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INTRODUCTION

Abstract

Background and Aims: Primary sclerosing cholangitis (PSC) is an
immune-mediated cholestatic liver disease for which pharmacological
treatment options are currently unavailable. PSC is strongly associated with
colitis and a disruption of the gut-liver axis, and macrophages are involved in
the pathogenesis of PSC. However, how gut-liver interactions and specific
macrophage populations contribute to PSC is incompletely understood.
Approach and Results: We investigated the impact of cholestasis and colitis
on the hepatic and colonic microenvironment, and performed an in-depth
characterization of hepatic macrophage dynamics and function in models of
concomitant cholangitis and colitis. Cholestasis-induced fibrosis was charac-
terized by depletion of resident KCs, and enrichment of monocytes and
monocyte-derived macrophages (MoMFs) in the liver. These MoMFs highly
express triggering-receptor-expressed-on-myeloid-cells-2  (Trem2) and
osteopontin (Spp1), markers assigned to hepatic bile duct-associated mac-
rophages, and were enriched around the portal triad, which was confirmed in
human PSC. Colitis induced monocyte/macrophage infiltration in the gut and
liver, and enhanced cholestasis-induced MoMF-Trem2 and Spp1 upregula-
tion, yet did not exacerbate liver fibrosis. Bone marrow chimeras showed that
knockout of Spp1 in infiltrated MoMFs exacerbates inflammation in vivo and
in vitro, while monoclonal antibody—mediated neutralization of SPP1 conferred
protection in experimental PSC. In human PSC patients, serum osteopontin
levels are elevated compared to control, and significantly increased in
advanced stage PSC and might serve as a prognostic biomarker for liver
transplant-free survival.

Conclusions: Our data shed light on gut-liver axis perturbations and macro-
phage dynamics and function in PSC and highlight SPP1/OPN as a prognostic
marker and future therapeutic target in PSC.

patients, but with increased risk of developing colorectal
cancer.['910 Resulting from this, PSC is considered a

Primary sclerosing cholangitis (PSC) is an immune-
mediated, obstructive, cholestatic liver disease with a
high risk of progressing to advanced hepatobiliary fibrosis
and end-stage liver disease. Pharmacological treatments
are currently lacking and render PSC as a major indication
for liver transplantation."-3 To date, the pathogenesis of
PSC is incompletely understood but alterations at the level
of the gut-liver axis are proposed to be involved.*-®!
Markers of intestinal barrier leakage are increased in
PSC and associated with poor prognosis,”# and up to
80% of PSC patients have concomitant inflammatory
bowel disease (IBD) of which the vast majority is
diagnosed as colitis [PSC-ulcerative colitis (UC)].I"
Hepatic disease in PSC patients is distinctive from that
observed in PSC-UC patients and PSC-UC patients show
a milder intestinal phenotype compared to non-PSC-UC

prototypical disease in which the gut-liver axis is
involved.l'12 However, so far, in-depth understanding
of the reciprocal effects of cholestatic and intestinal
disease on the gut and the liver, and how this contributes
to PSC is incompletely understood.

In addition, PSC is characterized by the development of
multifocal fibroinflammatory bile duct strictures, and
macrophages (MFs) are suggested to play an important
role in this progression.['>-13 However, MFs represent a
heterogeneous myeloid cell population, show a high level
of plasticity, and shape their ontogeny-imprinted pheno-
type in response to the local microenvironment. As such, a
multitude of functional polarization states in homeostasis,
inflammation, wound healing, fibrogenesis, and resolution
of disease have been attributed to these phagocytes.['6-18l
Under homeostatic conditions, MFs play a pivotal role in
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controlling tolerance to harmless microbes and molecules,
while addressing adequate immune responses against
pathogens that enter the gut and are drained toward the
liver." In the liver, tolerance is maintained by resident
KCs that dominate the hepatic macrophage pool during
steady-state conditions. However, our group and others
have shown that KCs are depleted in experimental models
for acute liver injury (acetaminophen),['920] NAFLD,21-23]
hepatocarcinogenesis!'®2425] and recently, cholestatic
liver disease,’?®! while monocytes and monocyte-derived
macrophages (MoMFs) infiltrate the liver. During inflam-
mation, monocytes infilirate the liver and give rise to
MoMF that contribute to inflammation, fibrosis, and
resolution of disease depending on their phenotype.
MFs accumulate in hepatic peribiliary regions in exper-
imental sclerosing cholangitis and PSC patients,!"#271 and
inhibition of monocyte recruitment was shown to reduce
biliary injury and fibrosis in experimental sclerosing
cholangitis.!"*l However, inhibition of monocyte infiltration
has recently been shown to aggravate liver fibrosis in
experimental NASH.[?8! Since macrophages shape their
phenotype depending on environmental cues, the out-
come of depletion strategies most likely depends on the
stage of disease progression. Modulating the phenotype
of distinct MF populations might be an interesting
alternative, but requires in-depth knowledge of the
functional properties of those cells at specific stages in
disease progression.?%l From this, it is clear that in-depth
characterization of the dynamics and functions of hepatic
MF populations in PSC progression is required. The
recent availability of specific liver MF markers now
enables us to address this question.[21:26.28.30]

