
Original article

Reduced Cathepsin L expression and secretion into
the extracellular milieu contribute to lung fibrosis in
systemic sclerosis
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Abstract
Objectives. Lung fibrosis is the leading cause of death in SSc, with no cure currently available. Antifibrotic
Endostatin (ES) production does not reach therapeutic levels in SSc patients, suggesting a deficit in its release
from Collagen XVIII by the main cleavage enzyme, Cathepsin L (CTSL). Thus, elucidating a potential deficit in CTSL
expression and activity unravels an underlying molecular cause for SSc-driven lung fibrosis.
Methods. Fibrosis was induced experimentally using TGF-b in vitro, in primary human lung fibroblasts (pLFs), and
ex vivo, in human lung tissues. ES and CTSL expression was quantified using ELISA, RT-qPCR, immunoblotting or
immunofluorescence. Recombinant NC1-FLAG peptide was used to assess CTSL cleavage activity. CTSL expres-
sion was also compared between SSc vs normal (NL)-derived pLFs and lung tissues.
Results. ES levels were significantly reduced in media conditioned by TGF-b-induced pLFs. TGF-b-stimulated pLFs
significantly reduced expression and secretion of CTSL into the extracellular matrix (ECM). CTSL was also seques-
tered in its inactive form into extracellular vesicles, further reducing its availability in the ECM. Media conditioned by
TGF-b-induced pLFs showed reduced cleavage of NC1-Flag and reduced release of the antifibrotic ES fragment.
SSc-derived pLFs and lung tissues expressed significantly lower levels of CTSL compared with NL.
Conclusions. Our findings identify CTSL as a protein protective against lung fibrosis via its activation of antifibrotic
ES, and whose expression in SSc pLFs and lung tissues is suppressed. Identifying strategies to boost CTSL en-
dogenous levels in SSc patients could serve as a viable therapeutic strategy.
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Introduction

Fibrosis is characterized by the excessive accumulation of
connective tissue components which form the extracellular
matrix (ECM) [1]. Progressive fibrosis is a major cause of
morbidity and mortality in individuals suffering from SSc,
which is one of the most lethal rheumatic diseases [2].

Pulmonary fibrosis stands as the leading cause of death in
SSc [3]. Currently, there is no cure for SSc, and treatment
is limited to symptomatic alleviation addressing the comor-
bidities but not the fibrosis of the skin and various visceral
organs. Two recently Food and Drug Administration–
approved drugs for SSc merely reduce the progression of
interstitial lung disease [4, 5]. Thus, there is a need to in-
vestigate novel molecular pathways involved in fibrosis,
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. Cathepsin L (CTSL) exerts anti-fibrotic effects by cleaving Collagen XVIII to release endostatin.

. CTSL expression and secretion into the extracellular milieu of lung fibroblasts is reduced upon TGF-b activation.

. SSc lung fibroblasts and tissues express significantly lower levels of CTSL compared with normal controls.
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especially lung fibrosis in the context of SSc, to find po-
tential therapeutic treatments.

Endostatin (ES), widely known for its antiangiogenic ac-
tivity, is a natural proteolytic fragment from the C-terminus
of Collagen XVIII, a proteoglycan located in basement
membranes and walls of blood vessels [6]. We showed
that ES has potent anti-fibrotic activity [7–9]. The discovery
of this novel function of ES poses an interesting question
as to how ES release is regulated during fibrosis in SSc.
This is especially important since ES levels are detected
in lung lavage fluid and the circulation of patients with lung
fibrosis [10, 11]; however, those levels do not reach anti-
fibrotic concentrations [8], suggesting that the natural anti-
fibrotic response is blunted in the setting of fibrosis.

The major catalytic enzyme known to cleave and activate
ES from Collagen XVIII is Cathepsin L (CTSL), a lysosomal
cysteine peptidase that can be secreted by cells [12, 13].
Recent studies have shown that fibrosis is associated with
lower CTSL expression levels in the affected areas, espe-
cially with dermal fibrosis in SSc patients [14, 15], suggest-
ing CTSL may have antifibrotic properties. Apart from
secretion into the ECM, CTSL can also localize into extra-
cellular vesicles (EVs) [16, 17]. EVs are membrane-bound
vesicles released by all cells, serving as an intercellular
communication tool via transfer of nucleic acids and pro-
teins [18]. Recently, the role of EVs in lung physiology and
pathology has been highlighted [19], shedding light on a
new mechanism in the context of lung fibrosis. Taken to-
gether, we hypothesized that a decrease in CTSL availabil-
ity in the extracellular milieu, via decreased secretion or
possibly via sequestration in EVs, would blunt the release
of antifibrotic ES, promoting the spread of fibrosis.

