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We investigated the role of mesothelin (Msln) and thymocyte differ-
entiation antigen 1 (Thy1) in the activation of fibroblasts across
multiple organs and demonstrated that Msln−/− mice are protected
from cholestatic fibrosis caused by Mdr2 (multidrug resistance gene
2) deficiency, bleomycin-induced lung fibrosis, and UUO (unilateral
urinary obstruction)-induced kidney fibrosis. On the contrary, Thy1−/−

mice are more susceptible to fibrosis, suggesting that a Msln–Thy1
signaling complex is critical for tissue fibroblast activation. A sim-
ilar mechanism was observed in human activated portal fibroblasts
(aPFs). Targeting of human MSLN+ aPFs with two anti-MSLN immu-
notoxins killed fibroblasts engineered to express human mesothelin
and reduced collagen deposition in livers of bile duct ligation (BDL)–
injured mice. We provide evidence that antimesothelin-based ther-
apy may be a strategy for treatment of parenchymal organ fibrosis.

cholestatic fibrosis | activated portal fibroblasts | mesothelin

Cholestatic fibrosis results from primary sclerosing cholangitis
(PSC), primary biliary cirrhosis (PBC), and secondary biliary

cirrhosis (SBC) caused by injury to cholangiocytes, impaired bile
flow, bile accumulation (1), hepatocyte apoptosis, ductular prolif-
eration, inflammation, and activation of myofibroblasts. The acti-
vation of both portal fibroblasts (PFs) and hepatic stellate cells
(HSCs) (2) produces myofibroblasts in cholestatic diseases. Using
reporter Col-GFP mice [in which collagen-1α(I) gene expression
drives green fluorescent protein (GFP)], activated PFs (aPFs)
were shown to comprise 70% of myofibroblasts at the onset of
the bile duct ligation (BDL) model of cholestatic fibrosis, while
HSCs were increasingly activated with fibrosis progression (3).
Expression of thymocyte differentiation antigen 1 (Thy1), Fbln2,
mesothelin (Msln), mucin 16 (Muc16), CD34, Gpc3, Asporin,
and Bnc1 distinguishes Col-GFP+vitaminA− aPFs from Col-
GFP+vitaminA+Desmin+GFAP+–activated HSCs (aHSCs) (3).
Lineage-tracing studies by our laboratory (3, 4) and others (5)

have shown that Msln-positive aPFs contribute to cholestatic fibrosis
in BDL-injured or multidrug resistance gene 2 (Mdr2; Abcb4)
knockout mice deficient of the canalicular phospholipid flippase
(6) but not to toxic carbon tetrachloride (CCl4)–induced liver fibrosis
(4). In support, genetic ablation of Msln+ aPFs inhibited progression
of cholestatic fibrosis in adult BDL mice (4). Msln and its binding
partners, Muc16 (a transmembrane-tethered mucin) (7) and Thy1
(CD90; a marker expressed by T cells, neurons, and tissue fibroblasts)
(8–10), regulate a nonconventional TGFβ1–TGFβRI–Smad2/3 sig-
naling pathway in aPFs. Msln is minimally expressed during adult-
hood (11, 12), which makes Msln+ aPFs a target for treatment of
cholestatic fibrosis.

Msln (13) and Thy1 (8) are glycosylphosphatidyl inositol (GPI)–
linked membrane-anchored proteins that form a complex with
Muc16 (7) in aPFs (4). Mesothelin (human counterpart, MSLN)
was originally identified as a cancer-associated antigen in cancer
cells from patients with mesothelioma and ovarian and pancreatic
cancer, and was shown to bind the glycoprotein CA125 (human
counterpart of Muc16, mouse mucin 15) (7, 14). Several different
immunotherapeutic agents have been developed to treat mesothelin-
expressing tumors; these include immunotoxins, antibody–drug
conjugates, bispecific antibodies, and CAR-T cells (15).
Here we investigate the role of Msln, Muc16, and Thy1 in the

pathogenesis of cholestatic fibrosis in Msln−/− mice and demon-
strate that Msln−/− mice are protected from cholestatic fibrosis due
to reduced activation of aPFs. To translate our findings to the clinic,
a human liver xenograft model of cholestatic fibrosis in which
primary human MSLN+ aPFs are engrafted into livers of adult
Rag2−/−γc−/− mice was developed. Therapeutic administration of
anti-human MSLN immunotoxins successfully ablated human
MSLN+ aPFs (>95%) and reduced collagen deposition in livers
of BDL-injured mice. Our findings that Msln is expressed in some
activated tissue fibroblasts and that genetic deletion of msln ame-
liorates lung (bleomycin-induced) and kidney (unilateral urinary
obstruction [UUO]–induced) fibrosis in mice indicate that Msln

Significance

Mesothelin (Msln) expression is increased in tissue fibroblasts
of damaged liver and other organs and Msln is a common
mediator of liver, lung, and kidney fibrosis. We show that anti-
Msln immunotoxins kill the Msln-expressing fibroblasts and
reduce collagen type I deposition in fibrotic liver, indicating
that agents that specifically kill Msln-expressing cells should be
a useful treatment for cholestatic fibrosis. Targeting of Msln+

fibroblasts by anti-Msln immunoconjugates may become a
strategy for the treatment of parenchymal organ fibrosis.
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might be a common target for treatment of parenchymal organ
fibrosis and immunotherapies targeting Msln+ aPFs might be-
come a strategy for treatment of cholestatic fibrosis in patients
with PSC.

Results
Genetic Deletion of msln and muc16 Suppresses Development of
Cholestatic Fibrosis in Mdr2−/− Mice. The role of Msln, Muc16,
and Thy1 in the pathogenesis of Mdr2 deficiency–induced chole-
static fibrosis was studied in Msln−/−Mdr2−/−, Muc16−/−Mdr2−/−,
and Thy1−/−Mdr2−/− mice compared with Mdr2−/− mice. All mice
were crossed with collagen-α1(I)-GFP (Col-GFP) mice to visual-
ize fibrogenic myofibroblasts (16) (Fig. 1A). Cholestatic fibrosis
was attenuated ∼50% in livers of Msln−/−Mdr2−/− (vs. Mdr2−/−

mice, Col-GFP+C57BL/6, 12 wk old, n = 10 to 12 per group;
Fig. 1B), as shown by reduced staining areas for Sirius red (↓1.4-
fold; Fig. 1C) and GFP+Thy1+ and GFP+CD34+ aPFs (↓2.4-
fold; Fig. 1 D and E and SI Appendix, Fig. S1 A–D), and down-
regulation of fibrogenic (Col1a1, αSMA, TIMP1, and TGFβ1) and
aPF-specific (elastin, Thy1, fibulin-2, and CD34) genes (Fig. 1F and
SI Appendix, Fig. S1E). Proliferation of Pan-CK+ and Sox9+ bile
ducts was also reduced in Msln−/−Mdr2−/− mice (SI Appendix, Fig.
S1 F–J), suggesting that aPF activation affects the ductular reaction
(17). Similar results were observed in Muc16−/−Mdr2−/− mice
(Fig. 1 G–I and SI Appendix, Fig. S2 A–F), implicating both Msln
and Muc16 in mediation of profibrogenic responses in aPFs.