Here, we investigated the impact of gut-liver axis
disruption on the liver and colonic microenvironment,
with emphasis on the composition and phenotype of
hepatic MFs, in mouse models for cholangitis-associated
fibrosis and colitis, and extended our findings to human
PSC. Our results hint toward osteopontin as a novel
prognostic marker and therapeutic opportunity in PSC in
the future.

METHODS
Patient cohorts and sampling

Serum samples were either directly collected from
patients according to best clinical practice and
processed following standard operation procedures,
or retrieved from the Hiruz Biobank and/or the
Gastroenterology/Hepatology Biobank (Ghent Univer-
sity Hospital, Ghent, Belgium). Additional samples
were obtained by means of the Norwegian PSC
Research Center (NoPSC) (Oslo, Norway) and the
Biodonostia Research Institute (Donostia-San Sebas-
tian, Spain).' Characteristics of included patients for
serum analyses are summarized in Table 1. Paraffin-

embedded liver biopsy samples or explant material
were provided by the pathology department of Ghent
University Hospital. Characteristics of included
patients for immunohistochemistry are summarized in
Table 2. All research was conducted in accordance
with both the Declarations of Helsinki and Istanbul.
Appropriate approval by the Medical Ethics Committee
of the Ghent University Hospital was provided (Ethical
Committee 2019/0611, Belgian registration number:
B670201940078). A written informed consent was
obtained from all subjects.

Experimental methods

Detailed methods are provided as Supplemental Mate-
rials and Methods, http://links.lww.com/HEP/H970 in
the Supporting Information.

Statistical analysis

Statistical analysis and graphical representations were
performed with GraphPad Prism 6 (GraphPad
Software Inc., La Jolla, CA). Continuous variables
are presented as mean = SEM, unless indicated
otherwise. Ordinal variables are presented as median
+ interquartile range. Two group comparisons were
performed using an unpaired t test with Welch
correction or a Mann-Whitney U test. Multiple group
comparisons were performed using a 1-way ANOVA
with Tukey correction or a Kruskal-Wallis test with
Dunn correction. Variables were tested for normality
using D’Agostino-Pearson or Shapiro-Wilkes normality
tests. To determine the prognostic value of serum
sOPN and sTREM2 levels, a receiver operating curve
analysis employing the area under the curve and
Youden J statistic were calculated using R statistical
software 4.2.3 (R Core Team (2023), Vienna, Austria).
p-values are either shown or reported using an
asterisks system (*p < 0.05, **p < 0.01, **p <
0.001, ****p < 0.0001). p < 0.05 was considered
statistically significant.

RESULTS

Resident KCs are reduced and MoMFs
expand in the liver during fibrosing
cholangitis development

To investigate the hepatic MF pool during obstructive
cholangitis-associated fibrosis development, we used
the common bile duct ligation (CBDL) model and
analyzed the liver at 2, 4, and 6 weeks after surgery
(Figure 1A and Supplemental Figure S1, http://links.
Iww.com/HEP/H990). In line with previous results from
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TABLE 1 Patient characteristics (serum samples)
PSC (n = 68) IBD (n = 32) HC (n = 29)
Average age (y) (min—-max) 41 (17-75) 37 (19-62) 38 (24-62)
Male/female 49/19 21/11 20/9
PSC/PSC-IBD 22/46 — —
Small duct/large duct/indeterminate 13/50/5 = =
Overlap syndrome yes/no 22/46 — —
Fibrosis (liver biopsy) (unknown/FO/F1/F2/F3/F4) 46/3/1/3/5/10 — —
FIB-4 1.51 (0.25-10) 0.71 (0.20-1.61) —
ALT (IU/L) 76.5 (8-275) 25.3 (9-85) —
AST (IU/L) 56.9 (14-227) 21.3 (12-58) —
ALP (lUL) 225.8 (54—1013) 75.1 (41-178) —
gGT (IUL) 228.3 (10-1062) 36.1 (11-152) —
CRP 6.1 (0.1-66.3) 3.8 (0.6-28.7) —