TGF-b has long been shown to be a master promoter of
fibrosis [20]. It is a potent inducer of fibroblast differentiation
into myofibroblasts, which are the effector cells in the initi-
ation and development of fibrosis via ECM deposition [20,
21]. Investigating TGF-b-regulated genes in fibrotic lungs
and skin of SSc patients has shown that increased expres-
sion of these genes correlates with disease activity, high-
lighting the role of TGF-b as a central mediator of
pathogenesis in SSc [22]. As such, we questioned whether
CTSL expression, and hence ES activation, could be sup-
pressed by TGF-b signalling and serve as one of the driv-
ing forces for lung fibrosis in SSc patients. We therefore
evaluated CTSL expression and activity under fibrotic con-
ditions via the TGF-b experimental model of fibrosis
in vitro, using primary human lung fibroblasts (pLFs), and ex
vivo, using lung tissues in organ culture. We also assessed
the possibility of CTSL sequestration in EVs of pLFs.
Finally, we compared CTSL expression in SSc-derived
pLFs and lung tissues to those derived from healthy lungs.

Methods

Lung tissues

Lung tissues were obtained from organ donors (normal
lung; NL) whose lungs were not used for transplantation,
under a protocol approved by the Institutional Review

Board of the Medical University of South Carolina. Lung
tissues were also obtained from patients with SSc
undergoing lung transplantation at the University of
Pittsburgh Medical center under a protocol approved by
the Institutional Review Board of the University of
Pittsburgh and following written consent. All SSc
patients had pulmonary fibrosis with no evidence of sec-
ondary pulmonary hypertension.

Primary human lung fibroblast culture

Human primary lung fibroblasts (pLFs) were cultured
from lung tissues of SSc patients undergoing lung trans-
plantation following written consent as previously
described [23]. Primary fibroblasts were also cultured
from the lung tissues of normal donors whose lungs
were not used for transplantation [24]. Briefly, �2–3 mm2

pieces of tissue were minced and fibroblasts were cul-
tured and maintained in DMEM (10-013-CM, Corning,
Corning, NY, USA) supplemented with 10% fetal bovine
serum (F4135, Sigma-Aldrich, St Louis, MO, USA), peni-
cillin, streptomycin, and antimycotic agent (A5955,
Sigma-Aldrich, St Louis, MO, USA). Fibroblasts were
used in passages 3–8.

In vitro fibroblast stimulation

Actively growing pLFs were stimulated as previously
described with some modifications [9]. Briefly, 2.0�105

pLFs were plated in 6-well tissue culture plates in 10%
fetal bovine serum–containing DMEM. At 70–80% con-
fluence, the cells were starved in serum-free DMEM
media (SFM) for 1 h prior to stimulation with 5 ng/ml re-
combinant TGF-b1 (240-B, R&D Systems, Minneapolis,
MN, USA) or the same volume of vehicle (4 mM
HClþ 0.1% BSA) and harvested after 24, 48, 72 and
96 h for RNA and protein extraction. Conditioned media
were also collected at each timepoint to analyse
secreted proteins. Samples were stored at �80�C.

Ex vivo human lung culture and stimulation

Human lung tissues in organ culture were prepared as
previously described [9, 25]. Briefly, normal human lung
tissues were sliced and 5 mm2 cores were obtained. Two
cores were placed in each well of a 6-well plate in
serum-free DMEM supplemented with penicillin, strepto-
mycin and antimycotic agent. Lung tissue cores were
treated with 10 ng/ml recombinant TGF-b1; 4 mM HCl þ
0.1% BSA was used as vehicle control. RNA and protein
were extracted from lung tissues after 24, 48, 72 and
96 h of incubation. Lung tissues at 96 h were also fixed
in 10% formalin and embedded in paraffin for sectioning
and immunofluorescence.

RNA sequencing and differential expression analysis

RNA sequencing was done at Novogene Corporation
Inc. (Sacramento, CA, USA) as we previously described
[26]. The heatmap was generated from the normalized
counts for genes of interest using MORPHEUS software
(https://software.broadinstitute.org/morpheus/).
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Statistical analysis

All continuous variables were expressed as the mean
(S.E.M.). Statistical comparisons between two groups
were performed using 2-tailed Student’s t-test, and be-
tween three or more groups using analysis of variance,
as specified in figure legends. GraphPad Prism 9 was
used for all statistical analyses. P-values <0.05 were
considered statistically significant.

Please see additional methods in the supplementary
material, available at Rheumatology online.

Results

TGF-b induction reduces ES protein levels released
by pLFs

To examine the effect of TGF-b on ES protein levels, we
stimulated pLFs from control donors with TGF-b. ES
protein levels were significantly reduced in media condi-
tioned by activated fibroblasts, showing 28%
(P¼ 0.0621) and 33% (P< 0.01) reduction at 48 h and
72 h, respectively (Fig. 1A). We then evaluated the

transcription levels of the parent molecule, Collagen XVIII
(COL18A1). Fibrotic induction in pLFs had no significant
effect on COL18A1 transcription at 24 h and 48 h but
increased it 27% (P< 0.05) at 72 h (Fig. 1B). These find-
ings suggest that the reduction in ES protein levels fol-
lowing TGF-b stimulation is not due to decreased
transcription of the corresponding gene.

