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At a Glance Commentary

Scientific Knowledge on the Subject:

Idiopathic pulmonary fibrosis (IPF) is a pulmonary disease involving fibrotic changes of
the lung with unknown etiology, for which there is no cure. The pathogenesis of IPF
involves dysregulated wound healing, damage to lung epithelium, fibroblast/myofibroblast
activation and excessive extracellular matrix production, leading to aberrant lung
remodeling. The receptor-like protein tyrosine phosphatase eta (CD148) exerts anti-
fibrotic effects in experimental pulmonary fibrosis via interactions with its ligand syndecan-
2: however, the role of CD148 in fibroblast activation remains unknown.

What This Study Adds to the Field:

In this study, we demonstrate that CD148 expressed in lung fibroblasts can confer
antifibrotic effects in human and experimental pulmonary fibrosis. CD148-deficient
fibroblasts exhibited hyperactivated PISK/Akt/mTOR signaling, reduced autophagy and
increased p62 accumulation, leading to NF-kB activation, which we identify as a novel
mechanism regulating profibrotic gene expression. CD148-targeting peptides can exert

anti-fibrotic effects and show therapeutic potential in experimental and human fibrosis.
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Abstract

Rationale: The receptor-like protein tyrosine phosphatase eta (CD148/PTPRJ) exerts
anti-fibrotic effects in experimental pulmonary fibrosis via interactions with its ligand
syndecan-2; however, the role of CD148 in human pulmonary fibrosis remains
incompletely characterized.

Objectives: We investigated the role of CD148 in the profibrotic phenotype of fibroblasts
in idiopathic pulmonary fibrosis (IPF).

Methods: Conditional CD148 fibroblast-specific knockout mice were generated and
exposed to bleomycin, and then assessed for pulmonary fibrosis. Lung fibroblasts (mouse
lung, and human IPF lung), and precision cut lung slices (PCLS) from human IPF patients
were isolated and subjected to experimental treatments. A CD148-activating 18-aa
mimetic peptide (SDC2-pep) derived from syndecan-2 was evaluated for its therapeutic
potential.

Measurements and Main Results: CD148 expression was downregulated in IPF lungs
and fibroblasts. In human IPF lung fibroblasts, silencing of CD148 increased extracellular
matrix production and resistance to apoptosis, whereas overexpression of CD148
reversed the profibrotic phenotype. CD148 fibroblast-specific knockout mice displayed
increased pulmonary fibrosis after bleomycin challenge compared to control mice.
CD148-deficient fibroblasts exhibited hyperactivated PI3K/Akt/mTOR signaling, reduced
autophagy and increased p62 accumulation, which induced NF-xB activation and
profibrotic gene expression. SDC2-pep reduced pulmonary fibrosis in vivo, and inhibited
IPF-derived fibroblast activation. In PCLS from IPF and control patients, SDC2-pep

attenuated profibrotic gene expression in IPF and normal lungs stimulated with pro-fibrotic
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stimuli.

Conclusions: Lung fibroblast CD148 activation reduces p62 accumulation, which exerts
anti-fibrotic effects by inhibiting NF-kB mediated profibrotic gene expression. Targeting
the CD148 phosphatase with activating ligands such as SDC2-pep may represent a
potential therapeutic strategy in IPF.

Abstract: 250 words

Keywords: CD148, Fibroblast, Idiopathic pulmonary fibrosis, Nuclear Factor-

kappa-B, Syndecan-2
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive lung disease characterized by lung
scarring (1). The incidence of IPF is age-dependent, and has a high rate of mortality, with a
median survival of three years (1). The pathogenesis of IPF involves dysregulated wound healing
with continuous damage to lung epithelium, fibroblast/myofibroblast activation and excessive
extracellular matrix (ECM) production, leading to aberrant lung remodeling (2). Since activated
fibroblasts and myofibroblasts are among the key effectors of organ fibrogenesis, determining the
molecular mechanisms underlying their pro-fibrotic phenotype may accelerate therapeutic
development in IPF (2). Although existing antifibrotic therapies can slow progression of the
disease (3, 4), none can reverse existing fibrosis. Thus, there remains an urgent unmet need to
identify new therapeutic targets in IPF.

The receptor-like protein tyrosine phosphatase-eta (PTPRJ/CD148) is expressed throughout the
hematopoietic system and in the lung, pancreas, thyroid, kidney, mammary glands and nervous
system. CD148 consists of 1,337 amino acids with a single phosphatase domain containing the
conserved motif (I/V)HCXAGXGR(S/T)G common to protein tyrosine phosphatases (PTPs) (5).
CD148 can regulate cell proliferation, apoptosis, migration and invasion in multiple cancers (6-8).
CD148 can dephosphorylate and inactivate proteins that regulate mitogenic signals (i.e., PDGF,
EGF and VEGF) and act as a putative negative regulator of growth factor receptor signaling, via
PTP activity (9, 10). Moreover, CD148 can negatively regulate PI3K/Akt signaling by
dephosphorylating p85 (the regulatory subunit of PI3K) (11, 12). Hyperactivation of PI3K signaling
and shared phenotypes between profibrotic fibroblasts derived from IPF lung and cancer cells
(e.g., increased invasiveness, migration and resistance to cell death) suggest a contributory role
of CD148 in IPF (13-15). Here, we sought to delineate the mechanism(s) by which CD148
regulates fibroblast activation and its role as a therapeutic target in IPF.

Syndecans (SDCs) are cell surface heparan sulfate proteoglycans that regulate many cellular

functions including proliferation, migration, and cell survival (16). We have shown that syndecan-2
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(SDC2), a ligand of CD148, is highly expressed in IPF lungs and alveolar macrophages (AMs)
(17). Transgenic overexpression of SDC2 or treatment with SDC2 attenuated experimental lung
fibrosis via CD148 (18), which is consistent with experimental reports in endothelial and T-cells
(19-20). However, the precise role of fibroblast CD148 in the pathogenesis of human pulmonary
fibrosis is largely unexplored. Some of the results of these studies have been previously reported
in the form of an abstract (21).

Methods

Primary Pulmonary Fibroblasts

The institutional review board at Brigham and Women’s Hospital approved all experiments. Lung
fibroblasts were isolated from lung transplantation recipients with IPF or nonfibrotic lungs. Mouse
lung fibroblasts were isolated as described (22). Fibroblasts were cultured in DMEM media
containing 10% FBS and antibiotics (Corning) in humidified incubators at 37°C and 10% CO,. To
induce Cre recombinase expression in Ptprj"f/ Col1a2-Cre-ER(T)*° or Col1a2-Cre-ER(T)*° lung
fibroblasts, cells were treated with 4-hydroxytamoxifen (4-OHT, 1 uM).

Mice

All protocols were approved by the Brigham and Women’s Hospital Standing Committee for
Animal Welfare. C57BL/6 mice (Charles River) were used at 8 weeks of age. GFP-LC3 transgenic
mice were described (23). To generate fibroblast-specific CD148-knockout mice, transgenic
Col1a2CeER(M*0 and Ptprj”" mice which possess loxP sites on both sides of exon 18, a
transmembrane domain of Ptprj (Jackson Laboratory) were crossbred. Ptprj" Col1a2Cre-ER(M)*+0
mice (8—10 weeks old) or control Col1a2C-ER(M*0 mice were administered tamoxifen (75 mg/kg,
i.p.) for 5 days before experimental treatments and every 72 h until sacrifice (Figure E11).
Bleomycin model of pulmonary fibrosis

Lung fibrosis was elicited in mice by BLM (0.75 mg/kg, intratracheal) (Cayman Chemical); control

mice received an equal volume of saline. Mice were sacrificed 21 days after BLM instillation. BAL
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fluids were analyzed for immune cell counts. The left lung was analyzed for hydroxyproline (18).
The right lung lobes were assessed for gene expression and histology.

SDC2-ED 18-aa peptide (SDC2-pep) administration

SDC2-ED 18-aa peptide (SDC2-pep, 0.5 mg/kg in 50 ul PBS) or PBS (vehicle) was administered
at days 10, 12, 14, 16 and 18 post-BLM or saline treatment in mouse strains by intranasal
instillation. Mice were sacrificed at day 24.

Precision Cut Lung Slices (PCLS)

PCLS from control and IPF lungs were prepared as described (24, 25), and transfected with scr,
shCD148, EV or pLenti-GllI-CD148-HA lentiviral particles (1~1.5 MOI per slice). 12 h later, PCLS
were incubated £ SDC2-pep (5 uM) for 72 h. PCLS were subjected to immunofluorescent staining
or gene expression analysis.

Histopathology and Immunofluorescent co-staining

Human lung sections were fixed and immunostained for a-SMA and CD148. Mouse lungs were
collected on Day 21 after BLM and stained with hematoxylin and eosin (H+E) or Masson’s
trichrome. See Supplementary Methods for details.

Transfection, gene expression, and cellular assays

Lung fibroblasts were stably transfected with either shRNA targeting CD148 (SigmaAldrich) or
expression plasmid containing CD148 cDNA (ABMgood) by standard methods. Transient
transfection assays were performed using FUGENE 6 transfection reagent (Promega) (26).
Immunoblot and qPCR analyses (27), and gel contraction assays (18) were performed as
described. Cell viabilty was determined using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) and trypan blue exclusion assays as described (26). Caspase-3
activity was measured using a kit (#K006-100, Biovision). See Supplementary Methods for details.