Abbreviations: HC, healthy control; IBD, inflammatory bowel disease; PSC, primary sclerosing cholangitis.

our groupi233 and others,® CBDL resulted in
progressive hepatobiliary damage characterized by
necrosis, ductular reaction, inflammation, and fibrosis.
The inflammatory and fibrotic nature of the hepatic
microenvironment was further corroborated at tran-
scriptional level with increased expression already 2
weeks after surgery (Supplemental Figure 2, http://
links.lww.com/HEP/H990). We then characterized the
dynamics of the hepatic MF pool by means of flow
cytometry analysis (Figure 1B). Compared to sham-
operated mice, the livers of CBDL mice showed a

TABLE 2 Patient characteristics (liver tissue samples)
Sampling
Patient IBD Age Sex date
Healthy — unknown unknown —
PSC 1 Yes 56 F 2012-09-28
PSC 2 Yes 48 F 2021-01-13
PSC 3 Yes 50 F 2009-12-18
PSC 4 No 36 M 2016-12-27
PSC 5 No 31 M 2016-01-13
PSC 6 Yes 27 M 2017-05-03
PSC 7 No 14 M 2016-01-15
PSC 8 Yes 34 M 2015-04-20
PSC 9 No 43 M 2018-03-26
PSC 10 No 36 M 2017-03-15
PSC 11 Unknown  Unknown  Unknown  2014-01-06

reduction in numbers of CD11b* , F4/80* , TIM4* KCs
at 4 weeks after surgery, while the numbers of
CD11bM, F4/80* , TIM4~ MoMFs, CD11b", Ly6CM,
Ly6G~ monocytes and CD11bM, Ly6Ch, Ly6G*
neutrophils were already increased 2 weeks after
surgery (Figure 1C). Absolute cell numbers showed a
gradual decrease of all these subsets during liver
injury progression. Of note, colon tissue of CBDL mice
showed infiltration of neutrophils, monocytes, and
MoMFs, which  gradually diminished during
progressive injury. This cell infiltration was, however,

Fibrosis
Type grade ALT AST ALP gGT CRP

Living donor 0 — — — — —

Needle 0 67 60 586 381 9.3
biopsy

Needle 0 117 52 307 366 2.2
biopsy

Needle 1 22 18 82 52 0.1
biopsy

Needle 1 51 37 177 161 5.4
biopsy

Needle 2 37 66 85 25 0.6
biopsy

Needle 2 23 27 78 50 0.6
biopsy

Needle 3 270 190 456 426 0.6
biopsy

Needle 3 154 160 252 453 1
biopsy

Explant 4 52 76 237 273 9.7

Explant 4 — — — — —

Explant 4 — — — — —

Abbreviations: ALT, alanine transaminase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; IBD, inflammatory bowel disease.


http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990

OSTEOPONTIN CHARACTERIZES BILE DUCT-ASSOCIATED MACROPHAGES 273

Sham CBDL 6w
TSN 1—'—'—P —
W= _2 Neu!rol a4 O | o (@mle=s ) - Neu«mu‘
= @! | =
= § ol —» F i ==/ S #3
! Howe ' M° S4 i MoMF { w4
Ly6C’ T Thec” Ly6C TMa~ " Lysc
TIM4* KC TIM4" MoMF
12 . 15 X
=
o e s s
B [ ;]
[ Sham @ S S
x - -~
[N CBDL & @ @
] ] 3
8 o o
* 3t 3t
CBDL
D e
D) waz Mono Neutro
7 6
* *k
& 5
— — o — e
5 3, g,
= 2 e
3 k¢ X,
0 2 8 2 0o
O WT 3 S, 0 2 2
Q
= Mdr2” * Bl o * i
0 5o|°‘51 . 0
& & i‘\ &"
& -
g ¢ .
E 3 § 3
g 2 ; 2
2 1 ER
s §
2w =0l =
DW DsS DW DSS

) (K)

