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SUMMARY

Fibroblast activation protein is highly expressed on a subset
of activated fibroblasts and stellate cells at mesenchymal-
epithelial interfaces and is associated with macrophage
infiltration. Specific fibroblast activation protein inhibition
modulates macrophage function, attenuates parenchymal
liver fibrosis, and facilitates hepatocyte proliferation, with
reduced efficacy in biliary fibrosis.

BACKGROUND & AIMS: Fibroblast activation protein (FAP) is
expressed on activated fibroblast. Its role in fibrosis and des-
moplasia is controversial, and data on pharmacological FAP
inhibition are lacking. We aimed to better define the role of FAP
in liver fibrosis in vivo and in vitro.

METHODS: FAP expression was analyzed in mice and patients
with fibrotic liver diseases of various etiologies. Fibrotic mice
received a specific FAP inhibitor (FAPi) at 2 doses orally for 2
weeks during parenchymal fibrosis progression (6 weeks of
carbon tetrachloride) and regression (2 weeks off carbon tet-
rachloride), and with biliary fibrosis (Mdr2�/�). Recombinant
FAP was added to (co-)cultures of hepatic stellate cells (HSC),
fibroblasts, and macrophages. Fibrosis- and inflammation-
related parameters were determined biochemically, by quan-
titative immunohistochemistry, polymerase chain reaction, and
transcriptomics.

RESULTS: FAPþ fibroblasts/HSCs were a-smooth muscle actin
(a-SMA)-negative and located at interfaces of fibrotic septa next
to macrophages in murine and human livers. In parenchymal
fibrosis, FAPi reduced collagen area, liver collagen content, a-
SMAþ myofibroblasts, M2-type macrophages, serum alanine
transaminase and aspartate aminotransferase, key
fibrogenesis-related transcripts, and increased hepatocyte
proliferation 10-fold. During regression, FAP was suppressed,
and FAPi was ineffective. FAPi less potently inhibited biliary
fibrosis. In vitro, FAP small interfering RNA reduced HSC a-SMA
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expression and collagen production, and FAPi suppressed their
activation and proliferation. Compared with untreated macro-
phages, FAPi regulated macrophage profibrogenic activation
and transcriptome, and their conditioned medium attenuated
HSC activation, which was increased with addition of recom-
binant FAP.

CONCLUSIONS: Pharmacological FAP inhibition attenuates
inflammation-predominant liver fibrosis. FAP is expressed on
subsets of activated fibroblasts/HSC and promotes both
macrophage and HSC profibrogenic activity in liver fibrosis.
(Cell Mol Gastroenterol Hepatol 2023;15:841–867; https://
doi.org/10.1016/j.jcmgh.2022.12.005)

Keywords: Antifibrotic Therapy; Fibroblast Activation Protein
(FAP); Hepatic Stellate Cell; Liver Fibrosis; Macrophage.

iver fibrosis results from a protracted wound-
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Lhealing response in chronic liver diseases, such as
viral infections, nonalcoholic steatohepatitis, and cholestatic
hepatitis. It may ultimately lead to cirrhosis, which is the
11th most common cause of death globally.1 The excessive
accumulation of extracellular matrix (ECM) in advanced
fibrosis/cirrhosis is associated with distortion of the hepatic
architecture and severe complications, including liver fail-
ure and death.2,3 Fibrosis results from a disbalance of the
dynamic processes of ECM resolution (fibrolysis) in favor of
ECM accumulation (fibrogenesis).4 Experimental and clin-
ical data indicate that even cirrhosis can regress with
effective treatment of the underlying liver disease.5-7 How-
ever, there are no approved antifibrotic therapies that pre-
vent progression or speed up regression in the majority of
patients for whom causal treatment is impossible or ineffec-
tive. Meanwhile, our understanding of the complex immuno-
logical, cellular, and molecular network that determines
fibrogenesis and fibrolysis has increased, suggesting thera-
peutic approaches targeting the ECM, or the major effector
cells of hepatic ECM production, such as hepatic stellate cells
(HSCs) and (myo)fibroblasts, or effector cells of ECM disso-
lution and removal, such as macrophages.8,9

Fibroblast activation protein (FAP) is a type II integral
membrane glycoprotein and serine protease of the dipep-
tidyl peptidase (DPP) family, with high homology to DPPIV.
Although DPPIV is expressed on hepatocytes and T cells,
FAP is exclusively expressed on a subset of activated fi-
broblasts.10 FAP possesses both terminal dipeptidyl pepti-
dase and endopeptidase activity. Moreover, it displays a
unique substrate specificity for biologically relevant medi-
ators like neuropeptide Y, B-type natriuretic peptide, sub-
stance P, and peptide YY.11 Using global degradomics
technology, further substrates of FAP were identified,
including proteins relevant in ECM remodeling, inflamma-
tion, and fibrinolysis, such as the ECM crosslinking enzyme
lysyl oxidase-like-1, the chemokine CXCL-5, the cytokine
CSF-1, and complement C1q tumor necrosis factor-related
protein 6 (C1qT6).12

FAP is almost undetectable in healthy adult liver, but
upregulated in active stroma of fibrotic livers, such as the
portal-parenchymal interface of expanding portal tracts and
fibrotic septa, and in the desmoplastic stroma of liver tu-
mors.13,14 Importantly, increased FAPþ fibroblasts correlate
with the histological severity of fibrosis, suggesting that
FAPþ fibroblasts may drive fibrogenesis. However, direct
functional evidence of such a role is missing.15 Moreover,
there is little overlap of FAPþ fibroblasts with fibroblasts
expressing a-smooth muscle actin (a-SMA), generally
considered a marker of HSC activation and fibrogenesis.16,17

The gene expression profile of FAPþ fibroblasts is enriched
for inflammatory genes,18-21 suggesting that FAP-expressing
fibroblasts drive inflammation during chronic wound heal-
ing. Still, the function of FAP and FAP-expressing fibroblasts
and HSCs in chronic (liver) injury and fibrosis remains elusive.

Therefore, we examined FAP expression in murine and
human liver fibrosis and employed recombinant FAP pro-
tein in macrophage and HSC/fibroblast cultures in vitro, to
gain insight into the role of FAP and FAPþ cells in liver
inflammation and fibrosis. Finally, we employed a FAP-
selective inhibitor22 to assess the potential of specific FAP
inhibition as antifibrotic therapy.

Results
Specific FAP Inhibition Attenuates Carbon
Tetrachloride-induced Hepatic Injury

We used a specific oral FAP inhibitor (FAPi)22 in an
optimized model of parenchymal liver fibrosis,23 both dur-
ing fibrosis progression and during recovery (partial
regression) after toxin discontinuation.6,7,23 The liver and
spleen weights increased at the peak of fibrosis and
returned to nearly normal after 2 weeks of recovery,
regardless of FAPi treatment (Figure 1, A–C). Histopatho-
logical analysis showed pronounced mononuclear cell infil-
tration in fibrotic livers, which was significantly attenuated
by treatment with FAPi at doses of 15 and 50 mg/kg/d. Two
weeks off carbon tetrachloride (CCl4) (recovery) livers
showed minimal inflammatory cell infiltration with or
without FAPi treatment (Figure 1, D). Serum levels of
alanine transaminase (ALT) and aspartate aminotransferase
(AST) were high in the fibrosis progression group and
reduced to nonfibrotic control levels by FAPi. After recovery
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Figure 1. Treatment of CCl4-fibrotic mice with FAP inhibitor. (A), Scheme of experimental design. Female C56BL/6 mice
received escalating doses of oral CCl4 in mineral oil (fibrotic group, n ¼ 10) or mineral oil alone (non-fibrotic controls, n ¼ 5) for 6
weeks. Fibrotic mice were analyzed at peak progression or after 2 weeks of regression. Other groups of fibrotic mice continued
with their chow were set on chow containing FAPi at 15 or 50 mg/kg/d (n ¼ 10 per group). (B–C), Liver/bw ratio and spleen/bw
ratios. (D), Representative images of H&E-stained liver section of each group. (E–H), Serum ALT, AST, ALP, and creatinine levels.
Data in (B–C, E–H) are presented as means ± standard error of the mean (SEM). Statistical analysis was performed by 1-way
analysis of variance followed by Tukey’s post hoc test (*P < .05; **P < .01; ***P < .005; ns, not significant).
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from CCl4, ALT and AST levels were low and remained un-
changed by FAPi (Figure 1, E–F). Alkaline phosphatase
(ALP) levels were low in mice with fibrosis progression and
increased with recovery (Figure 1, G), suggesting enhanced
hepatocyte progenitor cell proliferation.24 Both doses of
FAPi did not affect serum levels of AST, ALT, and creatinine
in the non-fibrotic controls (Figure 1, E, F, and H).