Statistical analysis
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Data are expressed as mean + SEM. Kaplan-Meier survival curves were analyzed by log-rank
tests to assess for differences in survival. For comparisons between two groups, we used
Student’s unpaired t test or Mann-Whitney’s non-parametric test. Statistical significance was
defined as P<0.05. One-way analysis of variance, followed by Newman-Keuls or Tukey’s post-
test analysis or Kurskal-Wallis non-parametric test, was used for analysis of more than two

groups.

Results

CD148 is downregulated in IPF

We measured the expression of CD148 in IPF or control lungs and in cell isolates from these
lungs. CD148 protein and corresponding Pfprj mRNA levels were downregulated in IPF lungs
compared to control lungs (Figure 1, A-B). In IPF lung homogenates enriched for fibroblasts
(Figure E1) (28), Ptpri mRNA was downregulated relative to fibroblast-enriched control lung
homogenates (Figure 1C). Immunofluorescence staining revealed that CD148 co-stained with
vimentin-positive cells in control lungs, indicating its expression in fibroblasts, whereas CD148
staining was significantly reduced in IPF lungs (Figure 1D). Co-staining of IPF lungs with aSMA
and CD148 confirmed that CD148 is downregulated in myofibroblasts (Figure E2A). Analysis of
a previously reported single cell RNA sequencing (scRNAseq) dataset for IPF lung (29) revealed
downregulated CD148 gene expression in IPF myofibroblasts compared to controls, which did
not achieve statistical significance (Figure E3). CD148 gene expression was modestly increased
in IPF fibroblasts compared to control fibroblasts (Figure E3). Finally, we determined that
CD148 was also expressed in alveolar epithelial type | and type Il (AT1 and AT2) cells from control
lungs (Figure E2B), with reduced staining (Figure E2B) and lower mRNA expression (Figure E4A)

in AT2 cells from IPF lungs.
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CD148 regulates the profibrotic phenotype of lung fibroblasts derived from IPF patients
Fibroblasts isolated from IPF lungs have increased ECM production and resistance to cell death
and apoptosis (30-32). To determine the role of CD148 in fibroblasts isolated from IPF lungs, we
silenced CD148 expression in these cells using shCD148 (Figure 1E). CD148 silencing resulted
in higher gene expression of fibronectin (Fn) and collagen 1a1 (Col1at1) in IPF-derived lung
fibroblasts relative to scramble (scr)-transfected IPF fibroblasts (Figure 1F). Furthermore, IPF
fibroblasts were resistant to cell death induced by Fas ligand (FasL) (Figure E4B). This effect was
enhanced in CD148-deficient cells (Figure 1G). Overexpression of CD148 using stable lentiviral
transduction with pLenti-CD148-HA (Figure 1H) resulted in downregulation of ECM gene
expression (Fn, Col1a1) (Figure 11), increased cell death (Figure 1J) and enhanced caspase-3
activity (Figure E4C).

CD148 deficiency in fibroblasts leads to increased pulmonary fibrosis in bleomycin (BLM)-
challenged mice

To investigate the role of CD148 in pulmonary fibrosis, we generated mice with a fibroblast-
specific conditional deletion of CD148 (Ptprj”? Col1a2Cre-ER(M*0)  CD148 was deleted in lung
fibroblasts isolated from tamoxifen-treated Ptprj"f Col1a2¢e-ERM*0 mice (Figure E5A). We
exposed Ptprj! Col1a2Ce-ERM*0 mice or Col1a2CeERM*0 (control) mice to BLM to induce
pulmonary fibrosis. At 21 days following BLM instillation, Ptprj”" Col1a2¢-ER(M*0 mice displayed
greater lung interstitial thickening compared to control mice (Figure E5B). The fibroblast-specific
CD148 deficient mice also displayed markedly higher lung collagen content, by Masson’s
Trichrome stain (Figure 2A) and hydroxyproline measurements (111.8£18.5 vs. 80.8+8.8
Mg/ml/lobe) (Figure 2B), reduced survival (Figure 2C), higher lung expression of a-SMA (Figure
2, D-E) and profibrotic genes (Fn, Col1a1, and Ctgf) (Figure 2, F-G) and reduced CD148
expression (Figure 2, D-E). There was no difference in inflammatory cell counts in the

bronchoalveolar lavage (BAL) fluid between the strains after BLM challenge (Figure E5C).
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CD148 deficiency leads to increased myofibroblast differentiation, ECM production and
resistance to apoptosis in fibroblasts after TGF-1 stimulation

Lung fibroblasts from Ptprj"" Col1a2C-ER(M+0 and Col1a2C<ER(M*0 (control) mice were isolated.
CD148 deficiency enhanced TGF-B1-induced myofibroblast differentiation, as determined by a-
SMA expression (Figure 2H) and increased the ECM gene expression (Col1at and Fn) (Figure
21). Cell contractility was higher in Ptprj- fibroblasts compared to wild type cells after TGF-f31
treatment (Figure 2J). TGF-B1 stimulation induced resistance to FasL-induced cell death and
apoptosis in wild-type cells, which was exacerbated in Ptprj’- fibroblasts (Figure 2K). CD148
deficiency also increased cell proliferation induced by TGF-f1 in fibroblasts (Figure ESD).
CD148 deficiency upregulates TGF-B1-induced PI3K/Akt/mTOR signaling

CD148 regulates PI3K signaling by dephosphorylating (inactivating) the regulatory subunit of
PI3K (p85) (11). As PI3K/Akt signaling is upregulated in activated fibroblasts and contributes to
the development of pulmonary fibrosis (13, 15, 33), we investigated whether CD148 deficiency
can enhance PI3K/Akt/mTOR signaling induced by TGF-f1 in lung fibroblasts derived from Ptprj"
Col1a2C¢reER(M*0 mice. TGF-B1 treatment upregulated the phosphorylation of PI3K (p85 subunit),
Akt, mTOR and mTOR-related signaling proteins (p70 S6-kinase and S6) (Figure 3A). CD148
deficiency further increased the expression of phospho (p)-PI3K, p-Akt, p-mTOR, and
downstream targets, p-p70 and p-S6 (Figure 3A, and Figure EGA).

CD148 deficiency inhibits autophagy and leads to p62 accumulation in lung fibroblasts
Activation of mTOR suppresses autophagy in IPF-derived fibroblasts (30). As the absence of
CD148 leads to activation of mTOR, a regulator of autophagy, we hypothesized that CD148
deficiency could potentially modulate autophagy. TGF-B1 downregulated autophagy in lung
fibroblasts, as reflected by reduced expression of microtubule associated protein-1 light chain-3B
(LC3)-II (active form) relative to LC3-I, and increased p62 expression (Figure 3B and Figure EG,

B-D). CD148 deficiency exacerbated the suppression of autophagy by TGF-31 (Figure 3B). We
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also examined relative autophagic flux using LC3 turnover assay. Wild type and Ptprj’- fibroblasts
were treated with chloroquine which inhibits autophagosome-lysosome fusion and consumption
of LC3B; this causes an accumulation of LC3-II that reflects the rate of autophagosome formation
in the presence or absence of TGF-B1. CD148 deficient fibroblasts exhibited delayed LC3-II
accumulation compared to control fibroblasts (Figure 3C and Figure EG6E). Decreased
autophagosome formation was also observed in LC3-GFP transgenic lung fibroblasts in the
absence of CD148 (Figure 3, D-E). We next investigated whether the PI3BK/mTOR axis and p62
upregulation are essential for the pro-fibrotic response in CD148 deficient cells. We found that
increase of a-SMA in CD148-deficient cells in response to TGF-B1 was attenuated by wortmannin
(a PI3K inhibitor), rapamycin (an mTOR inhibitor) and by p62 knockdown using sh-p62 (Figure
E7).

p62-dependent NF-xB activation drives transcriptional regulation of profibrotic gene
expression

In cancer cells, p62 accumulation activates NF-kB by phosphorylating the inhibitor of kappa-B
kinase (IKK), resulting in degradation of the kappa-B inhibitor (I-kB) and NF-«B nuclear
translocation (34, 35). We thus sought to determine the relevance of this pathway in fibrogenesis.
CD148-deficient cells (Ptprf”) had higher levels of p-IKKa/p and p-I-xB (Figure 4A), and higher
nuclear accumulation of NF-xB (p65 subunit) (Figure 4B) in response to TGF-B1. In CD148-
deficient lung fibroblasts, Col/7a’ and Acta2 mRNA expression levels were dependent on
PI3K/Akt, mTOR and p62 levels in response to TGF-B1 (Figure 4, C-D). Interestingly, NF-xB
activity in CD148-deficient cells was also dependent on PI3K/Akt, mMTOR and increased p62 levels
(Figure 4E). The NF-kB inhibitor Bay 11-7082 inhibited TGF-B1-dependent increase in Col1a1
expression in CD148-deficient cells (Figure 4F). Taken together, we demonstrate for the first time
that decreased autophagy may ftranscriptionally modulate profibrotic gene expression by

enhancing a p62/NF-«B signaling axis. Furthermore, we demonstrate that CD148 counteracts this
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signaling axis by inhibiting the PIBK/Akt/mTOR pathway. We also further confirmed the role of
CD148 in regulating this pathway by overexpressing CD148 in human lung fibroblasts. As shown
in Figure E8, overexpression of CD148 attenuated p62, p-IKKa/f, p-I-kB expression and inhibited
NF-«xB luciferase activity in response to TGF-f31.