Tir4 Nirp3 <18 Tnfa Ccr2 Ccr5 Cd163 aSma Tgfp Timp-1 Mmp7 Mmp8 Mmp9 Mmpi2

5 p=0.07 o 59 xx
= = T ==
s S
s, 2 4
w w
] o 40
o3 @ 3
[

s g ¥
s2 > 20 2
3 =
5! 5 !
o 0 0
( ) TIM4* KC TIM4" MoMF Neutro
15 15 4 *
p=0.06 _ _
5 ) ) B,
‘S 10 ‘S w:e ":g
e 2
= = = X 2
wn = » 0 o -
2 . 2 = 2
3 3 3 3
® * =* *
0 0
bow Dss ow DSs

FIGURE 1 Hepatic myeloid cell composition during experimental fibrosing cholangitis or acute colitis. (A) Mice were subjected to CBDL (or Sham)
operation and hepatic pathological features were analyzed 2-, 4-, and 6-week after surgery. (B) Gating strategy used to identify indicated myeloid cell
populations (full gating strategy; see Supplemental Figure 1A, http:/links.lww.com/HEP/H990). (C) Absolute cell quantification of isolated TIM4* KCs,
MoMFs, Mono, and Neutro. Flow cytometry data are expressed as mean + SD. N = 6-8 mice/group. A one-way ANOVA test was used to determine
statistical significance. (D) Livers of 12-week-old Mdr2™~ mice or WT littermates were examined. (E) Absolute cell quantification of isolated myeloid
cells in Mdr2™"~ mice. A Student ¢ test was used for statistical testing. (F) Mice received DSS at 2,5% wi/v in drinking water for 7 days and hepatic
pathological features were analyzed after 7 days. (G) Representative images of H&E-stained tissue slides, with scoring based on necrosis, ductular
reaction, and inflammatory cell infiltration. Scale bars = 500 um. (H) Representative images of picrosirius red stained tissue slides, with Metavir
scoring. Scale bars = 200 pm. Histological scores are presented as median + interquartile range. A Mann-Whitney test was used for statistical
analysis. N = 6-10 mice/group. (I) Serum levels of alanine transaminase and aspartate aminotransferase. (J, K) mRNA expression of inflammation-
related genes (J) and fibrosis-associated genes (K) in full liver tissue of DSS or DW mice. (L) Absolute cell quantification of isolated myeloid cells.
Serum marker data, gene expression data, and flow cytometry data are represented as mean + SD. N = 6-10 mice/group. A Student t test was used
for statistical testing. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, or p-values are shown. Each symbol represents one single mouse. Data are
pooled from 2 to 3 independent experiments. Abbreviations: CBDL, common bile duct ligation; DSS, dextran sodium sulfate; DW, drinking water; H&E,
hematoxylin & eosin; MoMF, monocyte-derived macrophage; Mono, monocyte; Neutro: neutrophil; WT, wild type.
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not associated with an
inflammatory markers (Supplemental
http://links.lww.com/HEP/H990).

To confirm the compositional changes observed in the
hepatic myeloid cell pool during CBDL, we applied the
same flow cytometry analysis on processed livers from 12-
week-old multidrug resistance P-glycoprotein 2 (Mdr2™")
mice (Figure 1D). As expected, livers of Mdr2™'~ mice, but
not their wild-type (WT) litermates, showed hepatobiliary
injury on histology (Supplemental Figure S4, http:/links.
lww.com/HEP/H990) and were characterized by a
reduced number of TIM4* KCs, while MoMFs, monocytes,
and neutrophils were enriched (Figure 1E).

altered expression of
Figure S3,

Myeloid cells infiltrate the liver during
acute colitis but this does not exacerbate
obstructive fibrosing cholangitis

Given the frequent concomitant presentation of PSC
and colitis,['® we subsequently investigated the impact
of colonic barrier disruption and inflammation on the
liver and myeloid cell composition, in health (Figure 1F)
and during obstructive cholangitis. Dextran sodium
sulfate (DSS)-induced colitis resulted in weight loss,
colon shortening, and intestinal barrier degradation
characterized by epithelial erosion, alterations in tight-
junction gene expression, and colonic myeloid cell
infiltration (Supplemental Figure S5, http:/links.lww.
com/HEP/H990). Liver weight remained stable (data
not shown) and no histological liver damage or fibrosis
was observed (Figure 1G,H), while serum levels of
alanine transaminase tended to be elevated (Figure 11).
However, expression of inflammatory markers such as
I11b, Tnfa, and Ccr2 and fibrosis-associated genes
including Tgfb, Timp1, and various Mmps was
upregulated in the livers of colitis mice (Figure 1J,K)
and this coincided with increased numbers of
neutrophils, monocytes, and MoMFs in the liver, while
the TIM4* KC pool remained stable (Figure 1L).