Pharmacological FAP Inhibition Suppresses
CCl4-induced Liver Fibrosis Progression, but
does not Accelerate Regression

Morphometry for liver collagen and a-SMAþ activated
HSC (myofibroblasts) was significantly reduced with both
doses of FAPi (Figure 2, A–C), in line with an improved Ishak
histological fibrosis score (Figure 2, D) and a significant
decrease of relative and total liver collagen content as deter-
mined by hydroxyproline (Figure 2, E–F). Hepatic levels of key
fibrosis related transcripts (acta2, col1a1, col3a1, pdgfrb,
timp1, mmp2, mmp9, mmp13, spp1-ostepontin, tgfb1, tgfb2)
were significantly upregulated in the untreated fibrotic mice
and were reduced with both doses of FAPi, suggesting a
ceiling effect at 15 mg/kg/d (Figure 2, G). FAPi did not affect
any of these parameters in non-fibrotic controls (Figure 2,
A–G). Consistent with our prior studies in the CCl4 model,23

characteristic histological features of reversal were observed
after 2 weeks of recovery, including splitting of densely
packed fibrotic septa, and a significant reduction of collagen
and a-SMA densities (Figure 2, B–C), whereas fibrosis-related
transcripts had normalized. However, pdgfrb expression
remained upregulated, indicating a role of platelet-derived
growth factor receptor beta (PDGFRb) in fibrosis reversal.

FAP Inhibition Attenuates Macrophage Infiltration
and Activation in Liver Fibrosis

In non-fibrotic livers, CD68þ and M2-type YM1þ macro-
phages were sparse and randomly distributed, but significantly
increased within septa with active fibrogenesis. FAPi reduced
CD68þ and YM1þ macrophages by about 50% compared with
untreated fibrotic controls (Figure 3, A–D), whereas intra-
hepatic CD3þ lymphocyte counts remained unchanged
(Figure 3, E–F). In line with reduced macrophage numbers,
hepatic transcript levels of ccl2 (encoding the macrophage
chemokine MCP-1), inos (pro-inflammatory macrophages/M1-
type), and ym1 (anti-inflammatory/M2-type) were sup-
pressed by FAPi during fibrosis progression, whereas the M2-
marker arg1 remained unchanged (Figure 3, G–J). During
fibrosis regression, macrophage numbers and respective tran-
script levels were low and remained unchanged by FAPi
treatment (Figure 3, A–J). Therefore, FAPi reduced total
monocyte/macrophage recruitment and activation of scar-
associated macrophages in progressive CCl4-induced liver
fibrosis but did not affect macrophages during regression.

FAP Inhibition Promotes Liver Regeneration in
Parenchymal Liver Fibrosis Progression

Ki67, a cell proliferation marker, was almost absent in
cells of non-fibrotic and CCl4-fibrotic mice. In active
fibrosis, FAPi increased the number of Ki67þ hepatocytes
more than 10-fold, and of Ki67þ nonparenchymal cells
more than 3-fold, suggesting that FAP prominently regu-
lates hepatocyte proliferation and possibly liver regener-
ation (Figure 4, A–B).

FAPþ Fibroblasts do not Colocalize With a-SMA-
expressing (Myo)fibroblasts

We used mice expressing tomato red under the control
of the FAP-promoter to demonstrate that FAPþ fibroblasts
formed a distinct population not overlapping with a-SMAþ

(myo)fibroblasts. FAPþ cells were found at the periphery of
portal fields and in (expanding) septa, whereas a-SMAþ

cells were abundant in the more established ECM. Both
FAPþ and a-SMAþ

fibroblasts and (myo)fibroblasts were
adjacent to CD68þ macrophages. (Figure 4, C). Because a-
SMA only defines a subpopulation of activated HSC/myofi-
broblasts, we used the markers GFAP, desmin, and type I
collagen to better define their phenotype. Interestingly, in
early-stage fibrosis (2 weeks of CCl4 induction), only a mi-
nor population of FAPþ fibroblasts was colocalized with
GFAPþ cells, and there was no colocalization with desmin or
collagen fibers. Notably, in advanced fibrosis (4 weeks of
CCl4), GFAP colocalization did not change significantly,
whereas desmin-positive HSCs/fibroblasts now largely
colocalized with FAPþ cells, prominently in collagen-rich
fibrous septa and portal areas (Figure 4, D). These results
indicate that FAPþ cells are a subset of fibroblasts that do
not express a-SMA but mainly desmin, and that they are
linked to collagen production in advanced rather than in
early-stage fibrosis.

FAP Inhibition Accelerates ECM Remodeling and
Modestly Attenuates ECM Deposition in Biliary
Fibrosis

When multidrug resistance protein 2/canalicular phos-
pholipids export pump (Mdr2)�/� mice, a model of human
primary sclerosing cholangitis, and their nonfibrotic wild-
type (WT) controls were treated with FAPi, effects were
less pronounced. Thus, liver and spleen weight, hematoxylin
and eosin (H&E) histology and scoring, and elevated liver
enzymes were unchanged by FAPi treatment (Figure 5,
A–H). Total and relative liver collagen content was less
pronouncedly (Figure 6, F–G), but significantly reduced with
FAPi compared with the CCl4 model. Collagen morphometry
was unchanged (Figure 6, A–B), indicating a decrease of
collagen that was proportionate to the decrease of liver
mass with FAPi treatment (Figure 5, B). This was accom-
panied by a significant reduction of a-SMAþ myofibroblasts
in the portal/septal but not in the parenchymal areas of the
fibrotic livers (Figure 6, A and C–E). Moreover, the fibrotic
septa of the FAPi-treated Mdr�/�mice appeared wider and
collagen fibrils more loosely organized compared with their
untreated Mdr2�/� mice, similar to progressive paren-
chymal fibrosis (Figure 6, A). Transcripts of fibrosis related
genes were highly upregulated in untreated Mdr2�/� vs
WT mice. FAPi did not affect col1a1 tgfb1, tgfb2, and pdgfbr
expression, slightly increased acta2, col3a1, and timp1, and