An 18-aa SDC2-ED derived peptide (SDC2-pep) inhibits pulmonary fibrosis via CD148 in
vivo and in vitro

Two known extracellular proteins, thrombospondin and SDC2, can bind to CD148 and activate
PTP activity (20, 36). Furthermore, we have previously identified an 18-aa sequence of the SDC2
ectodomain responsible for binding and activation of CD148 in endothelial cells (19, 20). We
therefore evaluated the therapeutic potential of a SDC2-peptide (SDC2-pep) in the mouse model
of BLM-induced fibrosis. We exposed Ptprj Col1a2¢-ER(M*0 mice or Col1a2C¢e-ER(M*/0 (control)
mice to BLM followed by administration of SDC2-pep beginning on day 10 after BLM, once daily,
for 5 consecutive days. The SDC2-pep significantly inhibited pulmonary fibrosis in control mice,
while in Ptprj”" Col1a2¢re-ER(M*0 mice the antifibrotic effect was significantly reduced but not absent
(Figure 5, A-C, and Figure E9A), suggesting CD148-independent effects in lung fibroblasts or
other cells in the fibrotic niche. SDC2-pep inhibited profibrotic gene expression (Fn, Col1A1, Ctgf)
in control mice (Figure 5, C-D). There was a trend towards decreased BAL total cell counts in
control mice treated with SDC2-pep but not in Ptprj”" Col1a2Cre-ER(M*0 mice (Figure E9B) after
BLM.

Next, fibroblasts were stimulated with TGF-f1 in the absence or presence of SDC2-pep. TGF-$1
treatment increased the expression of p-Akt, p-mTOR, p62, p-IKKa/B, and a-SMA in wild type
fibroblasts (Figure 5E, and Figure E10). This effect was markedly abrogated by treatment with
SDC2-pep. In contrast, the inhibitory effect of SDC2-pep on TGF-B1-dependent expression of
these signaling proteins in Ptprj’- fibroblasts was reduced (Figure 5E, and Figure E10). Similarly,

SDC2-pep inhibited TGF-B1-induced Fn and Col1a1 gene expression (Figure 5F) and cell
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contractility (Figure 5G) in wild type fibroblasts. SDC-2 partially inhibited these effects in Ptprj”
fibroblasts, which had markedly enhanced pro-fibrotic responses to TGF-31 stimulation (Figure
2, G-I). As shown in Figure E11, SDC2-pep dose-dependently inhibited Col1a? gene expression
in wild type fibroblasts and Ptprj’- fibroblasts, further highlighting potential off-target effects of
SDC2-pep in lung fibroblasts.

SDC2-pep inhibits pulmonary fibrosis in human IPF fibroblasts and ex vivo precision cut
lung slices (PCLS)

We next evaluated the therapeutic potential of SDC2-pep in human IPF fibroblasts. Treatment
with SDC2-pep significantly inhibited the activation of the PI3K/Akt/mTOR pathway in human IPF
fibroblasts (Figure 6A, and Figure E12). SDC2-pep significantly inhibited the expression of p-Akt
and p-mTOR in human IPF fibroblasts in scr-transfected but not in shCD148-transfected cells
(Figure E10). SDC2-pep restored autophagy in human IPF fibroblasts in a CD148-dependent
manner, as evidenced by increased relative LC3B-Il expression and reduced p62 expression
(Figure E12). SDC2-pep also inhibited ECM gene expression (Fn, Col1at) (Figure 6A) and cell
contractility (Figure 6B) and these effects were reduced in the absence of CD148. Furthermore,
SDC2-pep significantly enhanced FasL-induced cell death in IPF fibroblasts and to a lesser extent
in CD148-deficient cells (Figure 6D).

Finally, we tested the potential anti-fibrotic effect of SDC2-pep in precision cut lung slices (PCLS)
derived from IPF lung explants obtained at the time of transplant. We exposed PCLS from IPF
patients to SDC2-pep, which resulted in significantly decreased profibrotic gene expression
(Col1a1l, Fn, ActaZ2) in scr-transfected PCLS and this effect was reduced in shCD148-transfected
PCLS (Figure 7 A-B). Flow cytometry in both fibroblasts and epithelial cells isolated from PCLS
indicated that shCD148 reduced gene expression by approximately 60% (Figure E13 and E14).
SDC2-pep did not affect Ptprj gene expression in PCLS (Figure 7C). Whereas shCD148
transfection of PCLS resulted in increased pro-fibrotic responses (Figure 7 A, B). Conversely,

lentiviral overexpression of CD148 in PCLS from IPF lungs inhibited profibrotic gene expression
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(Col1at1, Fn, Acta2) (Figure 7D). Finally, PCLS from control lungs were stimulated with a
profibrotic mix in the presence or absence of SDC2-pep. SDC2-pep attenuated ECM gene
expression (Col1a1, Fn, Acta2) but not Piprj expression in response to stimulation with a
profibrotic mix in control PCLS. SDC-2 pep also partially inhibited ECM expression in CD148
deficient PCLS, which had markedly increased pro-fibrotic responses to profibrotic mix (Figure 7,
E-H). Taken together, our findings demonstrate that SDC2-pep inhibits lung fibrosis in human and
experimental models of IPF predominantly through CD148, although CD148-independent effects
may also contribute to its observed therapeutic effects. Our findings represent a new paradigm
for the role of CD148 as a therapeutic target in IPF (Figure 8).

Discussion

Here, we demonstrate that protein tyrosine phosphatase-eta (PTPRJ/CD148) regulates
profibrotic responses and lung fibroblast activation in IPF. Importantly, we show that CD148 is
downregulated in clinical samples of IPF lung which in turn modulates profibrotic responses. In
the current study, we use a conditional mouse approach to delineate the fibroblast-specific role
of the receptor CD148 in mediating its anti-fibrotic effects in fibroblasts. We uncover a heretofore
unknown role of NF-IB in fibrogenesis and ECM regulation, and as a novel downstream pathway
of CD148 signaling. We also uncover a novel effector pathway by which PI3K/Akt dependent
modulation of autophagy via mTORC1 activation leads to aberrant p62 accumulation, which
contributes to downstream NF-[1B activation. Additionally, we introduce a novel approach to
therapeutic development in IPF, using a synthetic 18 amino-acid peptide derived from the SDC2
ectodomain. Since peptide-based approaches have been successfully developed for treatment
of diverse medical conditions (37), our current study demonstrates that a SDC2-based peptide
mimetic is a potential innovative therapy for IPF.

CD148 was previously reported as a regulator of T-cell, B-cell, macrophage and neutrophil
function (38, 39). We demonstrate that CD148 downregulation in IPF fibroblasts contributes to

cell activation, excessive ECM production and resistance to apoptosis. In a mouse model of
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pulmonary fibrosis, targeted CD148 deficiency in fibroblasts exacerbates lung fibrosis by
hyperactivation of PISK/Akt/mTOR signaling, resulting in decreased autophagy. We have
uncovered a novel mechanism by which impaired autophagy, via p62 accumulation, regulates
NF-kB-dependent profibrotic responses in IPF lungs. Finally, we demonstrate that SDC2-pep, a
CD148 agonist, can attenuate fibrosis in in vitro, in vivo and ex vivo models of pulmonary fibrosis
through CD148-dependent mechanisms by regulating PI3K/Akt/mTOR signaling, restoring
autophagy, and downregulating ECM gene expression. Remarkably, the SDC2 mimetic peptide
provides a robust anti-fibrotic effect in IPF fibroblasts, despite a 50% reduction in CD148
expression in IPF lung tissue (Fig. 1 E-G).

Although nintedanib, one of the two FDA-approved drugs to treat IPF, is a known protein tyrosine
kinase (PTK) inhibitor, the role of endogenous PTK inhibitors (i.e., protein tyrosine phosphatases,
PTPs) in IPF remains incompletely understood. Prior studies investigating the regulation of
cellular PTPs reveal divergent outcomes in experimental fibrosis with both potent pro- and
antifibrotic effects reported (31, 40, 41). This may reflect the varying specificity of PTPs to
dephosphorylate tyrosine residues, and differential subcellular localization and substrate
specificities for signaling proteins (10). Furthermore, the majority of PTPs are expressed in
different cell types, including immune cells, which may affect immune response or immune cell
activation. Despite evidence implicating phosphatases in fibrogenesis, few investigative studies
have developed effective therapies targeting phosphatase activity (42). We report here that an
18-aa SDC2-pep which activates CD148 potently inhibits fibroblast activation and attenuates
pulmonary fibrosis. The antifibrotic effect of SDC2-pep was largely attenuated but not abolished
in fibroblast-specific CD148 deficient mice, suggesting off-target effects in lung fibroblasts or
regulation of additional receptor-mediated pathways in other cell types (e.g., alveolar epithelial
cells) may mediate the therapeutic effects of SDC2-pep (17).