Next, we investigated how colitis alters obstructive
fibrosing cholangitis progression. Colitis was induced at
onset, during or at end-stage CBDL-induced liver injury
and livers were analyzed at 6 weeks after surgery
(Figure 2A). Administration of DSS at onset, during and
at end-stage fibrosing cholangitis resulted in 23, 57, and
38% mortality, respectively, compared to 14% mortality
in CBDL alone. Of note, end-stage CBDL mice were
euthanized 7 days after DSS, whereas increased
mortality in the other CBDL+DSS groups was
observed between days 7 and 14 following start of
DSS administration (Figure 2B). In all groups,
administration of DSS was associated with weight loss
and this was, remarkably, most pronounced in sham-
operated mice (Figure 2C).

All CBDL groups showed comparable relative liver
and spleen weight 6 weeks after surgery (Figure 2D).

Serum levels of transaminases tended to be increased
in end-stage CBDL-injured mice with active colitis
compared to CBDL-only mice (Figure 2E). However,
liver tissue sections showed no enhanced inflammation
when DSS was administered at any time point during
CBDL (Figure 2F), which was further corroborated with
unaltered inflammatory gene expression levels (with
exception for //1b) (Figure 2G) and a similar number of
neutrophils/Mos/MFs, compared to CBDL alone
(Figure 2H). Metavir scoring of liver fibrosis showed
that a higher number of mice exhibited F3 fibrosis in
the end-stage CBDL+DSS group (Figure 2I).
Semiquantitative determination of the collagen-positive
area substantiated this trend (Figure 2J), although no
differences were detected for alpha smooth muscle
actin  immunopositivity or hydroxyproline content
(Figure 2K, L). In addition, hepatic MRNA expression
of fibrotic markers showed no differences for aSma,
Tgfb, and Timp1, while Col1a was downregulated and
Mmp8, 10, and 12 were upregulated in the end-stage
CBDL+ DSS group (Figure 2M). Notably, colonic
inflammation during end-stage CBDL was attenuated
compared to colitis without pre-existing liver injury
(Supplemental Figure 6, http://links.lww.com/HEP/
H990).

To confirm that acute colitis does not aggravate
advanced fibrosing cholangitis. we used a second
combination model of cholestasis and colitis
being the 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC)-induced cholestatic liver injury and 2,4,6-
trinitrobenzenesulfonic(TNBS)—induced colitis. DDC
resulted in gradual weight loss and effectively induced
liver injury characterized by inflammation, ductular
reaction, and fibrosis whereas induction of 2,4,6-
trinitrobenzenesulfonic—induced colitis in DDC fed
mice tended to reduce hepatic inflammation and
fibrosis (Supplemental Figure S7, http://links.lww.
com/HEP/H990). Together these results show that
acute colitis does not exacerbate fibrosing cholangitis.

Fibrosing cholangitis-associated MoMFs
are characterized by osteopontin (Spp17)
and triggering receptor on myeloid cells 2
(Trem2) expression which is enhanced
during acute colitis

To further gain insight into the myeloid cell pool involved
in the pathogenesis of cholangitis, colitis, and its
combination, we isolated hepatic KCs, MoMFs, and
Mos from mice during early (2w) and advanced (6w)
CBDL-induced sclerosing cholangitis progression, with
and without colitis, and control mice and performed
mRNA-sequencing analyses on those cells. Principal
component analysis clearly demonstrated segregation of
the three myeloid populations from each other, as well as
segregation of cells from CBDL mice from those of DSS


http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990
http://links.lww.com/HEP/H990