Figure 2. FAP inhibition attenuates parenchymal liver fibrosis. (A–C), Livers of mice (n ¼ 5–10/group) treated with FAPi
during fibrosis progression or regression vs fibrotic untreated controls were analyzed by quantitative Sirius red and a-SMA
immunohistochemistry, performed in 10 random high-power fields per mouse using ImageJ software. (D), Histological fibrosis
score of liver sections. (E–F), Hepatic hydroxyproline concentration. (G), Hepatic transcript of fibrosis related transcripts. Data
in (B–G) are means ± standard error of the means (SEMs). Statistical analysis was performed as for Figure 1.
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Figure 3. Effect of FAP inhibition on hepatic inflammation in CCl4-induced fibrosis. (A–D), Livers from non-fibrotic mice
and mice with fibrosis progression or regression (n ¼ 5–10/group) treated with FAPi and controls were analyzed for macro-
phage markers CD68 and YM1 using immunohistochemistry in 10 random high-power fields per liver. (E–F), Representative
images and quantification of CD3þ T cells in 10 random fields (�200) from the central right lobe of each liver. (G–J), Hepatic
transcript levels of inflammation related genes. Data in (C–D, F, G–J) are means ± standard error of the means (SEMs).
Statistical analysis was performed as for Figure 1.
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Figure 4. FAP inhibition increases hepatocyte and nonparenchymal liver cell proliferation in CCl4-induced fibrosis.
(A–B), Representative images of Ki67 expressing cells and morphometrical quantification in 10 random high-power fields per
liver. (C), Co-localization of FAPþ

fibroblasts, a-SMAþ (myo-)fibroblasts, and CD68þ macrophage in livers of mice with CCl4-
induced fibrosis. (D), Co-localization of FAPþ

fibroblasts with type I collagen, GFAP-, and desmin-positive HSCs and (myo-)
fibroblasts in livers of mice with CCl4-induced fibrosis. Data are presented as means± standard error of the means (SEMs) (n ¼
5 mice per non-fibrotic, and n ¼ 10 mice per fibrotic subgroups). Statistical analysis was performed as for Figure 1.
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decreased spp1 expression that encode a-SMA, type III
procollagen, TIMP1, and osteopontin, respectively (Figure 5,
H�O). Collectively, treatment with FAPi had a limited to
modest effect on biliary fibrosis but promoted ECM
remodeling and affected fibrosis related gene expression
partly in contrasting ways.



Figure 5. Effect of FAP inhibition on liver/spleen weight and general liver inflammation in Mdr2L/Lmice. (A), Scheme of
FVB control and Mdr2�/� biliary fibrotic mice (n ¼ 5 and n ¼ 10 mice per group, respectively) treated with FAPi (15 or 50 mg/
kg bw) or vehicle for 2 weeks. (B�C), Liver/bw ratio and spleen/bw ratio. (D), Representative images of H&E staining from liver
sections. (E�H), Serum ALT, AST, ALP, and creatinine levels. Data in (B�C, E�H) are means ± standard errors of the mean
(SEMs). Statistical analysis was performed as for Figure 1.
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FAP Inhibition Promotes M2-type Macrophage
Polarization in the Parenchyma of Mdr2�/� Mice

Increased infiltration of CD68þ (total) and YM1þ (M2-
type) macrophages, and CD3þ lymphocytes was observed
in Mdr2�/� mice, being mainly located in the portal areas
and fibrotic septa (Figure 7, A�C; Figure 8, A�C). FAPi did
not affect CD68þ and portal-septal YM1þ macrophage
infiltration but increased parenchymal YM1þ macrophages



Figure 6. FAP inhibition attenuates hepatic fibrosis in Mdr2L/L mice. (A–E), Livers of nonfibrotic FBV control and biliary
fibrotic Mdr2L/L mice (n ¼ 5–10/group) were treated with FAPi (15 or 50 mg/kg/d) for 2 weeks and compared with respective
untreated mice. Sirius red stained area and a-SMA-expressing cells in the parenchymal vs septal areas were assessed by
quantitative morphometry in 10 high-power fields. (F–G), Total and relative hepatic hydroxyproline concentration. (H–O),
Hepatic transcript levels of fibrosis related genes. Data in (B–O) are presented as means ± standard error of the means (SEMs).
Statistical analysis was performed as detailed in Figure 1.
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Figure 7. Effects of FAP inhibition on hepatic inflammation in Mdr2L/L mice. (A–C), Livers of control and Mdr2L/L
fibrotic mice (n ¼ 5–10/group) treated with FAPi as in Figure 5 were assessed for numbers of CD68 and YM1 expressing
macrophages in 10 random high-power fields per mouse. (D–J), Hepatic transcript levels related to macrophage activation,
polarization, and MMP expression were determined by qPCR. Data in (B–J) are presented as means ± standard error of the
means (SEMs). Statistical analysis was performed as detailed in Figure 1.
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Figure 8. FAP inhibition does not modify T cell infiltration and suppresses cell proliferation in Mdr2L/L mice. (A–C),
Representative images and quantification of CD3- and Ki67-positive cells in 10 random fields (�200) from the central right lobe
of each liver. Data in (B–C) are means ± standard error of the means (SEMs). Statistical analysis was performed as detailed in
Figure 1.
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at the highest dose (Figure 7, A�C). This increase was most
pronounced when their number per unit area of liver tissue
was assessed (Figure 7, A and C), suggesting that FAPi favored
M2-type macrophage polarization in the otherwise less
affected parenchymal regions of biliary fibrotic livers. High-
dose FAPi decreased CD3þ cells and Ki67þ cells in the
(active) fibrotic areas in Mdr2�/� mice (Figure 8, A�C). The
vast majority of these Ki67þ cells were compatible with
portal/septal (scar-associated) macrophages, with only few
Ki67þ hepatocytes/biliary epithelia. With FAPi treatment,
transcript levels of macrophage markers were either un-
changed (inos) or dose-dependently upregulated (arg1, ym1),
whereas expression of ccl2, mmp2, and mmp9 was unchanged
and that of mmp13 was elevated at the highest FAPi dose
(Figure 7, D�J). These data indicate that, in experimental
biliary fibrosis, FAPi induced a modest beneficial ECM
remodeling and M2-type macrophage polarization, coupled
with an attenuation of nonparenchymal cell proliferation.
FAP Protein Regulates Macrophage Function
and Polarization

FAP expression was highly upregulated in livers of mice
with parenchymal fibrogenesis, and significantly decreased
after 2 weeks of FAPi treatment. In contrast, hepatic FAP
expression was decreased in biliary fibrotic Mdr2�/� mice
but upregulated with FAPi treatment (Figure 9, A�B). To
assess the role of FAP on key cells driving both parenchymal
and biliary liver fibrosis, we studied the effect of recombi-
nant FAP on murine 3T3-fibroblasts and the human hepatic
stellate line LX2 that in combination should represent major
fibrogenic cells and sources of extracellular matrix proteins
in the liver. Treatment of LX2 cells with recombinant human
fibroblast activation protein (rhFAP) increased expression
of acta2 and col1a1 transcripts (Figure 9, C�D). However,
recombinant mouse fibroblast activation protein (rmFAP)
had no effect on activation of or collagen production by 3T3-
fibroblasts (Figure 9, E�F). Moreover, in M2-type bone
marrow derived macrophages (BMDMs), rmFAP induced a
unique macrophage phenotype with upregulation of both
M1 genes (inos and il6) and of M2 genes (arg1 and il10), and
markers of activation (ccl2 and mmp9) (Figure 10, A�F).
The global gene expression profile in these M2-type BMDM
following rmFAP treatment, as determined by RNA
sequencing (RNA-Seq) of 15,504 transcripts, revealed sig-
nificant changes in 345 transcripts (�1.5-fold increased or
decreased expression compared with untreated M2-type
BMDM; q value <0.05), with 232 genes being upregulated,
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and 113 genes being downregulated (Figure 10, G),
including 2 separate branches of up- and down-regulated
genes (Figure 11). The differentially expressed genes in
rmFAP-treated vs control M2-type macrophages were
enriched in pathways related to cell adhesion molecules,
NOD-like receptor signaling, phagosome, and natural killer
cell cytotoxicity (Figure 10, H). rmFAP induced expression
of macrophage markers like arg1, ass1, cd68, ly6a, ly6e, and
marco, interferon-stimulated genes like iisg15, isg20, ifit1,
ifit2, ifit3, and mx1), markers of ECM remodeling like
mmp14 and lox, and inflammatory chemokines like il1b, ccl2,
ccl5, ccl7, cxcl10, and cxcl116. Downregulated genes included
cd163, fgf13, fn1, igf1r, serp2, tgfbr3, and tnfa (Figure 10, I).
Conditioned Medium From FAPi-treated-HSCs
Suppresses Inflammatory and Modulates MMP
Expression in Macrophages