Autophagy is a cellular homeostatic process regulating the turnover of cellular organelles (i.e.,

mitochondria) and long-lived proteins. While considered a pro-survival response, autophagy plays
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context-dependent roles in human disease progression (42). In IPF, low autophagy activity in
fibroblasts may contribute to their profibrotic phenotype (43, 44). Here, we demonstrated that
CD148 regulates autophagy via PISK/Akt/mTOR signaling. However, CD148 deficiency also
increases ECM gene expression via PI3K/AKt/mTOR signaling, suggesting transcriptional
regulation of profibrotic gene expression. PI3K/Akt and mTOR activation may inhibit autophagy
in activated fibroblasts. Thus, inhibition of the PI3K/Akt signaling pathway restores autophagy and
inhibits fibrosis (30, 43). While low autophagy is associated with a profibrotic phenotype, the
underlying mechanisms remain unclear. Rangarajan et al. demonstrated that autophagy
regulates ECM production by removing excessive cytosolic collagen via autophagosomal
degradation. Thus, the activation of autophagy by AMP-activated protein kinase (AMPK)
activators (i.e., metformin or 5-aminoimidazole-4-carboxamide riboside (AICAR)) inhibited
excessive collagen expression via autophagosomal degradation (45). Interestingly, AMPK
activators also inhibited ECM gene expression, not directly attributed to autophagosomal
degradation. Hence, we hypothesized that autophagy may regulate transcriptional responses
through distinct mechanisms. We demonstrate that low autophagy results in upregulation of
profibrotic gene expression by enabling p62 accumulation, which is inversely correlated with
autophagy activity (46). p62/SQSTM1 (sequestosome 1, ZIP3) contains multiple major domains
such as PB1 and ZZ that confer the ability to interact with key components involved in essential
signaling pathways. Importantly, p62 can regulate NF-kB via activation of IKK (46), which may
contribute to cell survival, ECM production and myofibroblast transformation (47).

Our studies have uncovered a distinct role for NF-xB in profibrotic responses, which is of broad
significance, since NF-kB transcriptional regulation is commonly associated with inflammatory,
not fibroproliferative responses. We found that CD148 deficiency resulted in NF-xB
hyperactivation which was required for enhanced ECM production in IPF fibroblasts. The

hyperactivation of NF-kB by impaired autophagy provides a novel mechanistic link not previously
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characterized for IPF and experimental fibrosis. Consistently, the ECM protein fibronectin (Fn) is
tightly regulated by NF-«xB, although there are no binding sites for NF-xB evident in the Col1a1
and Acta2 promoter regions (48, 49). Nevertheless, we found that CD148-deficient cells
overexpress Col1a1 and aSMA and this effect was attenuated by an NF-«B inhibitor. NF-kB may
possibly regulate ECM genes by indirect mechanisms, such that its subunits may interact with
other transcription factors and regulate their transcriptional activity. For example, the p65 and p50
subunits of NF-kB can regulate the transcriptional activity of serum response factor and activator
protein-1, which are implicated in Acta2 and Col1a1 gene expression, respectively (50, 51). NF-
kB has also been shown to regulate the expression of multiple cytokines and chemokines now
grouped as the senescence-associated secretory phenotype (SASP) factors (e.g., IL-8, IL-6 and
MCP-1) (52), which are associated with age-dependent organ fibrosis. Thus, further studies are
needed to determine whether CD148 modulates cell senescence in fibrosis through regulation of
p62/NF-kB signaling.

Our findings highlight CD148 as a key regulator of profibrotic responses in pulmonary fibroblasts.
However, our data also suggest that CD148 is also downregulated in AT1 and AT2 cells from IPF
lungs compared to control lungs. Interestingly, CD148 may regulate epithelial tight junctions by
dephosphorylating tight junction proteins such as ZO-1 and occludin (53). Given that lung
epithelial cell injury, integrity and hyperplasia represent hallmarks of lung fibrogenesis (1), future
studies using conditional knockout approaches may elucidate new roles for CD148 in regulating
lung epithelial cell responses to alveolar injury. Since immune cells may also contribute to
fibrogenesis, the functional role of CD148 in immune cells also warrants investigation in fibrosis.
Although we have identified a critical role of CD148 in fibroblast activation in pulmonary fibrosis
and its underlying signaling processes, including novel roles for autophagy and NF-xB-dependent
signaling, this work has several other limitations. First, the precise mechanisms and key

intermolecular interactions by which NF-xB regulates profibrotic genes remain incompletely
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elucidated, and further investigation will be needed. Second, the therapeutic effects of SDC-pep
are not limited to CD148-dependent effects in fibroblasts, as SDC2 may have targeted effects in
other fibroblast receptor or cell types, including epithelial cells in the fibrotic niche, which may
account for partial therapeutic effects observed in fibroblast-specific Ptprf- mice. Additional
studies are required to elucidate specific secondary targets of the SDC2-pep. Finally, analysis of
archival scRNAseq data (29) did not fully recapitulate the downregulation of myofibroblast CD148
observed in the current study. However, the differences between myofibroblast and fibroblast
CD148 expression are intriguing and may further support the notion that CD148 regulates
fibroblast/myofibroblast phenotypes in health and disease. Further translational studies using
lungs obtained from independent cohorts and at various stages of disease progression will be
needed to confirm the anti-fibrotic effects of CD148 and the efficacy of its therapeutic ligands. In
conclusion, our findings highlight CD148 as a novel and promising avenue for therapeutic

targeting in IPF.
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Fig. 1. CD148 is downregulated in IPF lung and contributes to pro-fibrotic phenotype of
IPF-derived lung fibroblasts. (A) CD148 protein expression levels were determined in lung
homogenates from control (n=5) and IPF (n=5) patients. (Graphic) Densitometry (by ImageJ
software). (B) Lung specimens from control (n=9) and IPF (n=10) patients were homogenized
and subjected to total RNA isolation. Ptprj (CD148) mRNA levels were assessed using gPCR.
(C) Single cell suspensions of control (n=6) and IPF (n=7) were enriched for fibroblasts (see Fig.
S1). mRNA expression of CD148 in fibroblast-enriched cell populations were assessed using
gPCR. (D) Representative fluorescence microscopy images of CD148 (Cy3, red), Vimentin
(GFP, green) and DAPI (blue) in control (n=4) and IPF lung tissue (n=5). Scale bar = 100 um.

Enlarged areas (Clockwise from top right panel) represent Vimentin, CD148, DAPI and merged
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image. CD148 fluorescence intensity was quantified by ImagedJ. (E-F) Lung fibroblasts from
non-disease (control) and IPF samples were transfected with scramble (Scr) or shCD148. (E)
CD148 protein levels were measured by western blot (n=3). (F) mRNA levels of fibronectin (Fn)
and Collagen 1a1 (Col1a1) were measured using gPCR (n=>5). (G) Scr and shCD148
transfected cells were seeded in 24 well plates and then treated with Fas ligand (FasL, 200
ng/ml) for 24 h. After treatment, cell viability was determined using the MTT assay (n=5). (H)
IPF-derived lung fibroblasts were stably transfected with empty vector (EV, pLenti-GllI-HA) or
pLenti-GllI-CD148-HA (CD148-HA). The cells were lysed and subjected to western blot to
measure hemagglutinin tag (HA) (n=3). (I) In EV and CD148-HA transfected cells, the
expression of Fn and Col1a1 were measured using gPCR (n=5). (J) EV and CD148-HA
transfected cells were seeded at equal amounts in 24 well plates and treated with FasL (200
ng/ml) for 24 h. Cell viability was determined using the MTT assay (n=5). Data are mean %
s.e.m. *P<0.05, by Mann-Whitney’s unpaired non-parametric test (E and H), Student’s unpaired

t test (B and C), one-way ANOVA (F, G, |, J).
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Fig. 2. CD148 deficiency in fibroblasts worsens pulmonary fibrosis in bleomycin-treated
mice and increases fibroblast activation in response to TGF-1. CD148 fibroblast-specific
knockout mice (Ptprj"”" Col1a2Cre-ER(M*0) were developed as described in Methods. (A) Ptprj"
Col1a2¢re-ER(M*0 mice or Col1a2¢re-ER(M+0 (wild type) mice were exposed to BLM to induce lung
fibrosis. At day 21, mouse lungs were harvested and stained with Masson’s trichrome (n=3 for
saline and n=5 for BLM groups). (B) Hydroxyproline content was measured in the left lung of
Ptprj Col1a2Cre-ER(M*0 mice (n=12) and Col1a2Cre-ER(M*0 (\WT) mice (n=12) exposed to BLM, and
Ptprj™ Col1a2Cre-ER(M*0 (n=6) and Col1a2C¢-ER(M*0 (n=6) exposed to saline; at day 21. (C) Relative
survival at day 0-21 after BLM. (D-E), a-SMA and CD148 expression in harvested lungs were

measured by western blot (n=3-5 for each condition). (F-G) Gene expression of Fn and Col1a1,
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and Ctgf in harvested lungs was measured using qPCR (n=5 for each condition). (H-l), Mouse
lung fibroblasts from Ptprj Col1a2Ce-ER(M*0 mice (Ptprj-) and Col1a2Cre-ERM+0 (\WT) mice were
isolated and treated with 4-OHT (1 uM) for 24 h. After 4-OHT treatment, cells were exposed to
TGF-111 (10 ng/ml) for an additional 24 h. After stimulation, cells were harvested. (H) western blot
(n=4 for each condition). (I) mRNA levels of Col1a1 and Fn were measured by qPCR (n=5 for
each condition). (J) Cells were mixed with collagen 1. Gel contractility was measured at 0, 12 and
24 h after TGF-1 (10 ng/ml) stimulation (n=6 for each condition). (K) Cell death was induced by
FasL (200 ng/ml). At 24 h, cell viability was measured with MTT assay (n=5 for each condition).