CTSL expression and secretion are downregulated in
TGF-b-induced pLFs

CTSL is the major cysteine peptidase responsible for
cleavage and release of ES from Collagen XVIII [12, 13].
We thus evaluated the effect of TGF-b on CTSL expres-
sion in pLFs. CTSL mRNA levels were significantly
downregulated in TGF-b-activated pLFs, with 21% re-
duction at 24 h (P¼ 0.0552), 62% at 48 h (P<0.0001),
and 53% at 72 h (P< 0.0001) (Fig. 1C). The reduction
was also observed at the protein level both in lysates
and conditioned media, with 47% reduction at 48 h
(P¼ 0.0602) and 56% at 72 h (P< 0.05) in lysates
(Fig. 1D).

FIG. 1 Activated pLFs release reduced levels of ES and downregulate CTSL expression and secretion

pLFs from different donors were treated with vehicle control (VC) or 5 ng/ml recombinant TGF-b. Supernatants and
RNA were collected after 24, 48 and 72 h of stimulation. (A) ES concentrations in the supernatants were measured
using ELISA, and fold-change estimates were calculated to compare TGF-b with vehicle (n¼ 5, three donors).
(B) COL18A1 gene expression levels were quantified using qPCR, and fold-change estimates were calculated to com-
pare TGF-b to vehicle (normalized to B2M) (n¼7, four donors). (C) CTSL gene expression levels were quantified using
qPCR, and fold-change estimates were calculated to compare TGF-b to vehicle (normalized to B2M) (n¼ 8, four
donors). (D) CTSL was detected in conditioned media and cellular lysates. GAPDH was used as a loading control for
cellular lysates to which the band density quantification was normalized. (n¼3, three donors). Graphs analysed by
1-way analysis of variance (Dunnett correction). A dotted line at a fold-change of 1.0 (i.e. no change) is provided for
reference. Bars represent mean (S.E.M.). *P<0.05, **P< 0.01, ****P<0.0001. pLF: primary human lung fibroblast; ES:
Endostatin; CTSL: Cathepsin L; COL18A1: collagen type XVIII alpha 1 chain; B2M: b2-microglobulin; GAPDH: glyceral-
dehyde-3-phosphate dehydrogenase.
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CTSL expression in pLFs is inhibited by the TGF-b
canonical pathway

TGF-b can signal via canonical and non-canonical path-
ways [20]. Inhibiting the canonical TGF-b pathway in
pLFs, using a selective Smad3 inhibitor (SIS3) [27], abro-
gated the TGF-b-induced fibrosis, as indicated by the in-
hibition of mRNA and protein expression and secretion
of the ECM component COL1a1 (supplementary Figs
S1A and B, available at Rheumatology online). The op-
posite effect was seen on CTSL expression, which
showed a reversal of the TGF-b-induced inhibition upon
SIS3 treatment, at both the RNA and protein levels
(P< 0.05) (Fig. 2A and B). Interestingly, SIS3 alone
induced a significant increase in CTSL expression
(P< 0.05), suggesting that the Smad pathway down-
stream of TGF-b suppresses CTSL expression constitu-
tively in pLFs. In contrast, inhibiting the major
noncanonical pathways of TGF-b, including the PI3K,
JNK and MEK pathways [20], did not rescue the reduc-
tion of CTSL expression, but further reduced it, albeit in-
significantly (supplementary Fig. S2A and B, available at
Rheumatology online). These data demonstrate that
TGF-b-induced reduction of CTSL in pLFs occurs via the
canonical Smad-mediated pathway.

Reduction of ES release is mediated via the
downregulation of CTSL upon TGF-b induction

To determine whether the reduction in ES release upon
TGF-b treatment is caused by the decrease in CTSL levels,
we designed a recombinant C-terminal Flag-tagged NC1
peptide (NC1-Flag), which corresponds to the NC1 domain
of Collagen XVIII, encompassing the ES peptide and up-
stream CTSL cleavage site [12]. The expression was con-
firmed by immunoblotting (Fig. 3A). Using the purified
recombinant peptide, we assessed ES cleavage activity in
pLF-conditioned SFM by quantifying the cleavage levels of
NC1-Flag via immunoblotting. We found that SFM from
TGF-b-treated pLFs had significantly reduced NC1-Flag
cleavage activity when compared with vehicle-treated
pLFs. NC1-Flag was cleaved rapidly over 24 h in the SFM
conditioned by vehicle-treated pLFs, achieving significant
reduction in levels at 6 h (P<0.05) and 24 h (P<0.01)
when compared with 1 h. NC1-Flag remained mostly intact
in the SFM conditioned by TGF-b-treated pLFs, showing a
reduction only at 24 h that was significant yet more modest
than the vehicle group (P<0.05) (Fig. 3B). To show that
this outcome is specific to the TGF-b-induced reduction in
CTSL levels, we treated media from vehicle-treated pLFs
with a selective CTSL inhibitor (CTSLi). CTSL inhibition

FIG. 2 CTSL expression in pLF is specifically inhibited by TGF-b’s canonical pathway