To clarify the potential mechanistic basis involved in the
antifibrotic effect of FAP inhibition in murine liver fibrosis,
we investigated the crosstalk between HSCs and macro-
phages in vitro. First, we confirmed that FAPi suppressed
human LX2 HSC activation and reduced their fibrogenic
gene expression in a dose-dependent manner, as reflected
by downregulated transcript levels of acta2, col1a1, col3a1,
timp1, loxl1, tgfb1, and ccl2 (Figure 12, A). HSC proliferation
is a critical (first) step in hepatic fibrogenesis, and FAPi
significantly decreased the percentage of Ki67 positive LX2
cells, while conversely Ki67 positivity increased LX2 HSC
treated with rhFAP (Figure 12, B�C). For further confir-
mation and implication of FAP in fibrogenic gene expression
by HSC, we performed small interfering RNA-mediated
knockdown of FAP in LX2 cells in the presence or absence
of transforming growth factor beta 1 (TGFb1). Pre-
treatment with TGFb1 increased fibrogenic genes fap,
acta2, col1a1, loxl1, tgb1, and ccl2, which was reversed by
FAP knockdown. Interestingly, FAP knockdown had no ef-
fect on less activated LX2 HSC in the absence of TGFb1,
except for col1a1 (Figure 13, A�H). Conversely, over-
expression of FAP upregulated a-SMA and type I collagen
protein levels in LX2 cells, and increased transcript levels of
acta2, col1a1, loxl1, pdgfrb, and ccl2 (Figure 13, I�J).

Furthermore, we evaluate how far secreted factors after
FAP inhibition would impact the crosstalk between HSC and
macrophages. Phorbol 12-myristate 13-acetate (PMA)-
induced macrophages derived from human monocytic THP1
cells were exposed to conditioned media (CM) derived from
FAPi treated LX2 HSC (Figure 12, D). Compared with CM of
DMSO-treated control LX2 HSC, CM of higher dose FAPi-
treated LX2 cells inhibited macrophage activation and
function, as reflected by down-regulation of inos, tgfb1,
mmp9, and mmp14, and upregulation of mmp1 transcripts,
with a trend for il10 upregulation (Figure 12, E�J). These
in vitro data support our in vivo results that FAP directly
mediates proliferation and fibrogenic activation of HSC.
Importantly, HSC-derived FAP also increases the numbers
and induces a fibrogenic phenotype of neighboring (mono-
cytes-)macrophages, which further enhances a profibrotic
microenvironment (Figure 12, K).
FAP Expression Suggests a Comparable Role in
Human Liver Fibrosis

We performed FAP immunohistochemistry on livers of
patients with advanced fibrosis due to hepatitis B virus/
hepatitis C virus infection, primary biliary cholangitis (PBC),
or primary sclerosing cholangitis (PSC), to characterize FAP
expression in human vs mouse liver fibrosis. As in mice, FAP
was expressed in HSC/fibroblasts at the periphery of
(expanding) fibrotic septa and portal fields, whereas a-SMA
was found in more central (established) fibrotic areas, and
near to CD68þ macrophages (Figure 14; Figure 15). Based
on our experimental data, this suggests that FAP that is
expressed in areas of expanding septa plays a similar role in
murine and human mesenchymal-epithelial interactions and
tissue remodeling via modulation of macrophage activity
and polarization.
Discussion
FAP is a membrane bound and partly shed cell mem-

brane protein that is mainly expressed on cells of the
fibroblast lineage.25 It is nearly absent in healthy tissues, but
highly upregulated during tissue remodeling in embryo-
genesis, cancer, and fibrosis, such as liver fibrosis.24 FAP has
weak terminal and stronger endopeptidase activity, can
cleave certain ECM proteins, and has been shown to interact
with urokinase plasminogen activator receptor that is
involved in tissue remodeling.19 However, the role that FAP
plays in fibrosis and cancer remains little explored. More-
over, specific pharmacological inhibition of FAP has not
been tested as a potential therapy for liver fibrosis, in part
due to the lack of FAP-specific inhibitors.

We showed that pharmacological FAPi, using a highly
specific inhibitor,26,27 almost normalized the inflammatory
response and significantly reduced HSC activation and
collagen synthesis and deposition in progressive paren-
chymal liver fibrosis, which was accompanied by a decrease
of total and M2-type macrophages. In contrast, FAPi atten-
uated portal but not the mild parenchymal fibrosis in biliary
fibrotic Mdr2�/� mice, which was accompanied by upre-
gulation of M2-type macrophages. These results suggest that
FAP expression and functions depend on the etiology and
temporospatial evolution of liver fibrosis, as well as on in-
flammatory activity, which is high in CCl4-induced fibrosis
compared with biliary fibrosis. Previously, a constitutive
FAP knockout attenuated fibrosis more pronouncedly in a
high inflammatory (bleomycin) vs a low inflammatory
(TGFb1-induced) mouse model of pulmonary fibrosis,16

which is in line with the higher antifibrotic efficacy of
FAPi in high FAP expressing CCl4 vs Mdr2�/� fibrotic
livers.

Our finding that FAP expression and profibrotic function
is highest in an inflammatory milieu is further supported by
a marked FAPi-induced decrease in inflammation, together
with a reduction of total and M2-type macrophages, cells
implicated as drivers of fibrogenesis28-30 in CCl4-fibrotic
livers. FAP expression, M2-type macrophages, inflammation,
and HSC activation are rapidly downregulated once CCl4 is
discontinued, coupled with a slow but steady liver