Cholestatic Fibrosis Is Exacerbated in Thy1−/−Mdr2−/− Mice. In contrast
to Msln−/−Mdr2−/− mice, Thy1−/−Mdr2−/− mice developed more
fibrosis by ∼25%, which was associated with increased numbers
of GFP+CD34+ aPFs and up-regulation of fibrogenic Col1a1,
αSMA, TGFβRI, and Msln genes (but not inflammatory genes,
vs. Mdr2−/− mice; Fig. 1G–I and SI Appendix, Fig. S2G–L) and the
ductular reaction, demonstrating that Thy1 possesses antifibrogenic
properties.

Thy1 and Msln Mediate Opposing Functions in aPFs. TGFβ1-induced
Smad2 phosphorylation (p-Smad2) and αSMA protein expression
were suppressed in livers of Msln−/−Mdr2−/− and Muc16−/−-

Mdr2−/− mice but increased in Thy1−/−Mdr2−/− mice (compared
with Mdr2−/− mice). Simultaneous deletion of msln and thy1 elim-
inated the pro- and antifibrogenic responses of Msln and Thy1 in
aPFs. Opposing effects of Msln and Thy1 were completely dimin-
ished in Msln−/−Thy1−/−Mdr2−/− mice to the levels observed in
Mdr2−/− mice, as shown by total collagen deposition and expres-
sion of p-Smad2 and αSMA (SI Appendix, Fig. S3A), suggesting
that Msln and Thy1 are key components of the same signaling
pathway in aPFs.

Lung and Kidney Fibrosis Is Reduced in Msln−/− Mice but Increased in
Thy1−/− Mice. To test if Msln, Muc16, and Thy1 mediate fibrogenic
responses in other parenchymal organs, wild-type (WT), Msln−/−,
Muc16−/−, Thy1−/−, Msln−/−Muc16−/−, and Msln−/−Thy1−/− mice
(Col-GFP+C57BL/6 background, 12 wk old, n = 8 to 12 per group)
were subjected to fibrogenic lung and kidney injury.
When challenged with a lethal dose of bleomycin (5 U/kg), ∼95%

of Msln−/− mice survived compared with ∼25% of WT mice (vs.
100% in phosphate-buffered saline [PBS]–treatedWTmice; Fig. 2A).
Moreover, Msln−/− mice (Fig. 2 B–E) but not Muc16−/− mice
(Fig. 2 F and G) were protected by ∼50% from bleomycin (1 U/kg,
3 wk)-induced lung fibrosis. Msln−/− mice had reduced activation
of Col-GFP+Thy1+ lung fibroblasts (vs. WT mice; Fig. 2 D and E).
On the other hand, Thy1−/− mice were more susceptible to lung
fibrosis (by 25%; Fig. 2 F–H). Our data are in concordance with
previous observations that implicated Thy1 in regulation of anti-
fibrogenic responses in lung fibroblasts (18–20).
Similar results were observed in mice with kidney fibrosis that

was surgically induced by UUO (2 wk, Col-GFP+C57BL/6, 12 wk

old). Kidney fibrosis was suppressed by ∼40% in Msln−/− mice
(and was associated with reduced numbers of Col-GFP+Thy1+

tubular fibroblasts; Fig. 3 A–D) but increased by ∼25% in
Thy1−/− mice (vs. WT mice; Fig. 3 E–G).
Although Muc16−/− mice showed somewhat improved (∼15%)

survival after acute lung injury (vs. WT mice; Fig. 2A), Muc16−/−

mice were not protected from either lung or kidney fibrosis (Figs.
2 F–H and 3 E–G), suggesting that unlike cholestatic fibrosis (4),
Muc16 is dispensable for activation of lung and kidney fibroblasts.
For this reason, inhibition of lung and kidney fibrosis in Msln−/−-

Muc16−/−mice was attributed toMsln deficiency in tissue fibroblasts.
Analogous to cholestatic fibrosis (Fig. 1 G–I), Msln−/−Thy1−/−

mice with bleomycin (Fig. 2 F and G and SI Appendix, Fig. S3 B
and D) or UUO injury (Fig. 2 E and F and SI Appendix, Fig. S3 C
and E) developed a phenotype similar to that in WT mice, sug-
gesting that Msln and Thy1 mediate opposing functions in lung and
kidney fibroblasts, suggesting that a similar mechanism regulates
activation of tissue fibroblasts.

Gene Expression Profiles Are Similar in aPFs and Lung and Kidney
Fibroblasts. Primary aPFs and lung and kidney tubular fibroblasts
were isolated and their gene expression profiles were compared by
RNA sequencing (RNA-seq).
Specifically, GFP+vitaminA− aPFs were sort-purified (from

GFP+vitamin A+ aHSCs and GFP−vitamin A+ quiescent HSCs
[qHSCs]; SI Appendix, Figs. S4 and S5) from livers of Mdr2−/−,
Msln−/−Mdr2−/−, Muc16−/−Mdr2−/−, and Thy1−/−Mdr2−/− mice
(Col-GFP+C57BL/6, 12 wk old, n = 4 to 6 per group) (3), and
analyzed by RNA-seq. A strong separation in expression of “liver
fibrosis–associated” genes distinguished aPFs of different geno-
types (DisGeNet; Fig. 4A and SI Appendix, Fig. S6 A–F). Msln-
deficient aPFs exhibited a defect in activation, while Thy1-
deficient aPFs up-regulated expression of the fibrogenic genes
Col1a1, Col1a2, and αSMA (Fig. 4B). Among all genes signifi-
cantly altered in the knockout vs. WT aPFs, Msln−/−Mdr2−/− and
Thy1−/−Mdr2−/− aPFs shared more similarities within fibrogenic
pathways (dysregulated in opposite directions) than Msln−/−-