NL fibroblasts from different donors were treated with vehicle control, recombinant TGF-b and/or SIS3 (4 lM), PI3K in-
hibitor (10 lM), or JNK inhibitor (10 lM). Lysates and RNA were collected after 48 h. (A) Gene expression levels of
CTSL were quantified using qPCR (n¼ 5, three donors), and fold-change estimates were calculated to compare treated
samples with the untreated one (normalized to B2M). (B) Protein expression levels of CTSL were analysed by immuno-
blotting, with GAPDH used as loading control (n¼ 3, three donors). Graphs analysed by 1-Way analysis of variance
(Dunnett correction). Bars represent mean (S.E.M.). *P<0.05, **P< 0.01. pLF: primary human lung fibroblast; NL: normal
lung; SIS3: smad3 inhibitor; CTSL: Cathepsin L; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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abrogated the cleavage of the NC1-Flag peptide over 24 h
(Fig. 3B). Consequently, the cleaved ES product appeared
after 6 h and 24 h of incubation in the vehicle-treated SFM,
at levels significantly greater than those detected in TGF-
b-treated pLF SFM (P< 0.0001 at both 6 and 24 h)
(Fig. 3C and supplementary Fig. S3, available at
Rheumatology online). These findings demonstrate that the
reduced cleavage of ES from the NC1 domain is mediated
by the TGF-b-induced suppression of CTSL expression
and secretion.

pLFs sequester CTSL in EVs upon TGF-b stimulation

Since CTSL has been shown to localize to EVs in cell
lines other than lung fibroblasts [16, 17], we investigated
whether CTSL is also secreted in EVs of pLFs and
whether this localization is affected by TGF-b. We quanti-
fied EV size and concentration using nanoparticle tracking
analysis (NTA) (Fig. 4A). pLFs activated with TGF-b pack-
aged more CTSL into secreted EVs compared with
vehicle-treated pLFs (4.5-fold 6 0.7673; P< 0.05)
(Fig. 4B). The form detected in EVs was the less active
pro-form of CTSL (42 kDa). We therefore assessed
whether CTSL in EVs retains activity as measured by NC1
domain cleavage. To do so, we localized our NC1-Flag re-
combinant protein to EVs by overexpressing it in MRC-5
cells (supplementary Fig. S4, available at Rheumatology
online). We then treated NC1-Flag-expressing MRC-5
fibroblasts with TGF-b or vehicle. NC1-Flag in EVs

showed no cleavage in both treatment groups with no
evidence of mature CTSL (Fig. 4C). The data suggest
that TGF-b sequesters the less active pro-form of CTSL
into EVs released from pLFs, further contributing to
reduced availability of CTSL in the ECM.

SSc-derived pLFs express lower levels of CTSL and
sequester more CTSL in EVs than normal pLFs

Since lung fibroblasts are the effector cells in SSc-
related lung fibrosis [21], we investigated whether SSc-
derived pLFs express lower baseline levels of CTSL
than NL pLFs. Using RNA sequencing, we found that
CTSL expression is significantly reduced in SSc pLFs
compared with NL pLFs (log2FC¼ –1.1402; q-val-
ue¼ 7.09�10�4). Clustering analysis showed that CTSL
clustered similarly to known antifibrotic genes that were
differentially downregulated in SSc pLFs, unlike profi-
brotic genes whose expressions were increased in SSc
pLFs (Fig. 5A). We confirmed the RNA-seq data by com-
paring baseline gene expression in NL and SSc pLFs.
Our results show that SSc pLFs express significantly
less CTSL than their NL counterparts at both the mRNA
level (0.72-fold 6 0.071; P<0.05) (Fig. 5B) and the pro-
tein level (Fig. 5C) (0.52-fold 6 0.066; P< 0.05). When
comparing expression of COL18A1, we found that SSc
pLFs show significantly higher expression than NL pLFs
at baseline (3.238-fold 6 0.6997; P< 0.05). The decrease
in CTSL and increase in COL18A1 expression in SSc vs

FIG. 3 TGF-b reduces cleavage of NC1-Flag via downregulation of CTSL

(A) Expression of recombinant flag-tagged NC1 peptide. NC1 coding sequence was inserted in a flag tag overexpres-
sion plasmid and transfected into HEK 293 cells for 96 h. Empty plasmid transfection was used as control. (B) NL
fibroblasts from different donors were treated with vehicle control or recombinant TGF-b. Supernatants were collected
after 72 h of stimulation, inoculated with recombinant NC1-Flag, and incubated for 1, 3, 6 and 24 h at 37�C. A selective
CTSL inhibitor (CTSLi, 20 mM) was used in parallel on a VC-treated sample for 24 h. Cleavage of NC1-Flag was
detected via immunoblotting. (C) Generated ES was detected via immunoblotting at 6 and 24 h, using ES specific anti-
body (n¼ 3, three donors). Graphs analysed by (B) 1-way analysis of variance (Dunnett correction) and (C) 2-way ana-
lysis of variance (�S�ıdák correction). Bars represent mean (S.E.M.). *P<0.05, **P< 0.01, ****P<0.0001, ns: not
significant. CTSL: Cathepsin L; ES: endostatin; VC: vehicle control.
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NL pLFs were in concordance with the results from TGF-
b-treated NL pLFs (Fig. 1B–D). Similarly, SSc pLFs se-
quester more CTSL into EVs than NL pLFs (3.11-fold 6