Figure 9. FAP expression in CCl4 and Mdr2L/L fibrotic livers with/without FAP inhibition and effect of rhFAP/rmFAP
on LX-2 HSCs and murine fibroblasts. (A–B), Transcript levels of fap. (C–D), Effect of treatment with rhFAP on LX2 HSCs
activation and collagen gene expression. (E–F), Effect of treatment with rmFAP on NIH/3T3 fibroblast activation and collagen
gene expression. Data in (A–F) are means ± standard error of the means (SEMs). Statistical analysis was performed as detailed
in Figure 1.
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Figure 10. Effect of rmFAP on M2-type macrophage polarization and gene expression. (A–F), M0 (unpolarized)-BMDMs
and M2-type BMDMs were treated with rmFAP (0–100 ng/mL, 48 hours), and macrophage activation/polarization relevant
transcript levels were analyzed by qPCR. (G), RNA-Seq results in M2-BMDMs treated with 100 ng/mL rmFAP vs untreated M2-
BMDMs. (H), Scatter plot for Kyoto Encyclopedia of Genes and Genomes enrichment analysis of the differentially expressed
genes. Top 20 significantly enriched pathways (P < .05 by the Fisher exact test) are shown. (I), Log2-fold change of selected
genes in M2-BMDMs treated with rmFAP (vs untreated M2-BMDMs). Data in (A–F) as means ± standard error of the means
(SEMs). Statistical analysis was performed as detailed in Figure 1.
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Figure 11. Gene expression profiling by RNA-seq analysis of M2-polarized BMDMs with or without rmFAP treatment.
Heatmaps of differentially expressed genes (differentiated as up- or downregulated by adjusted q-values <0.05 and �1.5 fold-
change) in M2-BMDMs with vs without rmFAP treatment. Fragments per kilobase of transcript, per million mapped
reads (FPKM) values were used to calculate the expression level by fold change of mRNA between the M2-BMDM and
M2-BMDMþrmFAP groups, expressed as log2 (fold change) values. Differentially expressed genes (DEGs) between the
M2-BMDM and M2-BMDMþrmFAP groups were identified using the Student t test. Orange color marks up-regulated
and blue color down-regulated genes compared with the untreated M2-BMDM group. Side bar: X-fold change.
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Figure 12. FAPi-treated LX2 HSC modulate macrophage activation and polarization in vitro. (A), Expression of acta2,
col1a1, col3a1, timp1, loxl1, tgfb1, and ccl2 in LX2 HSC treated with FAPi. (B–C), Immunofluorescent staining for Ki67 and
DAPI in LX2 cells treated with rhFAP and FAPi. (D), Scheme of the experimental design of LX2 CM being added to THP1 cell-
derived macrophages. (E–J), Expression of inos, tgfb1, il10, mmp1, mmp9, and mmp14 in PMA-treated (macrophage) THP1
cells after addition of culture medium from LX2 HSC pretreated with and without FAPi. (K), Working model of FAP and FAPi
action during liver fibrogenesis. FAP upregulates HSC fibrogenic activation and proliferation and promotes macrophage
profibrogenic activation/polarization directly as well as indirectly by production of factors that further promote HSC activation
or induce monocyte recruitment (eg, tgfb1 and ccl2, respectively). Data in (A, C, E–J) are means ± standard error of the means
(SEMs). Statistical analysis was performed as detailed in Figure 1.
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Figure 13. FAP regulates HSC activation. (A), Knockdown of FAP inhibits TGFb1-induced profibrotic gene expression.
LX2 cells were transfected with negative control small interfering (siNC) or small interfering FAP (siFAP) following pretreatment
with 5 ng/mL TGFb1 for 24 hours. Transcript levels of fap, col1a1, col3a1, loxl1, pdgfrb, acta2, tgfb1, and ccl2 were analyzed
using qPCR. (B–C), Overexpression of FAP promotes HSC activation. LX2 cells were transfected with pCDNA3.1 control
plasmid or FAP plasmid for 48 hours. (B), Protein levels of FLAG, collagen type I, and a-SMA were determined by Western blot.
(C), Transcript levels of col1a1, acta2, loxl1, and ccl2 were analyzed using qPCR. Data are presented as means ± standard
error of the means (SEMs). Statistical analysis was performed using an unpaired 2-tailed Student t test (*P < .05; **P < .01;
***P < .005).
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remodeling and modest signs of fibrosis regression, as
observed before.23 Along with downregulated FAP expres-
sion after removal of CCl4, FAPi lacked efficacy to further
promote fibrosis regression, which may suggest a coopera-
tion between FAP-expressing HSCs/fibroblasts and adjacent
macrophages in generating a fibrotic response. Our prior
finding that M2-type macrophages can promote both
inflammation and fibrogenesis in highly inflammatory
fibrosis maintained by CCl4
28 is in line with the findings of

our present study.
Although previous findings showed that FAP is

expressed in a subset of activated HSCs/fibroblasts, func-
tional characterization suggested that FAP expressing fi-
broblasts likely play a distinct role in the fibro-inflammatory
response to injury relative to a-SMA expressing myofibro-
blasts.17,21,31 Accordingly, distinct subsets of (myo)



Figure 14. Expression of FAP protein in livers of patients with chronic liver diseases. Representative H&E, Sirius red, and
FAP staining indicates prominent expression on HSC/fibroblasts at parenchymal-mesenchymal interfaces and adjacent to
inflammatory infiltrates containing macrophages.
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fibroblasts are responsible for mediating either inflamma-
tion or tissue damage in arthritis.21,32 Indeed, FAP expres-
sion is induced by several lymphocyte/macrophage-derived
cytokines such as TNFa, MCP1, and IL6. Moreover, FAP and
a-SMA are both markers of activated HSC or (myo)fibro-
blasts, but do not appear to colocalize.15,33 In accordance



Figure 15. Sequential staining CD68 and a-SMA in livers of patients with advanced chronic liver diseases. Represen-
tative images of sequential staining of liver with cirrhosis due to hepatitis B, and PBC stage 2 and stage 4. CD68þ macro-
phages are located peripherally of areas occupied by a-SMAþ (myo)fibroblasts, compared with a closer association of
macrophages with FAPþ fibroblasts (see Figure 14).
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Figure 16. In vivo FAP inhibitor administration has no effect on fibrosis related gene expression in normal C67BL/6 and
FBV mouse strains. Female C56BL/6 (10 weeks old; n ¼ 5) or FBV (4 weeks old; n ¼ 5) background health control mice were fed
chow with or without FAP inhibitor (FAPi) (50 mg/kg/d) for 2 weeks. No difference of hepatic transcript levels of acta2, col1a1,
tgfb1, and fap between FAPi-treated and FAPi-treated FVB and C57BL/6 mice. Data are presented as means ± standard error of
the means (SEMs). Statistical analysis was performed using an unpaired 2-tailed Student t test (ns, not significant).
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with our mouse data, we found FAPþ fibroblasts at the
portal-parenchymal interface, whereas a-SMAþ (myo)fi-
broblasts were localized more centrally in fibrotic areas,
suggesting roles in ECM remodeling vs consolidation,
respectively. Therefore, targeting specific fibroblast sub-
populations offers the possibility to differentially modulate
inflammation and suppress fibrogenesis.

Promotion of hepatocyte regeneration and restoration of
liver function are important characteristics of promising
antifibrotic therapies.34 We observed low hepatocyte and
mesenchymal cell proliferation in active CCl4-induced liver
fibrosis, whereas FAP inhibition promoted the proliferation
of hepatocytes 10-fold and of HSCs 4-fold. Mildly activated
HSCs may assist liver regeneration by producing angiogenic
molecules and factors that modulate endothelial cell and
hepatocyte proliferation, all resulting in favorable ECM
remodeling.35 Expression of PDGFRb, an early feature of
HSC activation,36 was upregulated not only during hepatic
fibrogenesis, but also during spontaneous fibrosis regres-
sion. This suggests that PDGFRb-induced (myo)fibroblast
proliferation may not only result in fibrogenesis, but may
also be necessary for favorable tissue regeneration, in line
with prior wound healing studies.37

The Mdr2�/� model of biliary fibrosis is characterized
by low level inflammation38 and modest FAP expression
(compared with the inflammatory CCl4-induced paren-
chymal fibrosis (Figure 9, A–B). In Mdr2�/� mice, FAPi
also attenuated total collagen deposition, with lesser effect
on inflammation, an increase of portal-septal M2-type
macrophages, with partly opposing effects on fibrosis
related transcripts, and inhibition of hepatocyte prolifer-
ation. Reduction of septal a-SMAþ myofibroblasts and
loosely organized collagen fibrils were accompanied by
induction of mmp13, a macrophage-derived interstitial
collagenase,39 in sum explaining septal fibrolytic remod-
eling of the FAP-expressing expanding septa by MMP-13
macrophages.

Because differences of genetic background between FVB
and C57BL/6 mice could affect susceptibility to fibrosis and
FAPi,40 we compared the profibrogenic gene expression in
both nonfibrotic strains with vs without treatment with
FAPi for 2 weeks. As shown in Figure 16, there was no strain
difference in transcripts for col1a1, acta2, tgfb1, and fap,
regardless of FAPi administration.