Mdr2−/− andMuc16−/−Mdr2−/− aPFs (vs. Mdr2−/− aPFs), indicating
that Muc16 functions are not limited to TGFβ1/TGFβRI signaling
in aPFs (Fig. 4C and SI Appendix, Fig. S6).
Col-GFP+Thy1+ lung and kidney fibroblasts were sort-

purified from bleomycin- or UUO-injured WT and Msln−/− mice
(Col-GFP+C57BL/6, 12 wk old, n = 4 to 6 per group; SI Appendix,
Fig. S7A) and analyzed by qRT-PCR (SI Appendix, Fig. S7B) and
RNA-seq (SI Appendix, Figs. S7 C–E and S8). Comparison of the
top 500 most expressed genes revealed similarities between aPFs
and lung and kidney fibroblasts (Fig. 4D), which share expression
of common markers (Msln, Thy1, Gremlin1, Calca, Upk1b, Fbln1,
CD34, Asporin, Gpc3, Bnc1, and CD200; Fig. 4E). Moreover,
Msln−/− lung and kidney fibroblasts down-regulated expression of
fibrogenic genes (Col1a1, Timp1, Spp1, TGFβRI, Smad2/3, and
vimentin vs. WT fibroblasts; Fig. 4F) in the same way as Msln−/−

aPFs and exhibited consistent gene up/down-regulation compared
with Msln−/− aPFs (Fig. 4G). Thus, among the 43 genes commonly
down-regulated in Msln−/− aPFs and lung and kidney fibroblasts,
18 genes (including Msln, MMP3/10, Ccl7, Cxcl1/12/14, IL1β,
Sparcl1, Penk, Bmp2, and FGF7) mediate specific functional pro-
cesses (Fig. 4H), indicating that Msln has similar biological func-
tions in aPFs and lung and kidney fibroblasts.

Msln and Thy1 Regulate TGFβ/TGFβRI Signaling in aPFs and Lung
Fibroblasts. Primary aPFs (Mdr2−/−, Msln−/−Mdr2−/−, and Thy1−/−-

Mdr2−/−) and Thy1+ lung fibroblasts (WT, Msln−/−, and Thy1−/−)
were cultured ±TGFβ1 (5 ng/mL, for 30 min). Expression of
TGFβ1-mediated p-Smad2, p-Akt, αSMA, and TGFβRI proteins
was down-regulated in Msln−/− aPFs and lung fibroblasts but
increased in Thy1−/− aPFs (Fig. 5 A and B). Deletion of thy1 in
aPFs was associated with strong overexpression of Msln protein
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(↑8-fold; Fig. 5 A and B) and messenger RNA (mRNA) (↑2.3-fold;
Figs. 1I and 2H), indicating that Thy1 might negatively regulate the
Msln signaling pathway. In turn, expression of TGFβRI protein
(Fig. 5 A and B) but not mRNA (Fig. 1F) was suppressed in Msln-
deficient aPFs, suggesting that Msln might affect TGFβRI protein
stability.
A series of immunoprecipitations (IPs)/Western blots was per-

formed on aPFs (Mdr2−/− and Msln−/−Mdr2−/−) and Col-GFP+

lung fibroblasts (WT and Msln−/−) using anti-Msln, anti-Muc16,
and anti-TGFRI antibodies (Abs), and revealed the dynamic inter-
action between Msln–Muc16 and Msln–Thy1 in TGFβ1-stimulated

aPFs (Fig. 5C) but not between Msln–TGFRI or Muc16–Thy1
(Fig. 5 D and E). We propose that under physiological condi-
tions, Thy1 forms an inhibitory complex with TGFβRI (Fig. 5F).
TGFβ1 stimulation facilitates the binding between Msln and Thy1,
thereby promoting dissociation of Thy1 from TGFβRI and enabling
TGFβ1/TGFβRI signaling (Fig. 5F). Taken together, formation of
the Thy1–Msln complex regulates TGFβ1/TGFβRI signaling not
only in aPFs but also in lung fibroblasts. Although Msln binding to
Muc16 was observed in both aPFs and lung fibroblasts (Fig. 5 C
and E), functional significance of the Msln–Muc16 complex for
stimulation of TGFβ1/TGFβRI signaling was shown only in aPFs

Fig. 1. Mdr2 deficiency–induced cholestatic fibrosis is reduced in Msln−/− and Muc16−/− mice but increased in Thy1−/− mice. (A) Experimental outline:
Mdr2−/−Col-GFP mice were crossed ±Msln−/− mice, mice were killed at 12 wk of age, and development of cholestatic fibrosis was analyzed. (B and C) Livers
were stained with Sirius red (B), and the positive area was calculated as a percentage (C). (D) Livers were stained for Thy1 to visualize GFP+ aPFs. (E) Area of
the overlapping Thy1+GFP+ staining was calculated as a percentage (vs. total GFP+ area, 100%). (F) Expression of fibrogenic (Col1α1, αSMA, Desmin, TGFβ1,
TIMP1) genes and macrophage-specific (F4/80) and aPF markers (Msln, Muc16, Thy1) was assessed by qRT-PCR. (G–I) Livers of Mdr2−/−, Muc16−/−Mdr2−/−,
Thy1−/−Mdr2−/−, and Msln−/−Thy1−/−Mdr2−/− mice were analyzed. (G and H) Livers were stained with Sirius red (G), and the positive area was calculated as a
percentage (H). (I) Expression of selected genes was analyzed by qRT-PCR. (Scale bars, 100 μm.) Mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA.
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Fig. 2. Lung fibrosis is attenuated in Msln−/− mice but increased in Thy1−/− mice. (A) Col-GFP mice were crossed ±Msln−/− mice (or ±Muc16−/− mice), treated
with bleomycin (5 U/kg), and monitored for 2 wk. Survival rate was calculated using the Kaplan–Meier method. BW, body weight. (B–E) Col-GFP and
Msln−/−Col-GFP mice were treated with bleomycin (1 U/kg, 3 wk, or PBS). (B) Lungs were stained with H&E, Sirius red, or anti-Thy1 Ab. (C and D) Positive area
of Sirius red staining (C), or Thy1+GFP+ fibroblasts (vs. total GFP+ fibroblasts) was calculated as a percentage (D). (E) Expression of fibrogenic, macrophage-
specific, and aPF markers was analyzed by qRT-PCR. (F–H) WT, Muc16−/−, Msln−/−Muc16−/−, Thy1−/−, and Msln−/−Thy1−/− mice were treated with bleomycin
(1 U/kg, 3 wk) or PBS. (F) Lungs were stained with Sirius red. (G) The positive area was calculated as a percentage. (H) Expression of selected genes was
analyzed by qRT-PCR. (Scale bars, 100 μm.) Mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA.
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(Fig. 1G–I) (4) but may play a limited role in the pathogenesis of
bleomycin-induced (or UUO-induced) fibrosis (Figs. 2 F and G
and 3 E and F).