OSTEOPONTIN CHARACTERIZES BILE DUCT-ASSOCIATED MACROPHAGES 275

(A) (B) (©)
1001 £
sy 20881 2 3 4 5 6 _ 2
CBDL 'E 8o L i
e %su - CBOL6w 15— %
- * o] cooL owspos ) E
cBoL Loss CBDL 6w + DSS (w3) )
o |==_CBOL 6w + DSS (w6) : tor ¢ j
0 7 14 21 28 35 42 Wl w2z w3 ws w5 ws
( D) Time (days) Time (weeks)
Liver weight Spleen weight E
m— Sham 6w + DSS (W1) 10 15 ( ) ALT AST ALP Total bilirubin
- 500- - ns
- CBDL GW 5 . ‘E, 1500 P;aag 2 = 2500- : 500 ns
[ CBDL 6w + DSS (w1) 2 8 €40 ;:::: o g e g 1T PRGN
B3 CBOLOw+DSSw3) 3§ ] g Eml oo BT, g {117[ A % .
B CBDLG6w+DSS (we) 5 Sos el GERY 2 1149 Ew e % 3™ *I%t
S 2 ] S 20 . S s i’ 0e® 5 5 ) £ o
S £ — A =
0.0 [ [ ol—
(F)
- é."r ) 2
R 2 10 :‘ %
@ 8
s Pret
2 4
22
4 = Gl — T
Tnfa Nirp3 o 5 Cecr2 15 Neutro

X
-
=)

# cells (x10%g)
o

o
o

Metavir score
o - N W S

(K) (L)

0.4

Collagen positive area aSma positive area Hydroxyproline
16 p=0.13 20 ns 1.0
8 | |

p=0.16 L . 5

- -* " 2 06
L 2 = B
=]
E

02{_

0.0

(M) aSma Colla Tgfp

Fold expression

FIGURE 2 Hepatic alterations following induction of DSS-colitis during CBDL progression. (A) DSS was administered at onset, during or late-stage CBDL,
and hepatic pathological features were examined compared to CBDL alone 6 weeks after surgery. (B) Kaplan-Meier survival curve during 6-week follow-up. (C)
Percentage weight loss during 6 weeks. (D) Relative liver and spleen weight. (E) Serum biochemistry (alanine transaminase, aspartate aminotransferase, alkaline
phosphatase, total bilirubin). (F) Representative images of H&E-stained tissue slides, with scoring based on inflammatory cell infiltration, ductular reaction, and
necrosis. Scale bars = 500 um. (G) mRNA expression of inflammation-related genes in full liver tissue. (H) Absolute cell quantification of hepatic myeloid cells. (1)
Representative images of picrosirius red stained tissue slides with Metavir fibrosis scoring. (J) Semiquantitative analysis of fibrosis by means of picrosirius red
stained area quantification (= collagen-positive area). N = 3-8 mice per group. Scale bars = 500 um. (K) Semiquantitative analysis of aSMA positive area. (L)
Hydroxyproline content. (M) mRNA expression of fibrosis-associated genes in full liver tissue. N = 3-8 mice/group. Data are pooled from 2 to 3 independent

experiments. Serum biochemistry data, gene expression data, semiquantitative data, hydroxyproline content, and flow cytometry data are represented as mean
+ SD. A 1-way ANOVA test was used to determine statistical significance. Histological scores are presented as median + interquartile range with n = 3-8 mice/
group. A Kruskal-Walllis test was used for statistical analysis. *p < 0.05, ***p < 0.001, or p-values are shown. Abbreviations: aSMA, alpha smooth muscle actin;
CBDL, common bile duct ligation; DSS, dextran sodium sulfate; Mo, monocyte; MoMF, monocyte-derived macrophage; ns, not significant.
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and control mice (Supplemental Figure S8, hitp://links.
Iww.com/HEP/H990). Differentially expressed genes
(DEG) analysis of all CBDL mice grouped versus control
mice revealed a specific fibrosing cholangitis-associated
phenotype for each myeloid subset, which is distinct from
the phenotypes induced by acute colitis in the corre-
sponding cell types (Figure 3A,B). In response to CBDL,
KCs showed enrichment of acute phase response genes
and lysosomal activity genes, while monocytes became
highly glycolytic and upregulated proinflammatory
chemokines, including Cxcl2, Cxcl3, and Spp1. MoMFs
prominently upregulated Spp7, Trem2, and Gpnmb,
markers earlier described as signature genes for
hepatic lipid-associated macrophages!?® (Figure 3A).
Importantly, we confirmed the emergence of this lipid-
associated macrophage phenotype in isolated MoMFs
from livers of Mdr2™'~ mice (Supplemental Figure S9A,
http://links.lww.com/HEP/H990).  Other  upregulated
MoMF markers included Tgfbi, ll4ra, and Clec7a, and
functional annotation showed that all enriched DEGs
were mostly associated with phagocytosis and extrac-
ellular matrix (ECM)-binding. Pairwise DEG analysis
between CBDL2w and CBDL6w showed that the
induced KC and monocyte phenotypes at onset
remained stable over time (0 DEGs for both cell types).
MoMFs showed a minimal response (28 DEGs total),
with 23 downregulated genes, which remarkably in-
cluded Spp1, Trem2, and Vegfa. In response to DSS,
KCs upregulated apoptosis-related genes including Birc5
and Bak1, while Apoe was strongly downregulated.
Analysis of all upregulated genes in MoMFs showed a
prominent increase in genes involved in inflammation,
including Tnfa. Of note, monocytes upregulated a
modest number of interferon-related genes (Figure 3B).