0.484; P< 0.05) (Fig. 5E). To investigate the role of the
TGF-b Smad pathway on CTSL expression and localiza-
tion in SSc, we treated SSc pLFs with SIS3, which
restored CTSL gene expression (2.145-fold 6 0.289;
P<0.05), while expectedly suppressing COL1A1 expres-
sion (0.223-fold 6 0.065; P< 0.001) (Fig. 5F and G). At
the protein level, SIS3 induced CTSL expression and its
secretion into the media (2.589-fold 6 0.27; P<0.05),
yet no significant change in EV levels of CTSL was
observed (1.165-fold 6 0.284; P> 0.05) (Fig. 5H). These
data demonstrate that CTSL is an antifibrotic protein
whose expression and secretion freely into the ECM are
suppressed in SSc pLFs via the TGF-b/Smad pathway.

SSc-derived lung tissues express lower levels of
CTSL than normal lung tissues

To extend our findings to human lung tissues, we then
investigated the effect of TGF-b on CTSL levels ex vivo
in human lung tissue cores maintained in organ culture.
Gene expression levels of CTSL were significantly
reduced (0.693-fold 6 0.038; P< 0.01) in NL lung tissues
after 72 h of TGF-b treatment (Fig. 6A). This was mirrored
at the protein level with a significant reduction in CTSL
protein levels at 96 h post TGF-b treatment (0.375-fold 6

0.088; P< 0.001), as analysed via immunofluorescence
of sections of lung tissue cores (supplementary Fig. S5A
and B, available at Rheumatology online). Finally, to ex-
tend our findings to SSc lung tissues, we assessed
CTSL levels via immunofluorescence in sections of lung
tissues derived from five SSc vs five NL donors (Fig. 6B).
CTSL levels were significantly lower in SSc compared
with NL lung tissue sections (0.515-fold 6 0.0997;
P<0.01) (supplementary Fig. S6A, available at
Rheumatology online). As expected, the amount of tissue
per field, as indicated by nuclear count via DAPI stain,
was significantly higher in SSc tissues compared with
NL tissues (1.786 6 0.153; P< 0.001) due to the fibrotic
phenotype of the latter (supplementary Fig. S6B, avail-
able at Rheumatology online). Thus, we normalized CTSL
expression to DAPI count to compare expression relative
to cell number, which resulted in even more significant
reduction in CTSL levels in SSc compared with NL lungs
(0.305-fold 6 0.058, P< 0.0001) (Fig. 6C). To investigate
the type of cells expressing CTSL in NL vs SSc lung tis-
sues, we co-stained for CTSL and alpha smooth muscle
actin (a-SMA), a marker of myofibroblasts, as well as
prosurfactant protein C (pro-SPC), a marker of alveolar
epithelial type 2 cells. We noticed that SSc lung tissues
with increased a-SMA expression showed minimal to no
expression of CTSL compared with NL (Fig. 6D and sup-
plementary Fig. S7A, available at Rheumatology online),
while areas with CTSL expression in both NL and SSc

FIG. 4 TGF-b increases packaging CTSL into EV, where it remains inactive

NL fibroblasts from different donors were treated with vehicle control or recombinant TGF-b. Supernatants and lysates
were collected after 48 h of stimulation. EV were isolated from supernatants and lysed. (A) EV size and concentration
were quantified using NTA. (B) EV content of CTSL, CD81 and Calnexin (negative control) were analysed by immuno-
blotting upon loading equal EV number in each lane. Cellular lysates were analysed as well for proof of successful EV
isolation (n¼3, thee donors). Densitometry analysis was performed. The CTSL/CD81 ratio in the EV fractions was cal-
culated as an indicator of the extent of CTSL packaging in EV. Graphs (right panels) analysed by paired sample t-test.
Bars represent mean (S.E.M.). (C) NC1-Flag was localized to the EVs of MRC-5 cells via overexpression, then cells were
treated with vehicle control or recombinant TGF-b. EVs and lysates were collected after 48 h of stimulation. NC1-Flag,
cleavage product ES-Flag and CTSL (pro and mature) were detected via immunoblotting in cellular and EV lysates
(n¼ 3). GAPDH was used as a loading control for cellular lysates, and CD81 (EV marker) was used as a reference for
EV lysates. EV: extracellular vesicles; ES: endostatin; CTSL: Cathepsin L; NL: normal lung; NTA: nanoparticle tracking
analysis; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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co-localized with pro-SPC (Fig. 6E and supplementary
Fig. S7B, available at Rheumatology online). Thus, our
data demonstrate that SSc lungs express reduced levels
of CTSL when compared with NL lungs, which is driven
by activated myofibroblasts.

Discussion

We previously reported that ES is a potent antifibrotic
peptide [7, 8]. CTSL is the most efficient proteinase
known to cleave and release ES from Collagen-XVIII [12,
13]. While ES is detected in the circulation and bron-
choalveolar lavage fluid of SSc patients [10, 11], it does

not reach anti-fibrotic levels [8], suggesting that reduced
ES release via decreased CTSL expression is a potential
mechanism which promotes lung fibrosis in SSc.