Binding Partners of Msln Affect Cholestatic Fibrosis. Muc16 is the
only known Msln ligand (21). Searching for potential novel Msln-
binding partners, we performed curator-evaluated computational
STRING analysis. Based on experimental findings in different tis-
sues and cell types, binding of Msln and Thy1 to the Psca–Nrn1–
Nfm complex was linked to Muc16–(Muc3/4/5/6/13/15) glyco-
proteins (Fig. 5G). Msln and Thy1 also interact with two groups

of proteins (Gpc3, IL6, Fn1, Spp1, Eng, CD34, Alpi, and Itgam;
and Cecam5, Psca, Folr2, CD109, Negr1, Nm1, and Ly6d/e),
some of which were identified as aPF-specific markers (Fig. 5H).
Moreover, formation of Msln–(Rala–Zbtt–Rnn) and Thy1–(Sco1/
2–Sugp1/2–Ube2i–Ubl4–Mrpl53) complexes were linked to phos-
phatidylinositol glycan–specific phospholipase D1 hydrolysis of
GPI anchors from protein-curated pathways (22) (Fig. 5I), sug-
gesting that Msln and Thy1 (but not Muc16) might coregulate
Ndufa2/6/8–Ndufb5/6/9–Ndufs1/5 proteins. In support, RNA-seq
analysis revealed that expression of NADH ubiquinone oxidore-
ductase (Nduf) genes was strongly reduced in Msln−/−, Muc16−/−,

Fig. 3. Kidney fibrosis is attenuated in Msln−/− mice but exacerbated in Thy1−/− mice. (A–D) Col-GFP mice were crossed ±Msln−/− mice and subjected to UUO
(2 wk). (A) Injured and contralateral (control) kidneys were stained with Sirius red and anti-Thy1 Ab. (B and C) Positive area of Sirius red (B) and Thy1+GFP+

fibroblasts (vs. total GFP+ fibroblasts) was calculated as a percentage (C). (D) Expression of selected genes was analyzed by qRT-PCR. (E–G) Kidneys from UUO-
injured WT, Muc16−/−, Msln−/−Muc16−/−, Thy1−/−, and Msln−/−Thy1−/− mice were stained with Sirius red (E), the positive area was calculated as a percentage
(F), and expression of selected genes was analyzed by qRT-PCR (G). (Scale bars, 100 μm.) Mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA.
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Fig. 4. aPFs share similarities with activated lung and kidney fibroblasts. (A–C) Sort-purified primary Msln−/−Mdr2−/−Col-GFP+, Muc16−/−Mdr2−/−Col-GFP+, and
Thy1−/−Mdr2−/−Col-GFP+ aPFs compared with Mdr2−/−Col-GFP+ (control; two independent sorts, >3 mice per group) using RNA-seq. (A) Heatmap shows
relative expression of dysregulated genes in aPFs (false discovery rate [FDR] < 0.2) which are associated with liver fibrosis (DisGeNet). (B) Expression of selected
genes was confirmed by qRT-PCR. Mean ± SD. ***P < 0.001 by unpaired Student’s t test. (C) Venn diagram depicts similarities and differences between
double-knockout (dKO) Msln−/−Mdr2−/−, Thy1−/−Mdr2−/−, and Muc16−/−Mdr2−/− mice (vs. Mdr2−/− aPFs; FDR < 0.2). (D and E) Col-GFP+Thy1+ lung and kidney
fibroblasts were sort-purified from WT or Msln−/−Col-GFP mice with bleomycin-injured lung (two independent sorts, >3 mice per group) and UUO-injured
kidney (>3 mice per group), respectively. Comparison of the top 500 expressed genes in Mdr2−/− aPFs and Col-GFP+Thy1+ lung and kidney fibroblasts. (D) Venn
diagram showing an overlap of the most highly expressed genes. (E) Expression of aPF-specific genes is shown (rlog normalized counts). (F–H) Comparison of
Msln−/−Mdr2−/− aPFs and Msln−/−Thy1+ lung and Msln−/−Thy1+ kidney fibroblasts. (F and G) Msln-deficient aPFs and lung and kidney fibroblasts down-regulate
expression of TGFβ1-responsive genes. Relative expression is shown (F), and shows more genes consistently up-regulated and down-regulated across aPFs and
lung and kidney fibroblasts than expected by chance (G) (vs. Mdr2−/− aPFs and WT Thy1+ lung and WT Thy1+ kidney fibroblasts; binomial test P value for the
number of genes observed commonly up- and down-regulated as a function of log fold-change threshold). (H) The interconnections between 43 commonly
down-regulated genes at log fold change <−0.5 were identified using a cross-species protein–protein interaction network. Genes have more connections than
expected by chance (P < 1E-16, permutation test), suggesting they belong to common underlying pathways.
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Fig. 5. Msln regulates similar responses in aPFs and lung fibroblasts. (A–E) Responses to ±TGFβ1 (5 ng/mL, for 30 min) were compared in aPFs (Mdr2−/−,
Msln−/−Mdr2−/−, and Thy1−/−Mdr2−/−) (A) and activated lung fibroblasts (WT, Msln−/−, and Thy1−/−) (B) using Western blotting for phospho-Smad2/Smad2,
Msln, Thy1, and TGFβRI (normalized to the levels of β-actin expression), or IPs with anti-Msln Ab (C), anti-TGFβRI Ab (D), and anti-Muc16 Ab (vs. IgG) (E). (F)
Proposed model of Msln–Thy1–TGFβRI signaling in tissue fibroblasts (see explanations in the text). (G–J) STRING network analysis depicts the top 20 first-
neighbor genes connecting Msln–Thy1 (G) and Muc16–Msln (H). Known (shown with turquoise and purple connecting lines), predicted (green, red, and blue
lines), or other (lime, black, and dark blue lines) interactions are shown. (I) Top 30 first- and second-neighbor genes connecting Msln–Thy1, experimentally
determined interactions only. (J) RNA-seq–based relative expression of selected genes in Mdr2−/−, Msln−/−Mdr2−/−, Muc16−/−Mdr2−/−, and Thy1−/−Mdr2−/− aPFs
is shown.
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and Thy1−/− aPFs, implying that Msln–Thy1–Muc16 signaling might
mediate mitochondrial respiration and adenosine triphosphate syn-
thesis pathways in aPFs (Fig. 5J). In addition, increased amino acid/
lipid biosynthesis was detected in Muc16−/− aPFs (vs. WT, Msln−/−,
or Thy1−/− aPFs), implicating Muc16 in suppression of metabolic
processes in aPFs (SI Appendix, Fig. S9). As a proof of principle,
extracellular matrix/collagen pathways were dysregulated in opposite
directions in Msln−/− and Thy1−/− aPFs (SI Appendix, Fig. S9).