Pairwise DEG analysis between CBDL+DSS(w6)
and CBDL6w resulted in 49, 285, and 30 total DEGs
for KCs, MoMFs, and MOs, respectively, which sug-
gests that MoMFs show the highest degree of plasticity
during fibrosing cholangitis and colitis. Importantly,
acute colitis at late-stage fibrosing cholangitis enhanced
the lipid-associated macrophage phenotype, character-
ized by upregulation of, among others, Spp7 and Trem2
(Figure 3C). Pathway analysis suggested that many
enriched genes in CBDL+DSS(w6) MoMFs were
associated with phagocytosis, lysosomal activity, and
extracellular matrix remodeling (data not shown).

We next mapped a set of inflammatory and fibrosis-
associated genes onto all experimental groups per cell
type (Figure 3D). ll1b expression was most prominently
induced in hepatic MoMFs and MOs in CBDL2w and
DSS, while Tnfa and [l12b expression were
characteristic for DSS-associated liver MoMFs. Cxcl1
and Cxcl2 were highly expressed in MoMFs and MOs of
CBDL2w. KCs specifically upregulated Cxcl/13 in
response to DSS, but downregulated this chemokine
in response to CBDL. Tgfbi and Vegfa expression were
most prominently induced in MoMFs and MOs, but not

KCs. In general, fibroinflammatory gene expression
profiles differed per cell type and the induction of
expression in either CBDL or DSS was most outspoken
in MoMFs and MOs. Intercell comparison within each
experimental group (Figure 3E) indeed showed that
expression of ll1b, Tnfa, and Tgfb is lower in KCs
compared to MoMFs in colitis and fibrosing cholangitis.
Of note, mapping “KC signature genes” such as Vsig4
and Clec4f corroborated our gating strategy, while
mapping of Spp1 and Trem2 showed that, in general,
Spp1 was prominently differentially expressed in CBDL
conditions. To confirm the MoMF versus KC CBDL-
associated phenotype, we performed gqPCR gene
expression analysis of Trem2 and Spp7 on isolated
TIM4* KCs and MoMFs from livers of CBDL mice
sacrificed 4 weeks after surgery. MoMFs indeed
expressed higher levels of Spp1, but not Trem2, while
II1b, Tnfa, and Tgfb transcript levels were also higher
(Figure 3F). MoMFs isolated from livers of 12-week-old
Mdr27= mice showed a comparable phenotype
(Supplemental Figure S9B, http://links.lww.com/HEP/
H990). Additionally, we examined the expression levels
of Trem2 and Spp1 in full liver tissue and found that both
genes were upregulated in the liver following CBDL, but
their expression was not further enhanced when colitis
was induced during CBDL (Supplemental Figure 10,
http://links.lww.com/HEP/H990).

Together, these results show that fibrosing cholangi-
tis induces a dynamic shift in the liver macrophage pool
with the emergence of fibrosis-associated MoMFs,
typified by increased Spp? and Trem2 expression.

Osteopontin expressing MoMFs
accumulate near fibrotic regions in
experimental and human PSC

Next, we wanted to gain insight into the spatial
distribution of the identified MoMF subset and per-
formed confocal microscopy on respective liver tissue of
CBDL and control mice. Livers of control (Sham-
operated) mice showed colocalization of F4/80 and
CLECA4F outside of (peri)portal regions, corresponding
to the topographical distribution of KCs. Within these
portal regions SPP1 colocalized with EPCAM, denoting
cholangiocytes/bile ducts, which are in proximity to
DESMIN-rich  spots, denoting portal fibroblasts
(Figure 4A), together allowing localization of the portal
triads. In contrast, portal areas of CBDL-injured mice
were enriched with F4/80* CLECA4F~ cells which
colocalized with SPP1* EPCAM™ spots. The DESMIN-
positive area within the periportal regions was also
increased in CBDL livers, corresponding to the
increased periportal fibrosis observed in this model.
Importantly, while F4/80 colocalized with CLEC4F, thus
labeling bona-fide KCs, these areas covered
interlobular nonfibrotic regions and did not colocalize
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FIGURE 3 Transcriptional profiling of the liver myeloid cell pool identifies a Trem2/Spp1-expressing MoMF subset during CBDL. Heatmap
showing top differentially expressed genes (DEGs) per cell type in all CBDL groups combined versus controls (A) or DSS versus controls (B).
Group colors are indicated in the legend. (C) Volcano plot showing DEGs between CBDL6w and CBDL+ DSS(w6) with indicated numbers of