TGF-b signalling plays a central role in fibrosis initi-
ation and progression, in part via its effect on fibroblast
activation [20, 21]. This is especially true in SSc-related
fibrosis, where fibrotic genes downstream of TGF-b were
shown to be upregulated in fibrotic lungs and skin of
SSc patients [22, 23, 28, 29]. We therefore investigated
the effect of TGF-b on Collagen-XVIII and ES levels in
pLFs, the effector cells in fibrosis [21]. We showed that
while ES generation is significantly reduced, Collagen
XVIII expression is increased by TGF-b. This suggests
that the TGF-b-induced reduction in ES levels cannot be

FIG. 5 SSc-derived pLFs express lower levels of CTSL and sequester more CTSL in EVs than normal pLFs

(A) RNA-seq data comparing RNA expression of pro and antifibrotic genes between five independent SSc-derived
pLFs vs five independent NL-derived pLFs. CTSL indicated in red box. (B) Fold change in baseline CTSL gene expres-
sion levels were quantified using qPCR comparing NL (n¼16) vs SSc (n¼8) derived pLFs (normalized to B2M). (C)
CTSL protein levels in cell lysates of NL (n¼3) and SSc (n¼ 3) pLFs in passage 3 were analysed by immunoblotting.
GAPDH was used as a loading control for densitometry analysis. (D) Fold change in baseline COL18A1 gene expres-
sion levels were quantified using qPCR comparing NL (n¼ 7) vs SSc (n¼ 8) derived pLFs (normalized to B2M). (E) EV
content of CTSL and CD81 in NL (n¼ 3) and SSc (n¼3) was analysed by immunoblotting (representative blot shown),
and CTSL/CD81 densitometry ratio was measured. Gene expression levels of (F) CTSL and (G) COL1A1 were
quantified using qPCR (n¼ 5, 3 independent SSc donors), and fold-change estimates were calculated to compare
SIS3-treated pLFs with the DMSO-treated pLFs (normalized to B2M). (H) CTSL protein levels were analysed by im-
munoblotting in CM, cell lysates and EV lysates. GAPDH was used as a loading control for cell lysates, and CD81 as
a reference for EV lysates, to which relative densitometry analysis was performed (n¼ 3, two independent SSc donors).
Graphical presentation of the data analysed by paired sample t-test for SIS3- vs DMSO-treated pLFs, and unpaired
sample t-test for NL vs SSc pLFs. Bars represent mean (S.E.M.). *P< 0.05, ***P<0.001. pLF: primary human lung fibro-
blast; CTSL: Cathepsin L; EV: extracellular vesicles; COL18A1: Collagen type XVIII alpha 1 chain; B2M: b2-microglobu-
lin; CM: conditioned media; NL: normal lung; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

Joe E. Mouawad et al.

1312 https://academic.oup.com/rheumatology



explained by the downregulation of its parent protein,
Collagen XVIII, but rather by a post-translational cleav-
age event. In fact, the increase in Collagen XVIII expres-
sion could be serving as a potential compensatory
mechanism for the insufficient ES levels by increasing
expression of the parent protein. Recently, Ojalill et al.
showed that while human prostate fibroblasts can accu-
mulate Collagen XVIII in the ECM, endostatin was only
cleaved from the NC1 domain when CTSL was available
[30]. This further supports the original study by Felbor
et al. showing that murine CTSL generates endostatin
from Collagen XVIII [12], which was later demonstrated
for human CTSL as well [13]. With the evidence high-
lighting the role of CTSL in ES generation from Collagen

XVIII, we sought to study the effect of TGF-b-driven lung
fibrosis on CTSL expression, secretion and activity re-
sponsible for the release of ES.

Our data indicated that following TGF-b activation,
pLFs reduced the availability of CTSL in the ECM, where
it could otherwise activate ES. This occurred in both a
direct and an indirect manner. Directly, TGF-b inhibited
CTSL expression at the transcriptional level, followed by
a consequent reduction in CTSL protein secretion. The
secretion of CTSL is needed to generate ES from
Collagen XVIII [12]. Since ES is a potent antifibrotic pro-
tein [7, 8], it is possible that its blunted release, via
reduced availability of CTSL in the extracellular milieu, is
a mechanism by which lung fibrosis is promoted in SSc

FIG. 6 SSc-derived lung tissues have lower levels of CTSL than normal lung tissues