Expression of Msln and Thy1 Is Up-Regulated in Livers of PSC Patients.
To translate our findings, human livers from PSC patients (stage
2, n = 5; stage 4, n = 10; and control, n = 5) were analyzed by
immunohistochemistry. We observed a correlation between ex-
pression of humanMSLN and THY1 and the stage of liver fibrosis,
suggesting that MSLN might become a target for antifibrotic
therapy (Fig. 6 A and B and SI Appendix, Fig. S10 A and B). In
support, human aPFs were isolated from donor livers with chole-
stasis (n = 6, declined for transplantation; https://www.lifesharing.
org) and analyzed by immunocytochemistry, qRT-PCR, and RNA-
seq. Human MSLN+THY1+αSMA+ aPFs (SI Appendix, Fig.
S10C) expressed aPF-specific markers (UPK1b, CD200, EMI-
LIN2, BNC1, ASPN, GPC3, and GREM1; Fig. 6C and SI Ap-
pendix, Fig. S10D), similar to that observed in mouse aPFs (Fig. 6D
and SI Appendix, Fig. S10E) (3), and up-regulated COL1a1, αSMA,
TIMP1, PAI1, SMAD7, and TGFβ1 when stimulated with TGFβ1
(5 ng/mL) ±Alk5 inhibitor (SB431542, 10 μM, 24 h; SI Appendix,
Fig. S10F).

Immunotherapy-Based Strategy to Target Human aPFs. We have
demonstrated that genetic ablation of aPFs attenuates develop-
ment of cholestatic fibrosis in BDL-injured mice (4). We hypoth-
esized that immunotoxin-based ablation of human aPFs may
become a strategy for treatment of PSC patients. Several genera-
tions of immunotoxins, such as SS1P and LMB-100, were engi-
neered by attachment of an anti-human MSLN SS1 Ab (23, 24) to
PE38 toxin (truncated Pseudomonas exotoxin that causes cellular
apoptosis via inactivation of the adenosine diphosphate ribosyla-
tion/elongation factor 2 pathway) (25). SS1P and LMB-100 have
been tested in clinical trials in patients with mesothelioma and
ovarian and pancreatic cancer (26–29). Using fluorescent label-
ing of SV40-large T antigen-GFP adenovirus (4), we tested the
ability of SS1P and/or LMB-100 to kill human aPFs in vitro and
in vivo (SI Appendix, Fig. S10).

Administration of Anti-MSLN Ab Immunotoxin Resulted in Ablation of
Human aPFs and Suppression of Cholestatic Fibrosis in Recipient
Rag2−/−γc−/− Mice. SS1P and LMB-100 (0.05 to 100 ng/mL, 72 h)
killed 70 to 80% of human aPFs in vitro, compared with anti–
transferrin receptor immunotoxin HB-21-Fv-PE40 (100%, posi-
tive control; Fig. 6 E and F).
Furthermore, xenograft Rag2−/−γc−/− mice were generated by

transplantation of human GFP+MSLN+ aPFs (1 × 106 cells) into
the livers of immunodeficient mice (12 wk old, BalbC, n = 5 to 8
per group; Fig. 6G) and subjected to BDL (Fig. 5D). On days 1
and 3 post BDL, xenograft Rag2−/−γc−/− mice were intravenously
(i.v.) injected with SS1P (100 μg/kg) or vehicle (0.2% human
serum albumin). Administration of SS1P to the xenograft Rag2−/−-

γc−/− mice resulted in successful ablation of human aPFs, as shown
by disappearance of GFP+ aPFs in immunotoxin-treated mice (vs.
vehicle-treated mice; Fig. 6 H–J and SI Appendix, Fig. S11A) (29).
Specifically, human aPFs proliferated within the left lateral

lobe, migrated to the portal areas, up-regulated αSMA and MSLN
(Fig. 6K and SI Appendix, Fig. S11B), and contributed to cho-
lestatic fibrosis. A noninjected median lobe served as a negative
control as it did not engraft human aPFs (SI Appendix, Fig. S11C).
Remarkably, disappearance of GFP+ aPFs in immunotoxin-treated
mice was associated with decreased BDL-induced fibrosis in the
left lateral lobe (transplanted with human aPFs, but not in the

median lobe; Fig. 6 H–L), as shown by the decreased area of
Sirius red staining (Fig. 6I) and reduced expression of Col1a1,
αSMA, and Thy1 mRNA (Fig. 6L). Overall, immunotherapy-
based targeting of human MSLN+ aPFs might provide a strat-
egy for the treatment of cholestatic fibrosis.

Discussion
Here we investigate the role of Msln, Muc16, and Thy1 in fibrosis
and fibroblast activation across multiple organs and demonstrate
that Msln−/− mice are protected from cholestatic fibrosis caused
by Mdr2 deficiency, bleomycin-induced lung fibrosis, and UUO-
induced kidney fibrosis. We propose that Msln is a critical acti-
vator of tissue fibroblasts. Msln expression correlated with the
stage of liver fibrosis in patients with PSC. Anti-MSLN immuno-
toxins, developed for cancer therapy, were used to target human
MSLN+ aPFs in vitro and in vivo. We demonstrate that SS1P
and LMB-100 immunotoxins can successfully kill human aPFs,
suggesting that immunotherapy-based targeting of MSLN+ tissue
fibroblasts might provide a strategy for treatment of parenchymal
organ fibrosis.
HSCs have been well-characterized as the pericytes of the liver

(30), which reside in the space of Disse, store vitamin A, and are
activated in response to a variety of hepatotoxic injuries including
viral hepatitis, alcoholic liver disease, and nonalcoholic steatohe-
patitis (2). On the other hand, PFs are distinctively identified as
liver-resident fibroblasts surrounding the biliary component, which
comprise a population of 0.1% of total liver cells and physiolog-
ically maintain the integrity of the portal tract (2). PFs get acti-
vated and proliferate around the portal area, responding to biliary
obstruction and damage. Accordingly, aPFs serve as a significant
source of collagen-α1(I)–producing myofibroblasts in cholestatic
liver fibrosis, such as biliary atresia, PBC, or PSC (1, 3, 31). In
accordance, a critical role of aPFs in the pathogenesis of cho-
lestatic injury was shown using BDL-injured mice and Mdr2−/−

mice [also known as Abcb4−/− mice (6)], a well-established ex-
perimental model of cholestatic fibrosis that spontaneously develops
pericholangitis and biliary fibrosis and resembles the pathology
of human PSC (32). Here we demonstrate that the number of
aPFs was strongly reduced in Msln−/−Mdr2−/− mice and was asso-
ciated with suppression of cholestatic fibrosis in these mice, con-
firming that Msln is an important activator of aPFs.
Msln expression is abundant in normal mesothelial cells, which