Fibrosis results from a dysbalance of ECM deposition vs
ECM degradation. FAP has both dipeptidyl peptidase and
protease activity for ECM substrates like collagens type I, III,
and V, and fibrillin-2.12 Our study supports a profibrotic role
in both portal and parenchymal liver fibrosis, especially in
regions where inflammation dominated by macrophages
prevails. We demonstrated that this profibrotic role of FAP
involves the interaction of FAP expressed on fibroblasts
with macrophages, because recombinant murine FAP pro-
moted a profibrotic M2-phenotype in vitro. Thus, the role of
FAP appears to go far beyond its mere activity as modestly
active ECM protease, because rmFAP regulated several
hundred genes in macrophages that are related to tissue
remodeling and fibrosis, including spp1 encoding osteo-
pontin, an important driver of liver fibrosis.41-43

Besides using specific pharmacological inhibition of FAP
activity, depletion of FAP using genetic strategies can pro-
vide supplementary information on the role of FAP in
fibrosis. To date only 2 studies have been published, where
constitutive FAP knockout had a modest effect on
bleomycin-induced pulmonary fibrosis progression16 or on
protection from the development of atherosclerosis.44

However, constitutive FAP knockout cannot be compared
with pharmacological inhibition with our highly specific
FAPi.45-47 Thus, Panaro et al45 found that, although specific
pharmacological FAP inhibition improved glucose tolerance
in mice with diet induced obesity, FAP knockout did not
protect these mice from insulin resistance, suggesting that
elimination of FAP activity rather than constitutive genetic
loss of FAP is essential for the beneficial effect. Importantly,
pharmacological FAPi is a better proof of function than mice
with a constitutive knockout that favors early adaptation to
the gene deficiency, often not allowing to make conclusions
about pharmacological intervention.
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Although more studies need to be done, we provide
molecular and functional evidence of a role of FAP in driving
fibrogenesis in areas of active fibroproliferation, as
characterized by high cellularity, especially in the presence
of active HSC/fibroblasts and macrophages that we impli-
cate as a fibrogenic unit that is modulated by FAP. In line
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with our functional and colocalization studies of (M2-type)
macrophages with activated HSCs/(myo)fibroblasts in our
fibrosis models, we observe a comparable colocalization of
FAP-expressing immune cells/macrophages with activated
HSC/(myo)fibroblasts in human liver fibrosis.

Overall, pharmacological FAP inhibition has an anti-
inflammatory and anti-fibrotic effect mainly in active
parenchymal compared with a modest effect in biliary mu-
rine liver fibrosis, acting in interface regions where FAP
expression in HSCs/fibroblasts is high. We conclude that
FAP promotes (fibrogenic) activation of adjacent macro-
phages involving an upregulation of several genes impli-
cated in fibrogenesis, including spp1. Because
immunohistochemistry suggests a similar role of FAP in
human liver fibrosis, specific FAP inhibitors may serve as a
novel class of antifibrotics in active human liver
fibrogenesis.

Materials and Methods
Liver Fibrosis Models
Parenchymal fibrosis. Seven- to eight-week-old female
C57BL/6 mice received escalating doses of CCl4 in mineral
oil via oral gavage 3 times a week for up to 6 weeks (first
dose, 0.875 mL/kg; 1.75 mL/kg from week 1–3; 2.5 mL/kg
from week 4 onwards).23 Mice receiving mineral oil alone
(200 mL) served as nonfibrotic controls. Spontaneous
fibrosis regression was assessed 2 weeks after discontinu-
ation of CCl4 treatment.
Biliary fibrosis. Adult female Mdr2�/� mice (FVB back-
ground, bred at the Institute of Translational Immunology)
that develop spontaneous PSC-like fibrosis with maximal
progression between 4 and 12 weeks of age,38 were analyzed
at age 6 to 7 weeks. Age-matched WT FBV mice served as
non-fibrotic controls. Animal experiments were performed in
accordance with institutional and German legal guidelines for
animal protection. This study was approved by the Animal
Protection and Care Committee of the State of Rhineland-
Palatinate (approval No. 23177-07G12-1-007).

Treatment With FAP Inhibitor In Vivo
The recently published FAP-specific inhibitor (FAPi) (S)-N-

(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)-quinoline-4-
carboxamide (compound 60)22 was reconfirmed at
Boehringer-Ingelheim for its FAP vs DPP-4 inhibitory activity
of 1 nM vs >85 mM, respectively (Figure 17, A). Mice received
Figure 17. (See previous page). Formula and specificity of th
cre-knock in (KI) mice (B–C). (B), Diagram of the Fap-WT a
transfected by the CRISPR/Cas9 technology using 2 w 3.0
(woodchuck posttranscriptional regulatory element)-polyA inser
The Cre element in the Fap-cre-KI were inserted in exon 26, betw
transfer, founder mice (F0) with successful homologous recom
eration (Biomodel Organism Science & Technology Developme
mice by PCR using primer pairs specific to the Fap-cre allele a
constitutive KI allele (395-bp fragment) as well as the WT allele
(P3) 50-CTTAATGCACCAGTTCTATC-30, forward; (P4) 50-GAG
TATGCAATGAAGACAAT-30, forward; (P2) 50-CCCGGCAATG
peptide from porcine teschovirus-1. (D), tdTomato is express
(LSL-tdTomato) with FAP-cre mice. FAP-expressing cells are de
FAPi mixed in the chow (Ssniff, Soest, Germany; S8251) at a
concentration of 15 mg/kg body weight (bw) (n ¼ 10) or 50
mg/kg bw (n ¼ 10), based on an average chow consumption
of 3 g/d, or chow without inhibitor as control (n ¼ 5) for 2
weeks (week 5 to 6 of CCl4 induction, week 4 to 6 of age for
Mdr2�/�mice. In the CCl4 regression model, FAPi (50mg/kg
bw) (n¼ 10) or untreated control (n ¼ 10) was administered
for the 2 weeks off CCl4.

Generation of Fap-cre Transgenic Mice
Fap-cre transgenic mice were generated and confirmed

using the CRISPR/Cas9 technology as detailed in Figure 17,
B–D. Subsequently, the Fap-cre/þ mice were crossed with a
reporter mouse containing a stop cassette flanked by loxp
sites upstream of tdTomato (tdT) at the Rosa26 locus
(Rosa26-loxp-stop-loxp-tdTomato) to generate Fap-cre-
tdTomato reporter mice on the C57BL/6 background. To
localize FAP-expressing HSC/fibroblasts, Fap-cre-tdTomato
reporter mice received CCl4 for 2 or 6 weeks.

In Vitro Experiments
LX2 (human hepatic stellate cells), NIH/3T3 (murine fi-

broblasts), THP1 (human monocytic cell line), and mouse
BMDMs were used for in vitro experiments. LX2 and NIH/
3T3 were cultured at 37 �C/5% CO2 in complete or in low-
serum medium (Dulbecco’s Modified Eagle Medium, 10% or
1% fetal bovine serum [FBS], respectively, plus 1% peni-
cillin/streptomycin). THP1 cells were cultured at 37 �C/5%
CO2 in complete medium (RPMI 1640, 10% FBS, 1% peni-
cillin/streptomycin, 0.05 mM 2-mercaptoethanol). BMDMs
were extracted from femur and tibia of C57BL/6 mice and
cultured at 37 �C/5% CO2 in Iscove’s Modified Dulbecco’s
Medium supplemented with 10% FBS, 1% penicillin/
streptomycin, and recombinant murine M-CSF (20 ng/mL).
After 7 days in culture, BMDMs were treated with 20 ng/mL
IL-4 þ 20 ng/mL IL-13 for M2 polarization.

For in vitro stimulation, recombinant human FAP (Bio-
Legend, 768902), recombinant mouse FAP (R&D, 8647-SE),
FAP inhibitor were used in low-serum medium. For FAP
knockdown experiments, LX2 cells were pretreated with 5
ng/ml TGFb1 for 24 hours, and then transfected with FAP
small interfering or negative control (Syngentech) using
EndoFectin MAX (GeneCopoeia, EF013) according to the
manufacturer’s protocol. The sequences of the siRNAs are
presented in Table 1. Their final concentration was 50 nM.
e FAP inhibitor (A) and targeting strategy to generate Fap-
nd Fap-Cre-KI alleles. C57BL/6 embryonic stem cells were
kb homologous arms on both sides of the 2A-Cre-WPRE
tion sequence. Positive clones were selected with ampicillin.
een the Fap STOP and polyadenylation signals. After embryo

bination were bred with C57BL/6 mice to obtain the F1 gen-
nt, Shanghai). (C), Genotyping of WT and heterozygous (He)
nd Fap-WT allele confirmed correct insertion. To detect the
(683-bp fragment) by PCR. The following primers were used:
CATCTTCCAGGTGTG -30, reverse; (P1) 50-TGCCGCACT-
AACAGGTGATAAAACA-30, reverse. 2A: ‘self-cleaving’ 2A
ed in FAP-positive cells upon crossing the reporter mice
tected in muscle cells of striated muscle, heart, and liver.