Data are mean + s.e.m. *P<0.05, by one-way ANOVA.
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Fig. 3. CD148 deficiency enhances PI3K/Akt/mTOR signaling which results in low
autophagy, high p62 expression in lung fibroblasts. (A) Mouse lung fibroblasts were isolated
from Ptpri”" Col1a2Ce-ERM*0 mice (Ptprf’-) and Col1a2¢e-ER(M+0 mice (WT) and then treated with
4-OHT (1 uM) for 24 h. After 4-OHT treatment, cells were exposed to TGF-1 (10 ng/ml) for 24 h.
After stimulation, cells were harvested, and the expression of p-p85 (Tyr458), p-Akt (Serd73), p-
MTOR (Ser2448), p-p70 S6 kinase (Thr389), p-S6 ribosomal protein (Ser235/236) and CD148

(n=4 for each condition) in lysates was determined by Western immunoblotting and corresponding
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densitometry (Imaged software). Data were normalized to corresponding dephospho- forms or
GAPDH. (B) WT and Ptprj” cells were stimulated with TGF-B1 (10 ng/ml) for 24 h. Then cells
were lysed and LC3-l and -Il and p62 were measured by western blot (n=4). (C) WT and Ptprj”
cells were incubated in starvation media (Hank’s buffered salt solution (HBSS, without
calcium/magnesium) containing 1% regular medium) for 24 h. Then, autophagy flux was
measured by LC3-1l accumulation in the absence or presence of lysosomal acidification inhibitor
chloroquine (25 uM) at 2, 4 and 6 h (n=4). (D-E) Lung fibroblasts from LC3-GFP transgenic mice
were transfected with scr or shCD148 (lentivirus). Cells were starved for 24 h in the presence or
absence of TGF-B1 (10 ng/ml), then cells were treated with chloroquine (25 uM) for 4 h. After
treatment cells were fixed and digital images (3 images per sample) were taken using fluorescent
microscope. Representative images are shown in (E). LC3 puncta positive cells were quantified

using ImagedJ (D). Data are mean * s.e.m. *P<0.05, by one-way ANOVA.
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Fig. 4. CD148 deficiency enhances PI3K/Akt/mTOR signaling which results in enhanced

NF-xB activation in lung fibroblasts. (A) WT and Ptprj’ cells were stimulated with TGF-1 (10

ng/ml) for 24 h. Cells were lysed and p-IKKa/f, p-IkB and IkB were measured by western blot

(n=4). GAPDH was the standard. Bar graphs at right are the quantitation of corresponding

proteins. (B) WT and Ptprj'- cells were stimulated with TGF-B1 (10 ng/ml) for 24 h. Cells were

subjected to cytosol and nuclear protein fractionation. The p65 (NF-«xB subunit) nuclear

translocation was measured by western blot (n=3). B-actin and PCNA were used as cytosolic and

nuclear markers, respectively. Bar graphs at right are the quantitation of corresponding proteins.
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p65 cytosolic/nuclear ratio is shown (far right). Data are mean £ s.e.m. *P<0.05, by Kurskal-Wallis
non-parametric test (C-D) WT or Ptprj’- cells were transfected with scr or shp62 (lentivirus). Cells
were stimulated with TGF-1 (10 ng/ml) in the presence or absence or wortmannin (wort, 50 nM)
or rapamycin (rapa, 1 uM). At 24 h cells were harvested and subjected to qPCR for Col71a? or
Acta2 (n=5). (E) WT or Ptprj’- cells were transfected with NF-xB luciferase reporter plasmid in
the presence or absence of scr or shp62, or wort (50 nM) or rapa (1 uM). Then, cells were treated
with TGF-B1 (10 ng/ml) for 4 h. Luciferase activity were measured as described in methods (n=4
or 7). Data are mean % s.e.m. *P<0.05, by one-way ANOVA. (F) WT or Ptprj’- cells were
stimulated with TGF-B1 (10 ng/ml) in the presence or absence of the NF-[1B inhibitor Bay 11-
7082 (10 uM). mRNA levels of Col1a1 were measured by gPCR (n=5 for each condition). Data

are mean = s.e.m. *P<0.05, by one-way ANOVA.
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-bﬁlmonary fibrosis in vivo; upregulates autophagy by

downregulation of PI3K/Akt/mTOR signaling and inhibits ECM gene expression in mouse
fibroblasts via CD148. (A-C) Ptprj"" Col1a2¢-ER(M*0 mice (fibroblast-specific CD148 deficient)
and Col1a2Cre-ERM*0 (WT) mice were exposed to BLM. SDC2 18-aa peptide (SDC2-pep, 0.5
mg/kg) was intranasally delivered into WT and Ptprj"" Col1a2C-ER(M*0 mice 10 days after BLM
injury. Treatments were repeated at day 12, 14, 16 and 18. (A) At 24 days after BLM exposure
lungs were harvested and stained with Masson’s trichrome (n=3 for saline and n=5 for BLM
groups). (B) Hydroxyproline content was measured in the left lung of mice exposed to BLM (n=11)
or saline (n=5). Gene expression of (C) Fn and Col1a1; and (D) connective tissue growth factor
(Ctgf) in harvested lungs were measured using qPCR (n=5 for each condition). (E-F) Mouse lung

fibroblasts from Ptprj”" Col1a2Ce-ER(M*0 mice (Ptprf”-) and Col1a2Ce-ERM*0 mice (WT) were
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isolated and treated with 4-OHT (1 uM) for 24 h. After 4-OHT treatment, cells were exposed to
+TGF-B1 (10 ng/ml) for an additional 24 h, in the absence or presence of SDC2-pep (5 uM). (E)
Expression of p-AKT/Akt, p-mTOR/mTOR, p62/GAPDH p-IKKa/p/IKKa, a-SMA/GAPDH, and
CD148/GAPDH was determined by Western immunoblotting (n=4), and corresponding
densitometry (ImageJ software). Data are mean + s.e.m. *P<0.05, by one-way ANOVA. (F) mMRNA
levels of Col1a1 and Fn were measured by qPCR (n=5 for each condition). (G) After treatment,
cells were mixed with collagen 1. Gel contractility was measured at 0, 12, and 24 h after TGF-j1

stimulation (n=6 for each condition). Data are mean + s.e.m. *P<0.05, by one-way ANOVA.
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Fig. 6. SDC2 18-aa peptide attenuates pro-fibrotic gene expression in
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human

+ -+ -+
-+ -+ -
+ 4+ - - -
+ 4+ + o+ -
IPF

fibroblasts. (A) IPF-derived lung fibroblasts were transfected with scr or shCD148. Then cells

were treated with SDC2 18-aa peptide (5 uM) for 24 h. After incubation, p-Akt (Ser473), p-mTOR

(Ser2448), LC3, p62 and CD148 were measured by western blot (n=4). Band intensities were

quantified using ImagedJ software and were expressed as a ratio of band intensity relative to
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GAPDH. Data are mean * s.e.m. *P<0.05, by one-way ANOVA. (B) mRNA levels of Fn and
Col1a1 were measured by gPCR (n=5). (C) Scr or shCD148 transfected control or IPF-derived
lung fibroblasts were mixed with collagen 1. Gel contractility were measured at 0, 12 and 24 h in
the presence or absence of SDC2-pep (5 uM), n=5/group. (D) Scr or shCD148 transfected control
or IPF-derived lung fibroblasts were treated with FasL (200 ng/ml) for 24 h in the presence or
absence of SDC2-pep (5 uM) (n=7). Cell viability was measured using MTT assay. Data are mean

t s.e.m. *P<0.05, by one-way ANOVA.
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Fig. 7. SDC2 18-aa peptide and CD148 overexpression attenuate pro-fibrotic gene
expression in PCLSs derived from IPF lungs, and from wild type lungs subjected to pro-
fibrotic stimuli. (A-D) PCLS from IPF lungs were transfected with Scr, shCD148 or EV and
CD148-HA. Then, PCLS were treated with SDC2-pep (5 uM) for 72 h. After incubation, PCLS

