 5CeD) to MoMfs (CLECF4-ve-F4/80þve) (Figure 7EeF)
during the resolution phase, despite similar proportion of KCs and
MoMfs (Figures 5B and 7G) being maintained. Despite no change in
lysosomal content (Figure 7HeI) of macrophages was observed during
liver fibrosis resolution, TEM analysis of normal mouse livers revealed
already the presence of abnormal lysosomal structures in CtsDDMyel

liver macrophages (Figure 7J), underpinning an alteration on lysosomal
function, but not lysosomal content, as responsible for the secretomic
and phenotypical changes observed in CtsDDMyel mice. Similarly, mice
with lysosomal dysfunction due to the loss of glycosylated lysosomal
membrane protein (GLMP) displayed spontaneous [42] and aged-
dependent [43] liver fibrosis, pointing out correct lysosomal activity
as an essential mechanism of control for liver fibrosis resolution.
Complementary to its role within the lysosome, our experiments also
demonstrated that CtsD can be actively secreted by liver macrophages
(Fig. S6E). As an active secreted enzyme, CtsD can proteolytically
process not only ECM proteins, but also proteins involved in ECM
assembly and stabilization such as SPARC, which is one of CtsD
substrates exhibiting 13 cleaving sites (Table S3). Considering its
important role in fibril aggregation and growth, it is not surprising that
SPARC knock-out mouse displays reduced collagen deposition and
fibrosis in multiple organs including the liver [44]. Our experiments
demonstrate that the amount of SPARC located within collagen I was
significantly decreased during the resolution phase only in CtsDF/F

mouse (Figure 7K). This result suggests that the lack of active secreted
CtsD could be responsible for sustained SPARC-collagen association,
which would also contribute to fibrosis perpetuation.
Analysis of human scRNAseq cirrhotic datasets identified KC(1), KC(2)
and SAM(2) as the MPs subpopulations with the highest CtsD
expression (Figure 8A), and with a distinct gene expression pattern
compared to the other MPs subpopulations in cirrhotic livers
(Figures 8B and S8A). Interestingly, FABP5, GPNMB and TREM-2,
which have been proposed as markers of restorative macrophages
[28,29], were up-regulated in these three MPs subpopulations
(Fig. S8B). Analysis of differentially regulated pathways in CtsD-
expressing versus non-expressing MPs revealed an enrichment in
genes related to both the ECM content and degradation and the
lysosome (Figure 8CeD). This was confirmed by gene set enrichment
analysis of human cirrhotic KC transcriptome [16] (Figure 8E) in
agreement with previous reports, restorative macrophages present
enriched signature in lysosomal signaling pathways [28]. Thus, our
results demonstrate that CtsD-expressing MPs in human cirrhosis
display an enriched gene expression signature in the lysosome and the
ECM degradation related pathways.
Our work provides the first description of how lysosomal function
driven by CtsD modulates macrophage resolutive capacity and fibro-
nolytic activity. Despite further work needs to be done to fully elucidate
the multiple roles of the macrophage proteolytic network controlling
ECM remodeling, our results put in the spotlight for the first time the
importance of the lysosomal protease balance for the correct func-
tioning of macrophages during fibrosis resolution. This knowledge is
the first critical step to start exploring, designing and testing novel
drugs based on proteases that will enhance ECM degradation and
promote fibrosis resolution. In summary, our work demonstrates CtsD-
driven lysosomal activity is essential for the degradomic shift, which
comprises all the secretomic, phenotypical and functional changes
14 MOLECULAR METABOLISM 87 (2024) 101989 � 2024 The Authors. Published by Elsevier GmbH.
required by macrophages to proteolytically process the ECM during
liver fibrosis resolution. Our findings start to elucidate a novel and
unknown degradome landscape for restorative macrophages in liver
disease.
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