(A) CTSL gene expression levels in TGF-b-treated NL tissues were quantified using qPCR, and fold-change estimates
were calculated to compare TGF-b to vehicle (normalized to PPIB). (n¼4, four donors). (B) Representative images of
immunofluorescence staining of NL vs SSc sections showing CTSL expression (green) and nuclear DAPI staining
(blue) (scale¼200 lm). (C) Normalization of CTSL intensity to DAPI count as a representation of CTSL expression rela-
tive to tissue amount per field (fold change). Each colour represents a donor. Three fields were used from each of
n¼5 independent NL donors and n¼5 independent SSc donors. (D) Representative images of co-immunofluores-
cence staining of NL and SSc sections showing CTSL expression (green), a-SMA (red) or (E) pro-SPC (red) and nu-
clear DAPI staining (blue) (Scale¼20 lm). Bars in panels (A) and (C) represent mean (S.E.M.). **P< 0.01, ****P< 0.0001.
CTSL: Cathepsin L; COL18A1: Collagen type XVIII alpha 1 chain; PPIB: Peptidylprolyl Isomerase B; NL: normal lung.
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patients. Interestingly, recent studies have shown that
CTSL gene and protein expression are inversely associ-
ated with fibrosis progression. In mice, Zhang et al.
showed reduced CTSL protein expression in kidneys
post-unilateral ureter obstruction (UUO)-induced fibrosis
[15]. In the same study, CTSL knockout mice had signifi-
cantly increased collagen deposition and worsened kid-
ney fibrosis post-UUO compared with wildtype mice
[15]. Furthermore, Yamashita et al. demonstrated that
serum CTSL protein levels in SSc patients were inversely
correlated with severity of dermal fibrosis [14]. They also
showed reduced CTSL mRNA expression in bleomycin-
induced fibrotic skin of mice [14].

Mechanistically, we show that the CTSL transcriptional
suppression is governed by the TGF-b canonical path-
way (Smad-dependent pathway) as the reduction in
CTSL levels was abrogated with a selective Smad3 in-
hibitor [27]. Interestingly, the inhibitor alone significantly
induced CTSL expression, which suggests that the ca-
nonical pathway suppresses CTSL expression in a con-
stitutive fashion. In fact, the Smad pathway has been
shown to constitutively play a homeostatic role in fibro-
blasts, as Huang et al. demonstrated the importance of
fibroblast-specific Smad3 in regulating baseline collagen
synthesis [31]. Smad3 activation and translocation of the
Smad2/3/4 complex to the nucleus can result in CTSL
gene regulation since the CTSL promoter contains
Smad-binding elements [32]. This binding can result in
activation or repression of gene expression. For ex-
ample, repression of gene expression by TGFb-activated
Smad3 was shown by Ali et al. who demonstrated that
TGF-b represses expression of REGc in a TGF-b Smad-
dependent manner in H1299 and HaCat cells [33]. Since
upregulated TGF-b signalling has been demonstrated in
SSc tissues [22, 34], it is plausible that a constitutively
suppressed CTSL production is a contributing factor to
the development of lung fibrosis. In contrast, blocking
major noncanonical pathways with different specific
inhibitors did not abrogate the TGF-b-induced reduction
of CTSL, but rather further reduced it. This might be due
to the amplification of the canonical pathway upon
blocking other TGF-b downstream pathways [20], further
implicating the Smad-dependent pathway in inhibiting
CTSL expression.

TGF-b also indirectly reduced CTSL availability by
sequestering available pro-CTSL into secreted EVs, limit-
ing its otherwise activation and access to Collagen XVIII.
Using isotope pulse/trace proteomics in hypothalamic
cells, Tan et al. showed evidence that newly synthesized
and pre-existing pro-CTSL can exhibit preferential local-
ization into EVs [17]. Moreover, many studies have
shown that inhibition of lysosomal function, such as in
lysosomal storage diseases and neurodegenerative dis-
eases, increases release of EVs [35, 36]. This phenom-
enon is thought to maintain homeostasis by
compensating for the impaired protein degradation intra-
cellularly [35]. Since TGF-b reduces expression and se-
cretion of pro-CTSL by pLFs, it is possible that the
intracellular accumulation of a pool of CTSL triggers its

release into EVs. It is important to note that auto-
activation of pro-CTSL into mature active CTSL is de-
pendent on the low pH environment of the lysosomal
lumen, after which CTSL is secreted freely into the extra-
cellular space via lysosomal exocytosis [16, 37]. Even
pro-CTSL secreted into the extracellular space can en-
counter an acidic microenvironment that allows for acti-
vation and prolonged activity of mature CTSL [16, 38].
While we and others show that only the pro-form of
CTSL is found in EVs [17], our data further suggest that
pro-CTSL is not activated in pLF-derived EVs, since
there was no cleavage of EV-localized NC1-Flag. Further
studies are needed to assess whether recipient cells
could potentially activate the pro-CTSL delivered via
EVs.