are the components of the mesothelial layer lining parenchymal
organs and serosal cavities (11). Tissue-resident fibroblasts reside
in the interstitium in a quiescent state and generally comprise a
minor mesenchymal population in any normal tissue. In response
to tissue injury or stress, tissue fibroblasts get activated, proliferate,
and differentiate into myofibroblasts. Tissue fibroblasts as well as
pericytes can serve as major myofibroblast precursors in various
organ fibrotic diseases, including not only liver but also kidneys
and lungs (33, 34). Based on the functional link between Msln
expression and activation of aPFs, we hypothesized that there are
similar fibroblast populations in multiple organs, which may be-
come activated via a common Msln–Thy1–mediated signaling cas-
cade to differentiate into matrix-producing activated myofibroblasts.
Indeed, aPFs and activated lung and kidney fibroblasts share
similarities, and express common markers (Msln, Thy1, Gremlin1,
Calca, Upk1b, Fbln1, CD34, Asporin, Gpc3, Bnc1, and CD200) as
well as recently identified markers of peribiliary mesenchymal cells
(Gli1/2, Osr1, Mfap5, and Vit; SI Appendix, Fig. S7E) (35, 36).
Similar to cholestatic fibrosis, Msln−/− mice are protected from
lung and kidney fibrosis, while Thy1−/− mice are more susceptible
to fibrosis, suggesting that Msln–Thy1 signaling plays a key role in
activation of tissue fibroblasts.
In support, simultaneous deletion ofmsln and thy1 genes yielded

a phenotype similar to that in WT littermates, indicating that Msln
and Thy1 might regulate opposing functions within one signaling
pathway. Thy1 was implicated in inhibition of TGFβ1 signaling in
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Fig. 6. Targeting human MSLN+ aPFs using an anti-MSLN–based immunotoxin. (A and B) Resected livers from PSC patients (stage 2, n = 5; stage 4, n = 10) and
healthy donors (control, n = 5) were stained with Sirius red, anti-human THY1, and MSLN Abs (A), and the correlation between the stage of PSC and Thy1-
positive area was calculated as a percentage (B). (C and D) Primary human aPFs (from donors 1 to 6) were analyzed by RNA-seq. (C) Expression of selected
markers in human aPFs is shown by heatmap [log(cpm)]. (D) Venn diagram depicting similarities between expression of the top 500 most highly expressed
genes in human and mouse aPFs. (E and F) Human GFP-labeled aPFs were cultured ±anti-MSLN Ab immunotoxins SS1P (100 ng/mL) or LMB-100 (100 ng/mL), or
anti-transferrin Ab immunotoxin HB-21 (positive control) vs. medium alone (negative control) for 72 h. (E) Bright-field (BF) and fluorescent micrographs. (F)
The fit curve shows cell viability using a WST8 assay. (G–K) Humanized xenograft mice (generated by hepatic transplantation of human GFP+MSLN+ aPFs into
livers of Rag2−/−γc−/− mice) were sham- or BDL-injured, and treated with an anti-MSLN Ab immunotoxin (SS1P, 100 μg/kg, i.v., injected on days 1 and 3 post
BDL; or vehicle, 0.2% human serum albumin) (G). (H) The whole-liver mount was analyzed using fluorescence microscopy (fluorescent micrographs); liver
sections were stained with Sirius red (BF micrographs). (I) The positive area of Sirius red staining in the injected (left lateral lobe) was calculated as a per-
centage. (J) Liver sections were stained with DAPI, and the number of GFP+DAPI+ human aPFs was calculated in the injected lobe as a fold induction (vs. sham
control mice). (K) Livers were stained for αSMA and MSLN, human aPFs were visualized by GFP expression, and the proportion of GFP+αSMA+/GFP+ and
GFP+MSLN+/GFP+ cells was calculated as a percentage. (L) Expression of selected genes in the human aPF (−) liver lobes (median lobes) and human aPF (+) lobes
(left lateral lobes) was analyzed by qRT-PCR. (Scale bars, 100 μm.) **P < 0.01 and ***P < 0.001 by ANOVA.
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tissue fibroblasts [via interaction with TGFβRI (4) or αν–β5 integ-
rins (37)], while Msln facilitates TGFβ1–TGFβRI–pSmad2/3 sig-
naling and FGF–FGFR/p-Akt–dependent proliferation of aPFs. In
concordance, expression of Msln targets (TGFβRI, p-Smad2/3,
and p-Akt) was reduced inMsln−/− tissue fibroblasts but up-regulated
in Thy1−/− tissue fibroblasts. Moreover, expression of Msln was in-
creased ∼8-fold in Thy1−/− tissue fibroblasts, suggesting that Thy1−/−

mice should be highly susceptible to fibrosis. Paradoxically, liver/lung/
kidney fibrosis was decreased by ∼50% in Msln−/− mice but only
increased by ∼25% in Thy1−/− mice. We speculate that genetic
deletion of the thy1 gene results in blockade of Msln signaling,
causing compensatory overexpression of Msln and its target genes.
This effect could be associated with the loss of a Msln ligand
(currently unknown), which is distinct from Muc16 (since Muc16 is
dispensable for lung and kidney fibrosis).
Since its discovery in 1992 as a differentiation antigen that is

also expressed in many cancers, the mechanism of MSLN signaling
has remained unresolved. CA125 (mouse Muc16) is the only known
ligand of MSLN and was reported to activate Src/Akt signaling in
cancer cells (38, 39).
We have recently demonstrated that Msln can bind to Thy1 in

aPFs. Both Msln and Thy1 are GPI-anchored proteins, which
lack transmembrane domains, and can transmit their signals via
the transmembrane receptors with or without intrinsic kinase ac-
tivity (the latter requires recruitment of Src [focal adhesion kinase,
FAK; Src-family kinase, SFK] or JAK protein kinases to their cy-
toplasmic domains) or via binding to the lipid raft proteins (such as
caveolin-1 and MAL proteins) (40). Thus, Thy1 was shown to
modulate lipid raft–associated signaling via the SFK and FAK
pathways, promoting fibroblast adhesion and limiting migration
(41). Other studies propose that Thy1 functions as a mechanosensor
(42) that inhibits extracellular activation of tissue-associated latent
TGFβ1 via interaction with αν–β5 integrins at the cell surface (37).
Targeting Msln may be beneficial for halting parenchymal