were digested for total RNA isolation. The expression of (A) Fn and Col1a1, (B) Acta2, and (C)
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Ptprj (CD148) were measured by qPCR (n=7 for each condition). (D) mRNA levels of Col1at,
Fn, Acta2 and Ptprj (CD148) were measured by gPCR in EV and CD148 overexpressing PCLS
(CD148-HA). (E-H) PCLS from control lungs were transfected with Scr, shCD148 (lentivirus).
Then, PCLSs were treated with pro-fibrotic mix (FGF basic, 25 ng/ml, PDGF-BB, 10 ng/ml, TGF-
B1, 10 ng/ml) 72 h with or without SDC2-pep (5 pM). After incubation, slices were digested for
total RNA isolation. The expression of E, Fn, F, Col1a1, G, Acta2, and H, Ptprj were measured

by gPCR. (A-H, n=6 for each condition). Data are mean % s.e.m. *P<0.05, by one-way ANOVA.
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Fig. 8. Schema depicting proposed antifibrotic effects of CD148 in fibroblasts. Syndecan-2
(SDC2) via binding its receptor protein tyrosine phosphatase CD148/PTPRJ activates an anti-fibrotic
pathway dependent on downregulation of TGF-B1-dependent signaling. TGF-f1 stimulates pro-fibrotic
effects via its receptor TGFp-I/-1l complex which activate a PI3K/AKT/mTOR-dependent signaling
pathway culminating in the suppression of autophagy. The autophagy pathway, driven by LC3-
dependent formation of autophagosomes, directs the lysosomal degradation of autophagosome-
sequestered cargo. Impaired autophagy is a characteristic feature of pulmonary fibrosis, which leads
to aberrant accumulation of the autophagy substrate and cargo adaptor protein p62. Accumulated
p62 promotes phosphorylation of the IKK complex, leading to phosphorylation and dissociation of |-

kB from the p65 subunit of NF-kB. The latter promotes p65/p50 assembly and migration of the NF-[1B
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complex to the nucleus, where it stimulates pro-fibrotic gene expression. NF-xB has also been
implicated in apoptosis resistance and myofibroblast differentiation, characteristic of the pro-fibrotic
phenotype. Sequences (upper right) depict an 18-aa peptide region of the SDC2 ectodomain (SDC2-
pep) with a high degree of homology between human and mouse sequences. SDC2-pep was tested
in the current study as a therapeutic ligand of CD148/PTPRJ and found to have anti-fibrotic effects in

IPF and models of pulmonary fibrosis.
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Supplementary Information: Materials and methods

Reagents

Antibodies against a-SMA (no. ab5694), collagen 1 (no. ab34710) and GAPDH (no. ab8245) were from Abcam.
CD148/DEP1 (no. MAB1934) was from R&D systems. Hemagglutinin tag (HA-tag, no. G036) was from ABMgood
(Richmond, BC, Canada). Antisera against phospho-Akt (Ser473, no. 9271), Akt (no. 9272), phospho-PI3K (p85
(Tyr458)/p55 (Tyr199), no. 4228), PI13K (p85, no. 4292), phospho-mTOR (Ser2448, no. 5536), mTOR (no. 2972), phospho-
S6 ribosomal protein (Ser235/236, no. 2211), S6 ribosomal protein (no. 2217), phospho-p70 S6 kinase (Thr389, no. 9206),
p70 S6 kinase (no. 2708), LC3a/b (no. 4108), p62 (no. 5114), phospho-1IKKa/p (Serl76/180, no. 2697), IKKa (no. 2682),
phospho-lxB-a (Ser32, no. 2859), I-kB-a (no. 4812), NF-xB (p65, no. 8242), B-actin (no. 4970), PCNA (no. 13110) were
from Cell Signaling Technologies (Beverly, MA). All other reagents, including 4-hydroxy-tamoxifen, were from Millipore

Sigma (St Louis, MO).

Primary Pulmonary Fibroblasts

This study was approved by the institutional review board at Brigham and Women’s Hospital (approval number:
2011P002419). Lung fibroblasts were derived from patients who were subjected to lung transplantation with progressing
IPF. Primary control lung (control) fibroblasts were derived from nonfibrotic lung samples lacking any evidence of disease
which were deemed unsuitable for transplantation. Mouse lung fibroblasts from Ptprj"" Col1a2-Cre-ER(T)*°, Col1a2-Cre-
ER(T)*° or GFP-LC3 transgenic mice were obtained as previously described (22). Briefly, isolated lungs were minced and
digested in collagenase buffer. Cell pellets will be resuspended and cultured for 7-10 days. Cells were lineage and Sca-1
depleted using commercially available kits from StemCell Technologies (Vancouver, BC) to remove hematopoietic and
progenitor cell populations. Fibroblasts were cultured in complete media (DMEM; Corning) containing 10% FBS (Corning),
100 IU of penicillin and 100 pg/ml streptomycin (Corning), 292 ug/ml L-glutamine (Corning), and 100 pg/ml Primocin
(InVivoGen) in humidified incubators at 37°C and 10% CO.. To induce Cre recombinase expression in Ptprj"f/ Col1la2-

Cre-ER(T)*° or Col1a2-Cre-ER(T)* lung fibroblasts, cells were treated with 4-hydroxytamoxifen (4-OHT, 1 uM).

Histopathology and Immunofluorescent co-staining

Human lung sections were fixed by inflation with buffered 10% formalin solution and embedded in paraffin. Thin (4 pm)
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sections were deparaffinized and rehydrated. Slides were boiled in 10 mM citrate buffer for a-SMA and CD148. Sections
were incubated with anti-a-SMA antibodies (Abcam, Cambridge, MA, no. ab5694) and for anti-CD148 antibodies (R&D
systems, Minneapolis, MN, no. MAB1934) overnight at 4°C. Species-matched fluorescent-conjugated secondary antibodies
were applied for staining at 37°C for 1 h. Nuclei were stained with 4°, 6-diamidino-2-phenylindole (DAPI). The slides were
analyzed using an Olympus Inverted System Microscope IX70 (Olympus, Center Valley, PA), and photomicrographs were
taken with a Nikon camera. CD148 fluorescence intensity was quantified by ImageJ. Mouse lungs were collected on Day
21, fixed with 4% (wt/vol) neutralized buffered paraformaldehyde, embedded in paraffin, and stained with hematoxylin and

eosin (H+E) or Masson’s trichrome.

Mice

All animal experimental protocols were approved by the Brigham and Women’s Hospital Standing Committee for Animal
Welfare. WT C57BL/6 mice were obtained from Charles River Laboratories and used at 8 weeks of age. GFP-LC3
transgenic mice (23) were kindly provided by Dr. Blumberg, Brigham and Women's Hospital, Boston, MA. Transgenic
conditional PTPRJ/CD148-knockout mice of both sexes were bred as follows on a C57BL/6 background. Transgenic
Col1a2¢ERM*0 and Ptprj™™ mice were obtained from Jackson Laboratory (no. 029567, no. 008291 respectively, Bar-
Harbor, ME). To generate fibroblast-specific CD148-deficient mice, Ptprj" mice were bred with Col1a2CERM*0
(heterozygous allele) transgenic mice to generate mice heterozygous for both alleles. Progeny from the second cross between
Ptprj" mice and heterozygous Ptprj™T Col1a2CERM*0 mice (from the first cross) were used for further experiments. All
mice were genotyped by PCR techniques as described previously. For treatment of mice, a stock solution of tamoxifen
(Sigma-Aldrich) was diluted in corn oil to 20 mg/ml. To selectively delete CD148 in activated fibroblasts, adult Ptprjf/
Col1a2°ERM*0 mice (8—10 weeks old) and control Col1a2¢™ERM*0 mice were administered tamoxifen suspension (0.1 ml
of diluted stock) via intraperitoneal (i.p.) injection (75 mg/kg), for 5 days before administration of BLM (0.75 mg/kg) and

every 72 h thereafter until sacrifice as shown in Figure E15.

Bleomycin model of pulmonary fibrosis
Lung fibrosis was elicited in mice by intratracheal (i.t.) injection of a single dose of 0.75 mg/kg body weight of BLM
(Cayman Chemical, Ann Arbor, MI); control mice received a volume of sterile saline equal to that described previously.

Mice were sacrificed 21 days after BLM instillation. BAL fluids were collected to determine immune cell counts, and the
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left lung was analyzed for hydroxyproline, while the right lung lobes were assessed for expression of fibrotic marker mMRNAs

(Acta2, Collal, Tgfbl, and Ctgf) and histology.

Hydroxyproline assay
To quantify collagen deposition, the left lung from each mouse was hydrolyzed in 6N HCI for 24 h at 110°C, and
hydroxyproline levels were quantified as previously described (18). Each sample was tested in triplicate. Data are expressed

as micrograms of hydroxyproline per left lung.

SDC2-ED 18-aa peptide (SDC2-pep) therapeutic administration

Ptprj" Col1a2¢*ERM*0 (CD148 fibroblast-specific knockout) and Col1a2CERM*0 (control) mice at 8 weeks of age were
treated with tamoxifen and instilled with 0.75 mg/kg of BLM in 100 pl sterile saline at Day 0. Control animals were treated
with an equal volume of sterile saline. In the treatment group, SDC2-ED 18-aa peptide (SDC2-pep, 0.5 mg/kg in 50 ul of
phosphate-buffered saline [PBS]) was administered at days 10, 12, 14, 16 and 18 post-BLM or saline by oropharyngeal
instillation. The control group was treated with an equal volume of sterile PBS (vehicle). Mice were sacrificed 24 days after

BLM or saline treatment.