Table 1.Primers and Probes Used in Quantitative Real-time Polymerase Chain Reaction

Gene Primer sequence TaqMan probe

macta2 F: 50-ACAGCCCTCGCACCCA-30 CAAGATCATTGCCCCTCCAGAACGC
R: 50- GCCACCGATCCAGACAGAGT -30

mcol1a1 F: 50- TCCGGCTCCTGCTCCTCTTA -30 TTCTTGGCCATGCGTCAGGAGGG
R: 50- GTATGCAGCTGACTTCAGGGATGT -30

mcol3a1 F: 50- AATGGTGGCTTTCAGTTCAGCT -30 TGGAAAGAAGTCTGAGGAAGGCCAGCTG
R: 50- TGTAATGTTCTGGGAGGCCC -30

mpdgfrb F: 50- TGGTCCTTTGGAATCCTACTCTG -30 AAATCTTCACACTGGGTGGCACCCCTT
R: 50- GGTCGTTCATGGGCAGCT -30

mtimp1 F: 50- TCCTCTTGTTGCTATCACTGATAGCTT -30 TTCTGCAACTCGGACCTGGTCATAAGG
R: 50- CGCTGGTATAAGGTGGTCTCGTT -30

mmmp2 F: 5’- CCGAGGACTATGACCGGGATAA -30 TCTGCCCCGAGACCGCTATGTCCA
R: 50- CTTGTTGCCCAGGAAAGTGAAG -30

mmmp9 F: 50- CAGGATAAACTGTATGGCTTCTGC -30 CTACCCGAGTGGACGCGACCGT
R: 50- GCCGAGTTGCCCCCA -30

mmmp12 F: 50- CTGCTCCCATGAATGACAGTG -30

R: 50- AGTTGCTTCTAGCCCAAAGAAC -30

mmmp13 F: 50- GGAAGACCCTCTTCTTCTCT -30 TCTGGTTAACATCATCATAACTCCACACGT
R: 50- TCATAGACAGCATCTACTTTGTT-30

mspp1 F: 50- AGCAAGAAACTCTTCCAAGCAA -30 -
R: 50- GTGAGATTCGTCAGATTCATCCG -30

mtgfb1 F: 50- AGAGGTCACCCGCGTGCTAA -30 ACCGCAACAACGCCATCTATGAGAAAACCA
R: 50- TCCCGAATGTCTGACGTATTGA -30

mtgfb2 F: 50- GTCCAGCCGGCGGAA -30 CGCTTTGGATGCTGCCTACTGCTTTAGAAAT
R: 50- GCGAAGGCAGCAATTATCCT -30

mccl2 F: 50- CGGAACCAAATGAGATCAGAACCTAC -30 -
F: 50- GCTTCAGATTTACGGGTCAACTTCAC -30

minos F: 50- GGAGCAGGTGGAAGACTATTTCTT -30 -
R: 50- CATGATAACGTTTCTGGCTCTTGA -30

mym1 F: 50- GGGCATACCTTTATCCTGAG-30 -
R: 50- CCACTGAAGTCATCCATGTC -30

marg1 F: 50- GGTCCAGAAGAATGGAAGAGTCAG -30 -
R: 50- CAGATATGCAGGGAGTCACC -30

mfap F: 50- CCGCGTAACACAGGATTCACTG-30 -
R: 50- CACACTTCTTGCTCGGAGGAGA -30

mil6 F: 50- ACCAGAGGAAATTTTCAATAGGC -30 -
R: 50- TGATGCACTTGCAGAAAACA -30

mil10 F: 50- GCTCTTACTGACTGGCATGAG -30 -
R: 50- CGCAGCTCTAGGAGCATGTG -30

mgapdh F: 50- AGGTCGGTGTGAACGGATTTG-30 -
R: 50- GGGGTCGTTGATGGCAACA-30

hfap F: 50- GGAAGTGCCTGTTCCAGCAATG-30

R: 50- TGTCTGCCAGTCTTCCCTGAAG-30

hacta2 F: 50- CTATGCCTCTGGACGCACAACT-30

R: 50- CAGATCCAGACGCATGATGGCA-30

hcol1a1 F: 50- GATTCCCTGGACCTAAAGGTGC-30

R: 50- AGCCTCTCCATCTTTGCCAGCA-30

hcol3a1 F: 50- TGGTCTGCAAGGAATGCCTGGA-30

R: 50- TCTTTCCCTGGGACACCATCAG-30

htgfb1 F: 50- TACCTGAACCCGTGTTGCTCTC-30

R: 50- GTTGCTGAGGTATCGCCAGGAA-30

hccl2 F: 50- AGGTCGGTGTGAACGGATTTG-30

R: 50- GGGGTCGTTGATGGCAACA-30

hil10 TCTCCGAGATGCCTTCAGCAGA

TCAGACAAGGCTTGGCAACCCA
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Table 1.Continued

Gene Primer sequence TaqMan probe

hloxl1 F: 50- ACAGCACCTGTGACTTCGGCAA-30

R: 50- CGGTTATGTCGATCCACTGGCA-30

htimp1 F: 50- AGGTCGGTGTGAACGGATTTG-30

R: 50- GGGGTCGTTGATGGCAACA-30

hinos F: 50- AGGTCGGTGTGAACGGATTTG-30

R: 50- GGGGTCGTTGATGGCAACA-30

hmmp1 F: 50- ATGAAGCAGCCCAGATGTGGAG-30

R: 50- TGGTCCACATCTGCTCTTGGCA-30

hmmp9 F: 50- GCCACTACTGTGCCTTTGAGTC -30

R: 50- CCCTCAGAGAATCGCCAGTACT -30

hmmp14 F: 50- CCTTGGACTGTCAGGAATGAGG-30

R: 50- TTCTCCGTGTCCATCCACTGGT-30

hgapdh F: 50- GTCTCCTCTGACTTCAACAGCG-30

R: 50- ACCACCCTGTTGCTGTAGCCAA-30

siNC 50- UUCUCCGAACGUGUCACGUTT-30

50- ACGUGACACGUUCGGAGAATT-30

sifap 50- CCUUAGCAAUGGAGAAUUUTT-30

50- AAAUUCUCCAUUGCUAAGGTT-30
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The transfected cells were used for experiments after 24
hours. For FAP overexpression experiments, LX2 cells at 80%
confluence were transfected using EndoFectin MAX following
the manufacturer’s protocol. Cells were transfected with 250
ng/cm2 of pcDNA3.1-FAP plasmids or pcDNA3.1-NC plasmids
(Syngentech). Two days after transfection, cells were used for
experiments. To explore the effect of conditioned medium
Table 2.Primary Antibodies Used for IF, IHC-P, IHC-Fr, and W