organ fibrosis. Three classes of potential Msln inhibitors have
been identified: anti-human MSLN immunotoxin (that causes the
death of human MSLN+ cancer cells) (23), anti–Msln-blocking
Abs (43), or recombinant human soluble THY1 (that neutralizes
Thy1 reactivity to αν–β5 integrins, TGFβRI, and possibly Msln)
(20).
Although little is known about MSLN signaling, much prog-

ress has been made with immunotherapy-based therapeutics of
human MSLN+ malignancies. MSLN is differentially expressed
between normal and cancer cells, thus making it a strong candidate
for anticancer therapy (14). In this paper, we used the immu-
notoxins SS1P and LMB-100 to show depletion of mesothelin-
expressing fibroblasts is beneficial. One drawback to SS1P and its
successor LMB-100 is that immunotoxins contain a foreign protein
and are immunogenic, limiting the number of treatment cycles
that can be given (24, 26) (https://clinicaltrials.gov/ct2/show/
NCT02810418). Fortunately, there are now several other anti-
mesothelin agents including antibody–drug conjugates, bispecific
antibodies, and CAR-T cells that can be used to kill mesothelin-
expressing fibroblasts (14).
We hypothesized that anti-human MSLN Ab immunotoxins

can target human aPFs (without disrupting liver architecture or
liver function) (4). Expression of human MSLN and THY1 was
up-regulated in livers of patients with PSC and correlated with
the severity of cholestatic fibrosis. Similar to mouse aPFs, human
aPFs expressed MSLN, THY1, and αSMA. Human aPFs actively
contributed to fibrosis when adoptively transplanted into livers of
adult immunodeficient Rag2−/−γc−/− mice, proliferated, and mi-
grated to the portal areas in response to BDL injury. Here we
demonstrate that targeting of human MSLN with SS1P resulted in
ablation (>90%) of human aPFs (from two different patients) in
livers of human xenograft mice. Despite the low ratio of engrafted
human aPFs to endogenous mouse aPFs, our data suggest that
immunotoxins can effectively cause apoptosis of human aPFs and

attenuate development of cholestatic fibrosis. Generation of
“human aPF xenograft” Rag2−/−γc−/− mice serves as a useful tool
to study in vivo the variability of patient-specific responses of hu-
man aPFs (fibrogenic activation/proliferation) to specific MSLN
inhibitors.
Overall, immunotherapy-based ablation of human aPFs/tissue

fibroblasts might become a strategy for treatment of cholestatic
fibrosis and fibrosis in other organs. It might not cure patients with
cholestatic fibrosis but can decrease fibroproliferative responses to
bridge PSC patients to liver transplantation or treatment of the
etiological causes.

Materials and Methods
Mice. Col-GFP (16), Msln−/− (11), Muc16−/− (44), Thy1−/− (8), and Mdr2−/− (6)
mice, WT C57BL/6 male littermates, and Rag2−/−γc−/− mice (BalbC) were
housed and maintained under specific pathogen-free conditions in a stan-
dard environment with a 12-h light–dark cycle and fed a diet of normal
chow ad libitum at the animal facilities of the University of California San
Diego under protocol S07088, approved by the Institutional Animal Care and
Use Committee.

Bleomycin-Induced Lung Fibrosis. Anesthetized mice were orotracheally in-
stilled with bleomycin (1 or 5 U/kg, or PBS, 100 μL; Fresenius Kabi). Lungs were
collected 3 wk after bleomycin (1 U/kg) instillation (20).

UUO-Induced Lung Fibrosis. Mice were intraperitoneally anesthetized with
ketamine (80 mg/kg) and xylazine (10 mg/kg), an abdominal midline incision
was performed, and the right ureter was ligated (with 6-0 nylon) at two
levels. Kidneys were collected after 2 wk of UUO; the nonobstructed con-
tralateral (left) kidneys served as a control (45).

Histological Analysis of Liver/Lung/Kidney Fibrosis in Mice. Formalin-fixed paraffin-
embedded mouse liver/lung/kidney sections were stained with hematoxylin and
eosin (H&E), Sirius red, anti-Thy1.2 Ab (1:200; BioLegend; 105301), anti-
αSMA Ab (1:200; Abcam; ab5694), anti–Pan-CK Ab (1:200; Dako; Z0622),
anti-CD34 Ab (1:200; eBioscience, 14-0341-81; Abcam, ab81289), anti-Sox9
Ab (1:200; MilliporeSigma; AB5535), and anti-GFP Ab (1:300; Abcam; ab6673)
followed by secondary Alexa Fluor 488– or 594–conjugated Abs (Invitrogen)
or 3,3′-diaminobenzidine (DAB) staining (Vector Laboratories). Nuclei were
visualized by DAPI. Images were taken using an Olympus microscope, the
positive area was calculated as a percentage (using ImageJ), and represen-
tative images of >2 independent experiments are shown.

Isolation of Primary Mouse aPFs and Lung and Kidney Fibroblasts. Non-
parenchymal cell fractions were isolated from livers of Col-GFP+Mdr2−/−, Col-
GFP+Msln−/−Mdr2−/−, Col-GFP+Muc16−/−Mdr2−/−, and Col-GFP+Thy1−/−Mdr2−/−

mice (12 wk old) using the pronase/collagenase method (4). Col-GFP+vitaminA−

aPFs were sort-purified from Col-GFP+vitaminA+ aHSCs using a FACSAria II (BD
Biosciences). Lung fibroblasts were isolated from bleomycin-injured (1 U/kg,
3 wk) Col-GFP+ (WT) and Col-GFP+Msln−/− mice using 0.05% collagenase/0.05%
trypsin/0.05% DNase digestion (37 °C, for 10 min) (46). Upon removal of the
mesothelial capsule, kidney fibroblasts were isolated from UUO (2 wk)-injured
Col-GFP+ and Col-GFP+Msln−/− mice using collagenase digestion of the renal
cortex (47). Nonparenchymal single-cell suspensions were cultured (in Dul-
becco’s modified Eagle’s medium [DMEM] + 10% fetal bovine serum [FBS]) for
6 h (to allow surface antigens to reexpress) and then stained with anti–
Thy1.2-PE-Cy7 Ab (1:100; eBioscience; 250902-81); Col-GFP+Thy1+ and Col-
GFP+Thy1− lung and kidney tubular fibroblasts were sort-purified using a
FACSAria II (BD Biosciences) and analyzed by RNA-seq and Western blotting.