Precision Cut Lung Slices (PCLS)

PCLS from control and IPF lungs were prepared as previously described (24, 25). Briefly, using a syringe pump, lungs were
infiltrated with warm, 2% (37°C) low-melting agarose—HBSS solution (Millipore Sigma, no. A9414; kept at 37°C). After
complete solidification of agarose in the inflated lobes on ice, tissue blocks of approximately 10 mm in diameter were
prepared. Lung slices (300 pum thick) were cut perpendicularly to the visible airway with a vibratome (Precisionary
Instruments, no. VF-300, Greenville, NC) at room temperature in HBSS. Then, slices were cultured in 24 well plates
supplemented with DMEM/F12 media containing 1% FBS and antibiotics. Slices were transfected with scr, shCD148, EV
or pLenti-GI1I-CD148-HA lentiviral particles (1~1.5 MOI per slice). 12 h later, lung slices were incubated with or without
SDC2-ED 18-aa peptide (5 uM) for another 72 h. After treatment, slices were subjected to total RNA isolation to measure

profibrotic genes expression (Acta2, Collal and Fn) or immunofluorescent staining.

Western Immunoblot Analysis
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Polyacrylamide gel electrophoresis and immunoblotting were performed according to standard methods as previously
described (27). The electrophoresed proteins were transferred to polyvinylidene difluoride (PVDF) membranes by semidry
electrophoretic transfer at 15 V for 60—75 min. The membranes were blocked overnight at 4°C in 5% bovine serum albumin
(BSA). The cells were incubated with primary antibodies diluted 1:500 in Tris-buffered saline/Tween 20 (TBS-T)
containing 5% BSA for 2 h and then incubated with the secondary antibody at room temperature for 1 h. Suitable horseradish
peroxidase (HRP)-conjugated secondary antibodies were used (1:5000 dilution in TBST containing 1% BSA). The signals
were detected by ECL (Thermo Fisher Scientific, Waltham, MA). Quantification of protein bands was performed with the
computer software ImageJ (Image Processing and Analysis in Java Edition: 1.29 URL.: http://rsb.info.nih.gov/ij/ NIH,

Maryland) and was expressed as a ratio of band intensity with respect to the loading control.

Quantitative Real-Time PCR (qPCR)

Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA) and cDNA was synthesized from RNA (1 ug) using
a SuperScript First-strand synthesis system for reverse transcription (RT) PCR (Invitrogen, Carlsbad, CA). Primer sequences
are shown in the Table S1. RT-PCR, with SYBR Green Master Mix (Bio-Rad Laboratories, Hercules, CA, USA), was
performed using the StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The relative
guantity of target MRNA was calculated by use of the CT method, or 2-AACT, as described (27), and normalized by use of

GAPDH as an endogenous control (Sequence Detection System software, version 1.7; Applied Biosystems).

Lentiviral Transfection

For CD148 silencing experiments, the pLKO.1 plasmid, carrying the human shRNA PTPRJ/CD148 target sequence
ACGAGTCGTCATCTAACTATA (consortium number TRCN0000320555) and pLKO.1, carrying a Scr sequence, were
purchased from Sigma-Aldrich. For CD148 overexpression pLenti-Gl11-CD148-HA (no. LV278210) and empty vector (EV,
pLenti-GlII-HA) plasmids were purchased from (ABMgood, VVancouver, BC). Lentiviral particles were generated by use
of a commercially available packaging mix, provided by MilliporeSigma (no. SHP001) or by ABMgood (no. LV003) in
human embryonic kidney 293 T cells, according to the manufacturer's instructions. Lentiviral particle containing media was
harvested and concentrated using a Centricon Plus-70 Centrifugal Filter (no. UFC700308, Millipore Sigma, St Louis, MO).

Lung fibroblasts were infected with the lentiviral particles, and stably infected cells were selected by use of puromycin (10

ug/ml).
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Gel contraction assay

The assay was performed as previously described (18). Briefly, cell pellets of lung fibroblasts were mixed with 8 volumes
of rat tail type | collagen suspension, one volume of 1X concentrated PBS and one volume of reconstitution buffer (2%
sodium bicarbonate and 4.77% HEPES dissolved in 0.05 N NaOH) at a concentration of 2 x 10° cells/ml. Cell-populated
collagen solution was immediately poured into a 24-well-plate (0.5 ml/well) and incubated at 37°C for 1 h to permit
complete gelation. 16 h later, gels were gently transferred to 60 mm cell culture dish with a spatula and overlaid with culture

media. Gel images were taken at 0, 12 and 24 h.

Fas ligand (FasL) treatment
Soluble recombinant human FasL was purchased from Enzo life sciences (Cat N: ALX-522-020) and dissolved in 1 x PBS.
Cells were treated with FasL at doses of 100 or 200 ng/ml and incubated for 24 hours. After incubation cell viability was

measured using MTT assay or subjected to caspase-3 activity assay as described below.

Cell viability

Cell viability was determined using the 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl tetrazolium bromide (MTT) assay and
trypan blue exclusion assay as previously described (26). Cells were seeded at 1 x 10* cells/well in 24-well plates. After
different treatments, 20 pl of 5 mg/ml MTT solution was added to each well (0.1 mg/well), and wells were incubated for 4
h. The supernatants were aspirated, the formazan crystals in each well were dissolved in 200 puL of dimethyl sulfoxide for
30 min at 37°C, and optical density at 570 nm was read on a microplate reader. For the trypan blue exclusion assay, cells
were harvested and 10 pL of 0.4% trypan blue solution was added to 10 pL of cells collected from each well, and the cells

were incubated for 2 min. Unstained live cells were counted on an automated cell counter.

Caspase-3 activity assay
Caspase-3 activity in protein cell lysates were measured using a commercially available kit (no. KO06-100, Biovision, San

Francisco, CA).

Luciferase assay
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3 x 10° cells/well were plated in triplicate on 6-well plates and incubated for 24 h. Transient transfection assays in cells
were performed by use of FUGENE 6 transfection reagent (Promega, Madison, WI), as described previously (26). The
construct carrying five copies of an NF-kB response element that drives transcription of the luciferase reporter gene
(Promega, Madison, WI, no. 9PIE849, 500 ng/well) and a 3-galactosidase expression plasmid (250 ng/well) to correct for
transfection efficiency were co-transfected into mouse lung fibroblasts. The cells were harvested for luciferase activity using
the Luciferase Assay System (Promega, Madison, WI1), 6 h after treatment with TGF-1 (10 ng/ml). Luciferase activity was
measured in a Wallace Victor3 1420 multilabel counter (PerkinElmer, Waltham, MA). B-Galactosidase activity was

measured using the mammalian -Galactosidase Assay Kit (Thermo Fisher Scientific, Waltham, MA).

CD148 gene expression analysis in single cell RNA sequencing (scRNA-seq) dataset

From a published scRNA-seq dataset (29), clusters labeled fibroblast and myofibroblast were extracted for analysis. Pseudo-
samples were generated by summing all the counts matrices for a given patient sample within the cluster. A differential
pseudo-bulk expression analysis comparing IPF over controls was performed using a negative binomial generalized linear

model as implemented for EdgeR in the R- statistical programming environment.

Statistical analysis

Data are expressed as mean £ SEM. Comparisons of mortality were made by analyzing Kaplan-Meier survival curves and
log-rank tests to assess for differences in survival. For comparisons between two groups, we used Student’s unpaired t test
or Mann-Whitney’s non-parametric test. Statistical significance was defined as P<0.05. One-way analysis of variance,
followed by Newman-Keuls or Tukey’s post-test analysis, or Kurskal-Wallis non-parametric test, was used for analysis of
more than two groups. The numbers of samples per group (n), or the numbers of experiments, are specified in the figure

legends.
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Supplementary Figures
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Fig. E1. Sorting of lung epithelial and mesenchymal cells. Lung tissue from control or IPF lungs were
digested in collagenase buffer. Cells were stained with DAPI, CD45-APC-Cy7, EpCAM-PE, PDPN-PE-Cy7 and
VE-cadherin-APC. The AT1 population was defined as Live/CD45"9/EpCAMPS/PDPNP°S, The AT2 population
was defined as Live/CD45"%/EpCAMPS/PDPN™9, Mesenchymal (fibroblast-enriched) cells were defined as
Live/CD45"9/EpCAM"S/PDPN"9/VVE-cadherin™s,
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Control 8 “uSMA “DAP