Translating our findings using SSc pLFs and lung tis-
sues confirmed that CTSL expression is significantly
downregulated in SSc when compared with normal
donor pLFs and lung tissues, and the decreased CTSL
levels are attributed to myofibroblasts. Our previous
microarray analysis of SSc lung tissues and fibroblasts
confirms decreased CTSL levels in SSc as well as in
idiopathic pulmonary fibrosis [23], suggesting that
reduced CTSL levels is a shared feature of pulmonary fi-
brosis across the two diseases. In fact, clustering ana-
lysis of known profibrotic and antifibrotic genes in our
RNA sequencing data clustered CTSL with the antifi-
brotic group of genes that were similarly downregulated
in SSc pLFs, such as IL33, SFRP1, PPARG, ELOVL6,
PHLDA1 and others [39–43]. This supports the antifi-
brotic role of CTSL in healthy lungs. In addition, multiple
studies have shown TGF-b to be central in SSc-related
lung fibrosis [22]. Christmann et al. demonstrated that
lung tissues from biopsied SSc patients showed
increased expression of TGF-b-regulated genes which
correlated with progressive lung fibrosis [44]. Further, we
previously reported that SSc-derived pLFs expressed
higher TGFB1 mRNA levels at baseline than healthy
pLFs [45]. Thus, there is increasing evidence demon-
strating that TGF-b expression is constitutively aug-
mented in SSc pathology. In fact, downstream canonical
Smad3 phosphorylation and its nuclear localization were
found to be constitutively elevated in SSc-derived fibro-
blasts [46]. In that sense, constitutive TGF-b/Smad-
driven suppression of CTSL expression and secretion by
pLFs in SSc lung parenchyma effectively reduces release
of ES and its antifibrotic effects.

Taken together, our data implicate the TGF-b–CTSL–
ES axis as a novel pathway in SSc-associated lung fibro-
sis. Since TGF-b is a pleiotropic signalling molecule with
important physiological roles, targeting it as a fibrotic
therapy for SSc has led to serious adverse events [47,
48]. Therefore, current efforts are focused on targeting
molecules downstream of TGF-b. Although various
mechanisms have been identified in lung fibrosis, our
study highlights CTSL as an important protein for the
anti-fibrotic response and suggests that inducing its en-
dogenous expression in fibrotic lung diseases in SSc
and idiopathic pulmonary fibrosis is a viable therapeutic

Joe E. Mouawad et al.

1314 https://academic.oup.com/rheumatology



strategy to reduce lung fibrosis, by boosting release of
its anti-fibrotic target, ES.

Acknowledgements

J.E.M. and C.F.-B. designed the experiments, J.E.M. per-
formed the research, and collected and analysed data,
S.S. contributed to experimental design, L.R. analysed
data, J.P.M. and S.N.N. acquired human tissues, J.E.M.
wrote the first draft, J.E.M., S.S., L.R. and C.F.-B. inter-
preted data and contributed to manuscript writing; all
authors edited and approved the final version.

Funding: This work was supported by the National
Scleroderma Foundation via a pre-doctoral award
(J.E.M.), K24 AR060297 (C.F.-B.), T32 AR050958 (L.R.)
and T32 HL144470 (S.S.).

Disclosure statement: The authors have declared no con-
flicts of interest.

Data availability statement

The data are included in the article and the accompany-
ing supplementary material.

Supplementary data

Supplementary data are available at Rheumatology
online.

References

1 Wynn TA, Ramalingam TR. Mechanisms of fibrosis:
therapeutic translation for fibrotic disease. Nat Med 2012;
18:1028–40.

2 Ho YY, Lagares D, Tager AM, Kapoor M. Fibrosis–a
lethal component of systemic sclerosis. Nat Rev
Rheumatol 2014;10:390–402.

3 Elhai M, Meune C, Boubaya M et al.; EUSTAR group.
Mapping and predicting mortality from systemic
sclerosis. Ann Rheum Dis 2017;76:1897–905.

4 Khanna D, Lin CJF, Furst DE et al.; focuSSced
investigators. Tocilizumab in systemic sclerosis: a
randomised, double-blind, placebo-controlled, phase 3
trial. Lancet Respir Med 2020;8:963–74.

5 Distler O, Highland KB, Gahlemann M et al.; SENSCIS
Trial Investigators. Nintedanib for systemic sclerosis-
associated interstitial lung disease. N Engl J Med 2019;
380:2518–28.

6 Zatterstrom UK, Felbor U, Fukai N, Olsen BR. Collagen
XVIII/endostatin structure and functional role in
angiogenesis. Cell Struct Funct 2000;25:97–101.

7 Nishimoto T, Mlakar L, Takihara T, Feghali-Bostwick C.
An endostatin-derived peptide orally exerts anti-fibrotic
activity in a murine pulmonary fibrosis model. Int
Immunopharmacol 2015;28:1102–5.

8 Yamaguchi Y, Takihara T, Chambers RA et al. A peptide
derived from endostatin ameliorates organ fibrosis. Sci
Transl Med 2012;4:136ra71.

9 Sharma S, Watanabe T, Nishimoto T et al. E4 engages
uPAR and enolase-1 and activates urokinase to exert
antifibrotic effects. JCI Insight 2021;6:e144935.

10 Hebbar M, Peyrat JP, Hornez L et al. Increased
concentrations of the circulating angiogenesis inhibitor
endostatin in patients with systemic sclerosis. Arthritis
Rheum 2000;43:889–93.

11 Richter AG, McKeown S, Rathinam S et al. Soluble
endostatin is a novel inhibitor of epithelial repair in
idiopathic pulmonary fibrosis. Thorax 2009;64:156–61.

12 Felbor U, Dreier L, Bryant RA et al. Secreted cathepsin L
generates endostatin from collagen XVIII. EMBO J 2000;
19:1187–94.

13 Ferreras M, Felbor U, Lenhard T, Olsen BR, Delaissé J.
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