Western Blotting and Immunoprecipitations. Mouse Col-GFP+Mdr2−/− and Col-
GFP+Mdr2−/−Msln−/− aPFs (4) and primary Col-GFP+ and Col-GFP+Msln−/− lung
fibroblasts (46) were cultured ±TGFβ1 (5 ng/mL, 24 h; R&D Systems). Cell
lysates or whole-tissue lysates (in lysis buffer: 50 mM Tris·HCl, pH 7.4,
250 mM NaCl, 10 mM Hepes, 0.5% Nonidet P-40, 2.5 mM 3-cholamidopropyl
dimethylammonio-1-propanesulfonate, 10 mM NaF, 1 mM Na3VO4, 5%
glycerol, 25 mM ethylenediaminetetraacetate, 2 mM ethylene glycol tetra-
acetic acid, 1 mM sodium deoxylate, plus protease inhibitor mixture) were
analyzed by Western blotting using anti-αSMA (1:1,000; Abcam; ab5694),
anti-Thy1 Ab (1:1,000; R&D Systems; AF7335), anti-Msln Ab (1:200; IBL;
28127), anti-TGFβRI Ab (1:1,000; Abcam; ab31013), and anti–p-Smad2/Smad2
Abs and anti–p-Akt/Akt Abs (1:1,000; Cell Signaling Technology; 3101/5339,
4060S/4691S), and normalized using anti–β-actin Ab (1:5,000; Sigma-Aldrich;
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A5441). IPs: cell lysates were precleared at 4 °C/1 h with protein G Sepharose
(MilliporeSigma) and incubated overnight with anti-Msln Ab (2 μg; IBL;
28127), anti-TGFβRI Ab (2 μg; Abcam; ab31013), or anti-Muc16 Ab (Abicode;
R2334-3), and the collected immune complexes were analyzed by Western
blotting using anti-Thy1 Ab, anti-Msln Ab, and anti-Muc16 Ab (1:500;
Abicode; R2334-3).

Livers from PSC Patients. Deidentified archived formalin-fixed serial liver
sections were obtained from liver transplant patients with PSC stage 2 (n =
5) and 4 (n = 10) liver fibrosis (Mayo Clinic, Institutional Review Board [IRB]
18-000798) or deidentified nonfibrotic livers declined for transplantation
(n = 5; approved project 171883XX; https://www.lifesharing.org) and immu-
nostained with anti-αSMA Ab (1:100; Abcam; ab5694), anti-MSLN Ab (1:100;
Abbiotec; 250519), and anti-THY1 Ab (1:100; Abcam; ab92574). Seven or more
nonoverlapping images per field per patient were analyzed using ImageJ, and
the positive area was calculated as a percentage.

Isolation of Human aPFs. Human aPFs were isolated from cholestatic livers
declined for transplantation (n = 6; IRB 171883XX; https://www.lifesharing.
org). Upon removal of the common hepatic bile duct and dissection of the
hepatic hilus, the intrahepatic biliary tracts (upright to the junction of the
right and left hepatic ducts) were exposed, the segmental branches of
intrahepatic ducts were dissected, and the nonparenchymal tissues sur-
rounding the bile ducts were collected, minced (to 0.5 mm3), digested using
the collagenase/pronase method (48), filtered, and cultured (DMEM + 10%
FBS) for 7 d, followed by cell sorting using anti–MSLN-PE Ab (49). Human
MSLN+ aPFs were phenotyped with anti-MSLN, anti-THY1, and anti-αSMA
Abs, stimulated ±TGFβ1 (5 ng/mL, 24 h; Proteintech) ±Alk5 inhibitor
(SB431542; 10 μM, 24 h; Selleckchem), and analyzed by RNA-seq and qRT-
PCR. Selected human aPFs were labeled with GFP-lentivirus (LVP016-GP;
GenTarget) (4).

qRT-PCR. qRT-PCR was performed using QuantStudio 3 (Applied Biosystems).
Total RNA was isolated from livers, mouse aPFs and aHSCs, or human aPFs
using TRIzol and the Pure Link RNA Mini Kit (Invitrogen). Expression levels of
selected genes were calculated vs. the housekeeping gene HPRT using the
ΔΔCt method (for primers, see SI Appendix, Tables S1 and S2). The data are
relative mRNA levels compared with control.

RNA-Seq. RNA from mouse or human aPFs (1 × 106 cells per donor, n = 6) and
mouse lung and kidney fibroblasts was subjected to RNA-seq according to
standard protocols (Illumina). RNA-seq reads were aligned to the human
(hg38) or mouse (mm10) genomes using STAR (50). Read quantification was
performed using RSEM3 v1.3.0 and Ensembl annotation (Gencode version 19).
Lowly expressed genes were filtered out (cpm >1 in at least one sample).
Trimmed mean of M values (51) normalization was applied. The R BioConductor

packages edgeR and limma (52) were used for the limma-voom (53) method
for differential expression analysis. Relative expression heatmaps were
constructed using the clustermap function from Python’s statistical data vi-
sualization tool Seaborn (https://seaborn.pydata.org/). The log fold change
was used to assess similarity between conditions with only one sample, by
comparing the observed commonly up-regulated/down-regulated genes
with what would be expected by chance given the observed fraction of up-
regulated/down-regulated genes per condition (binomial test) at varying
fold-change thresholds. Network analysis was conducted using the STRING
web tool (54). Pathway analysis was conducted using the ToppGene Suite
(55) and the g:Profiler Python tool (56).

Anti-Human MSLN Ab Immunotoxins. SS1P and LMB-100 were generated by
conjugation of anti-human MSLN SS1P mAb (23, 24, 57, 58) to truncated
Pseudomonas (PE38) exotoxin (25, 59). Cultured human aPFs were treated with
SS1P or LMB-100 (0.05 to 100 ng/mL) for 72 h. Anti-transferrin Ab immuno-
toxin HB-21 was used as a positive control. Cell viability was measured using
the WST-8 cytotoxicity assay (Dojindo).

Humanized Xenograft Mice. These mice were generated by intrahepatic
transplantation of primary human MSLN+GFP+ aPFs into livers (left lateral
lobes) of Rag2−/−gc−/− mice. Mice were sham- or BDL-injured, and treated
with anti-MSLN Ab immunotoxin (SS1P, 100 μg/kg, i.v., injected on days 1
and 3 post BDL; or vehicle, 0.2% human serum albumin). Livers were col-
lected after 5 d of BDL, and liver fibrosis was analyzed in aPF-injected left
lateral lobes (vs. noninjected median lobes).

Statistics. All data represent the mean ± SD. Comparisons of two groups were
analyzed using an unpaired, two-tailed Student’s t test. Comparisons of
three or more groups were analyzed using ANOVA. ANOVA with a Tukey–
Kramer test was used for comparing multiple groups. Survival curves were
determined using the Kaplan–Meier method, and groups were compared
using the log-rank test. P < 0.05 was considered statistically significant.
Analyses were performed using Prism (version 8.3.0; GraphPad Software).

Data Availability.All study data are included in the article and/or SI Appendix.
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