Fig. E2. CD148 is not expressed in myofibroblasts; but is expressed in alveolar epithelial cells and
downregulated during fibrosis. (A) Digital images of CD148 (Cy3, red), aSMA (GFP, green) and DAPI (blue)
in control (left) and IPF (right) lung tissue. (B) Digital images of CD148 (Cy3, red), AQP5 (GFP, green) and
DAPI (blue) in control and IPF lung tissue (left panels); or CD148 (Cy3, red), SPC (GFP, green) and DAPI (blue)
in control and IPF lung tissue (right panels) were taken using fluorescent microscopy. Representative images
from 3 controls and 4 IPF are shown (scale bar = 100 um).
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Fig. E3. CD148 gene expression in fibroblasts and myofibroblasts from single cell RNA sequencing
(scRNA-seq). Clusters labeled as fibroblast and myofibroblast were extracted from our previously published
scRNA-seq data set (29) and analysed using R-program. Data are presented as box and whiskers plot. P values
were calculated by Mann-Whitney unpaired test.
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Fig. E4. CD148 is downregulated and alveolar epithelial cells during fibrosis; and regulates caspase-3
activity in IPF fibroblasts. (A) mRNA expression of CD148 in sorted AT1 and AT2 cells were assessed using
gPCR. (B) Control and IPF derived lung fibroblasts were seeded at equal amount in 24 well plates and then
treated with Fas ligand (FasL) (100 and 200 ng/ml) for 24 h. After treatment, cell viability was assessed with the
MTT assay (n=4). (C) EV and CD148-HA transfected cells were seeded at equal amount in 24 well plates and
treated with FasL (200 ng/ml) for 24 h. After treatment, cells were subjected to caspase-3 activity assay (n=5).
Data are mean + s.e.m. *P<0.05, by Student’s unpaired t test for A and one-way ANOVA for B,C.
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Fig. E5. CD148 deficiency in fibroblasts does not affect lung inflammation after BLM injury but regulates
cell growth after TGF-B1 stimulation. (A) Ptprj" Col1a2¢ERM*0 mice (fibroblast-specific CD148 deficient) and
Col1a2¢™ERM*0 (WT) mice were treated with tamoxifen (75 mg/kg, i.p.), once a day for 5 days. Then, lung
fibroblasts were isolated and plated. 5 days later, cells were lysed and subjected to western blot to measure
CD148 expression (n=3). (B) Col1a2¢ERM*0 mjce (fibroblast-specific CD148 deficient) and Colla2C¢e-ERM+0
(WT) mice were exposed to BLM to induce lung fibrosis. 21 days later, mouse lungs were harvested and stained
with hematoxylin and eosin (H&E) on the same area shown for Trichrome staining in Figure 2a. (C) Total cell
concentrations were measured in BAL fluid 21 days after BLM injury (n=5). (D) WT and Ptprj” mouse lung
fibroblasts were harvested and plated at 1x10* cells/well in the presence or absence of TGF-B1 (10 ng/ml). 3
days later, cells were harvested, and live cells were estimated using the trypan blue exclusion assay, as
described in Supplemental Methods (n=3). Data are mean * s.e.m. *P<0.05, by Student’s unpaired t test for A
and one-way ANOVA for C.
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Fig. E6. Supplementary immunoblot data and densitometry analyses. (A) Mouse lung fibroblasts were
isolated from Ptprj"™ Col1a2¢¢ERM*0 mice (Ptprj”) and Col1a2¢*ERM*0 mice (WT) and then treated with 4-OHT
(1 uM) for 24 h. After 4-OHT treatment, cells were exposed to TGF-B1 (10 ng/ml) for 24 h. After stimulation, cells
were harvested, and the expression of p-p85 (Tyr458), p-Akt (Serd73), p-mTOR (Ser2448), p70 S6 kinase
(Thr389), p-S6 ribosomal protein (Ser235/236) and CD148 (n=4 for each condition) in lysates was determined
by Western analysis, (Corresponding to Densitometry analysis shown in Figure 3A). Quantification of band
intensity of target proteins (A) LC3I, (B) LC3-Il, (C) p62 (corresponding to Western in Figure 3C) or (D) LC3II
(corresponding to Western blot in Figure 3D). Band intensities were quantified using ImageJ software and was
expressed as the ratio of band intensity to GAPDH. Data are mean * s.e.m. *P<0.05, by one-way ANOVA.
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Fig. E7. Increase of ECM expression in CD148-deficient cells in response to TGF-1 is dependent on the
PIBK/mTOR axis and p62. Ptprj’ cells were transfected with scr or shp62 (lentivirus). Cells were stimulated
with TGF-B1 (10 ng/ml) in the presence or absence of wortmannin (wort, 50 nM) or rapamycin (rapa, 1 uM). 24
h cells were lysed, and subjected to western blot (a-SMA, n=3). GAPDH was the standard.
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Fig. E8. CD148 overexpression inhibits NF-xB activation and p62 expression. (A) Human lung fibroblasts
(MRC-5 cells) were lentivirally transfected with empty vector (EV, pLenti-GllI-HA) or pLenti-GllI-CD148-HA
(CD148-HA). Then cells were stimulated with TGF-1 (10 ng/ml) for an additional 24 h. After stimulation, cells
were harvested and lysates were subjected to western blot to measure p-IKKa/pB, p-IxB and p62 (n=3). (B) EV
and CD148-HA transfected MRC-5 cells were additionally transfected with NF-«B luciferase reporter plasmid.
Then, cells were treated with TGF-f1 (10 ng/ml) for 4 h. After stimulation luciferase activity was measured as
described in methods (n=4). Data are mean * s.e.m. *P<0.05, by one-way ANOVA.
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Fig. E9. SDC2-pep alleviates lung fibrosis after BLM-induced injury. Ptprj" Col1a2¢ERM*0 mice (fibroblast-
specific CD148 deficient) and Col1a2¢eERM*0 (WT) mice were exposed to BLM. SDC2-pep (0.5 mg/kg) was
intranasally delivered into WT and Ptprj" Col1a2¢-ER(M*0 mice 10 days after BLM injury. Treatments were
repeated at day 12, 14, 16 and 18. At 21 days after BLM exposure lungs were harvested and (A) images from
hematoxylin and eosin (H&E) stained tissue were taken for the same area as shown for trichrome staining shown
in Figure 6A. (B) Total cell concentrations were measured in BAL fluid from Ptprj"" Col1a2¢®-ER(M*0 mice and
Colla2-Cre (control) mice 21 days after BLM injury (n=5/group).
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Fig. E10. Representative Western Blot. Mouse lung fibroblasts from Ptprj"™ Col1a2¢-ERM*0 mice (Ptprj”) and
Col1a2¢eERM+O mice (WT) were isolated and treated with 4-OHT (1 uM) for 24 h. After 4-OHT treatment, cells
were exposed to TGF-f1 (10 ng/ml) for an additional 24 h, in the absence or presence of SDC2-pep (5 uM).
Expression of indicated markers p-AKT, Akt, p-mTOR, mTOR, p62, p-IKKa/B, IKKa, a-SMA, CD148. GAPDH
was the standard (Corresponding Densitometry is shown in Fig. 5E of the main manuscript).
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Fig. E11. SDC2-pep inhibits collagenlal expression in dose-dependent manner. Ptprj" Col1a2Cre-ERM*0
(Ptprj-/-) or Col1a2¢-ERM*0 (wild type) isolated fibroblasts were treated with 4-OHT (1 uM) for 24 h. Then, cells
were stimulated with TGF-1 (10 ng/ml) for an additional 24 h in the presence or absence of SDC2-pep (1, 2.5,
5 uM). After stimulation, total RNA was harvested with Trizol and subjected to qPCR to measure collagenlal
(Collal) (n=5-6). Data are mean + s.e.m. *P<0.05, by one-way ANOVA.
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Fig. E12. Representative Western blot. IPF-derived lung fibroblasts were transfected with scr or shCD148.
Then cells were treated with SDC2 18-aa peptide (5 uM) for 24 h. After incubation, p-Akt (Ser473), p-mTOR
(Ser2448), LC3, p62 and CD148 were measured by western blot. GAPDH was the standard. (Corresponding
Densitometry is shown in Fig. 6A of the main manuscript).
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Fig. E13. shCD148 downregulates CD148 expression in PCLS-sorted fibroblasts. PCLS from an IPF patient
were transfected with Scr (n=3) or ShCD148 (n=3) lentiviral particles as described in Methods. 72 hours after
transfection, PCLS were digested to a single cell suspension and subjected to CD45-FITC, EpCam-FITC, Thy-
1-PE and DAPI staining. The CD45"9/EpCam"®9/Thy-1P° population was considered as fibroblasts. Ptprj gene
expression was determined by RT-PCR. Data are mean + s.e.m. *P<0.05, by Student’s t-test.
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Fig. E14. shCD148 downregulates CD148 expression in PCLS-sorted epithelial cells. PCLS from an IPF
patient were transfected with Scr (n=3) or ShCD148 (n=3) lentiviral particles as described in Methods. 72 hours
after transfection, PCLS were digested to single cell suspension and subjected to CD45-FITC, Thy-1-FITC
EpCam-PE, and DAPI staining. The CD45"9/Thy-1"9/EpCamP°® population was considered as epithelial cells.
Ptprj gene expression was determined by RT-PCR. Data are mean + s.e.m. *P<0.05, by Student’s t-test.
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Fig. E15. Schematic overview of Tamoxifen treatments to induce conditional knockout of CD148 in
fibroblasts.
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