Antibody Species

a-SMA (IHC-P) Rabbit anti-mouse Abca

a-SMA (IHC-Fr) Goat anti-mouse Novu

CD68 (IHC-P/Fr) Rabbit anti-mouse Ther

CD3 (IHC-P) Rabbit anti-mouse Abca

YM-1 (IHC-P) Rabbit anti-mouse Stem

Ki67 (IHC-P) Rabbit anti-mouse Abca

Ki67 (IF) Rabbit anti-human Abca

FAP (IHC-P) Sheep anti-human R&D

GFAP (IHC-Fr) Mouse anti-mouse Sigm

Desmin (IHC-Fr) Rabbit anti-mouse Ther

Collagen type I (IHC-Fr) Rabbit anti-mouse Ther

CD68 (IHC-P) Mouse anti-human MAIX

a-SMA (IHC-P) Mouse anti-human MAIX

a-SMA (WB) Rabbit anti-human Abca

Collagen type I (WB) Rabbit anti-human Ther

FLAG (WB) Mouse anti-human CST

GAPDH (WB) Rabbit anti-human Abca

a-SMA, a-smooth muscle actin; FAP, fibroblast activation pro
-frozen sections; IHC-P, immunohistochemistry -paraffin sectio
from FAPi-treated LX2 cells on the function and polarization
of macrophages, THP1 cells were differentiated into macro-
phages with 100 nM PMA (Sigma-Aldrich, P1585) in complete
medium. After 24 hours, differentiated cells were adherent,
washed one time with phosphate buffered saline and treated
with conditioned medium for 12 hours. All experiments were
performed in triplicate.
B

Company Catalog no. Dilution

m ab124964 1:200

s NB300-978 1:500

moFisher PA5-78996 1:500

m ab21703 Read to use

cell Technologies 60130 1:50

m ab21700 Ready to use

m ab21700 Ready to use

AF3715 1:15

a-Aldrich G3893 1:400

moFisher PA5-16705 1:500

moFisher PA5-95137 1:500

IN. BIO MAB-0863 Ready to use

IN. BIO MAB-0890 Ready to use

m ab5694 1:1000

moFisher PA5-95137 1:1000

8146 1:1000

m ab9485 1:5000

tein; IF, immunofluorescence; IHC-Fr, immunohistochemistry
ns; WB, Western blot.
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Preparation of Conditioned Media (CM) From
FAPi-treated LX2 Cells

LX2 cells were treated with different concentrations of
FAPi in low-serum medium for 24 hours, washed to remove
FAPi, and then received fresh serum-free medium for
further incubation. After 12 hours, the medium was
collected and centrifuged at 12,000 rpm for 10 minutes at 4
�C to eliminate cell debris. Each CM was stored at�80 �C for
further use.

Hepatic Collagen Content
Hepatic collagen content was determined as relative

hydroxyproline (mg/g liver) in 250- to 350-mg liver samples
from 2 different lobes after hydrolysis in 6N HCl for 16
hours at 110 �C as described.48 Total hydroxyproline (mg/
whole liver) was calculated based on individual liver
weights and the corresponding relative hydroxyproline
content.

Serum Biochemistry
Whole blood was collected by cardiac puncture at sac-

rifice, and serum stored frozen at �80 �C. ALT, AST, ALP,
and creatinine were determined by the Central Clinical
Laboratory of the University Medical Center Mainz with
validated clinical laboratory methods.

Histology and Immunohistochemistry
Upon sacrifice, the left liver lobe was collected, fixed in

formalin, paraffin-embedded, sectioned at 4 mm, and
routinely processed for H&E staining. Sirius red staining and
immunohistochemistry were performed as described pre-
viously.49-51 Primary antibodies used were anti-FAP, anti-a-
SMA, anti-CD68, anti-YM1, anti-CD3, and anti-Ki67 (for de-
tails of primary antibodies, see Table 2) and visualized with
the anti-sheep HRP-DAB Cell & Tissue Staining Kit (RD
Systems, CTS019) (for FAP staining) or the ABC staining kit
(Vector Labs, PK-4001) (for a-SMA, CD68, YM1, CD3, Ki67
staining). Sirius red- and a-SMA-positive areas were quan-
tified using Image J software from 10 random, non-
overlapping fields per mouse and 5 to 10 mice per group
at 200� magnification. Grading and staging of fibrosis and
inflammation in H&E sections was performed by an expert
liver pathologist (X.Y.Z.) according to Ishak scores 0–6.52

Immunofluorescence
Immunofluorescent staining of liver tissues was per-

formed as we reported.50 Briefly, liver tissues were fixed
with 10% neutral buffered formalin and cut into sections of
5-um thickness. After the non-specific binding sites were
blocked with 10% donkey serum for 1 hour at room tem-
perature, the sections were incubated with anti-a-SMA
antibody, anti-CD68 antibody, anti-desmin, anti-(GFAP), and
anti-collagen type I (for details of primary antibodies, see
Table 2) at 4 �C overnight, washed extensively in phosphate
buffered saline, with Alexa Fluor 488/647 conjugated sec-
ondary antibodies (1:500, ThermoFisher, A-21206/A-
31573) for 1 hour. Sections were then counterstained with
4, 6-diamidino-2-phenylindole (DAPI), washed, and moun-
ted for observation under a scanning confocal microscope
(Olympus, Fluoview FV1000).
Western Blot
Whole cell pellets were homogenized in ice-cold NP-40

cell lysis buffer (ThermoFisher, FNN0021) supplemented
with a protease inhibitor cocktail (Roche, 4693159001).
Equal amounts of cell lysate protein (20 mg) were loaded
onto 12% acrylamide SDS-PAGE gels, resolved, and trans-
ferred to nitrocellulose. The membranes were incubated
with primary antibodies in 5% nonfat dry milk blocking
solution overnight at 4 �C and then incubated with sec-
ondary antibody. Proteins were visualized using a chemi-
luminescent substrate (Invitrogen, Rockford). GAPDH was
used as a loading control. Primary antibodies used in
Western blot are listed in in Table 2.
Gene Expression Analysis
Approximately 100 mg liver tissue from 2 different

mouse liver lobes were snap frozen and homogenized using
TissueLyser II (Qiagen) in Ribozol (VWR, N580). Cell pellets
were obtained from 3 � 105 cells. The mRNA from whole
cell pellet or liver tissue was extracted using Ribozol, fol-
lowed by reverse transcription of 500 ng RNA using the
qScript Reverse Transcription System (Quantabio, 95217).
Relative transcript levels were quantified by quantitative
polymerase chain reaction (PCR) on a StepOnePlus real-time
PCR system (Applied Biosystems, Foster City, CA), using the
TaqMan and SYBR Green methodologies as described by us
in detail.28,53 Expression levels were corrected using GAPDH
as reference gene (DCt) and compared with the control
group (DDCt) using the 2C(t) method. Validated TaqMan
probes and primers for qPCR are shown in Table 1.
RNA Sequencing and Data Processing
RNA-seq was performed using RNA extracted from

BMDM-M2 with and without treatment with rmFAP. Each
group consisted of 3 biological replicates. A cDNA library
was clustered and sequenced on the Illumina NovaSeq 6000
platform. The sequencing reads were aligned to mouse ge-
nomes in ENSEMBL database. Genes were classified as
differentially expressed based on a cut-off of adjusted q-
value <0.05 and �1.5-fold change. Pathway analysis was
performed using the Kyoto Encyclopedia of Genes and Ge-
nomes pathway classification and functional enrichment.
Clustered heatmaps were generated from all differently
expressed genes using GraphPad Prism 9.3
Human Samples
Liver tissue from patients undergoing liver trans-

plantation for cirrhosis due to hepatitis B or hepatitis C
infection (each n ¼ 1), PBC (n ¼ 2), and PSC (n ¼ 1) was
collected at Beijing Friendship Hospital, Capital Medical
University. Approved was by the Hospital’s Ethics Commit-
tee (nr. 2020-P2-118-01).
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Statistical Analyses
Data are expressed as means ± standard error of the

mean, and statistical analyses were performed using
GraphPad Prism version 6.00 (GraphPad Software, San
Diego, CA). The mean values of 2 groups were compared by
an unpaired Student t test. Multiple comparisons were
performed by one-way analysis of variance. Differences
among selected experimental groups with P values lower
than .05 were considered significant.
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