upregulated (red) and downregulated (blue) genes. (D) Heatmap showing relative expression of fibroinflammatory markers per indicated cell type.

(E) Intercell comparison showing mapping of subtype-specific signature genes and selected fibroinflammatory markers. All groups n

group, except MoMF and MO of the control group, where n = 3 mice/group. (F) gPCR gene expression analysis of selected markers in FACS-

= 4 mice/

isolated KCs versus MoMFs from livers of CBDL 4w mice. Data presented as Log2 fold-change. A 2-way ANOVA with Bonferroni correction was

used to test statistical significance. *p < 0.05, ****p < 0.0001. N =

sodium sulfate; MoMF, monocyte-derived macrophage; Mo, monocyte; gPCR, quantitative PCR.

8 mice/group. Abbreviations: CBDL, common bile duct ligation; DSS, dextran
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DESMIN

FIGURE 4 SPP1-expressing MoMFs accumulate near fibrotic regions in fibrosing cholangitis. Representative confocal microscopic images of
liver sections from control (Sham) (A), CBDL6w (B), control (Mdr2*"* WT littermates) (C), Mdr2~'~ (D), and DDC (E) mice stained with indicated
antibodies. (A—E) Scale bars = 100 um. Dotted circles represent portal areas. Dotted squares represent the insets grouped in a side-by-side

manner in F. (F) Scale bars = 20 um. Blue arrows mark SPP1* EPCAM* cholangiocytes. White arrows mark F4/80" CLEC4F~SPP1* MoMFs.
N = 2—4 mice per group. Abbreviations: CBDL, common bile duct ligation; DSS, dextran sodium sulfate; MoMF, monocyte-derived macrophage

WT, wild type.

with SPP1 (Figure 4B). Similar to CBDL-injured livers,
livers of Mdr2~~ mice, but not WT littermate controls,
and DDC-diet fed mice showed periportal infiltration of
F4/80* CLEC4F~ cells (Figure 4C-E). At a higher
magnification, a clear discrimination between F4/80*
CLEC4F~SPP1* and SPP1" EPCAM* was observed
(Figure 4F).

We next evaluated the spatial distribution of OPN*
MFs in liver samples of PSC patients. Immuno-
histochemical stainings on serially cut liver
sections showed accumulation of overlapping

CD68* and OPN* spots in portal fibrous tissue regions
in PSC patients, which was more pronounced in
patients with advanced liver fibrosis (Figure 5).

Osteopontin suppresses macrophage
proinflammatory function both in vivo and
in vitro

To eludicate the role of Spp1 in MFs, we performed bone
marrow (BM) chimera experiments and subjected these
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mice to CBDL (Figure 6A). At 2 weeks following CBDL,
genotyping of BM isolated from WT acceptor mice showed
the presence of a mutant band of 181 kb only in mice
transplanted with Spp7~'~ BM, thus confirming succesful
engraftment (Figure 6B). Mortality was significantly higher
in CBDL mice transplanted with Spp7~~ BM compared to
those transplanted with WT BM (Figure 6C). Histological
analysis of livers of mice that survived until experimental
endpoint did not show differences between groups
(Figure 6D, E). However, hematopoietic Spp71 deficiency
in CBDL mice was associated with increased induction of
hepatic mRNA //1b, Timp1, Mmp12, and Ck19 expression
(Figure 6F). Isolated MoMFs from CBDL-injured livers
showed reduced induction of Spp7 expression in mice
transplanted with Spp7”~ BM compared to mice
transplanted with WT BM. Similarly, but to a lesser

extent, Trem2 was less upregulated in Spp71~~ MoMFs
following CBDL, although not significantly, while IL6
showed increased induction in MoMFs from Spp71~'~ BM
transplanted mice (Figure 6G).

In vitro, bone marrow-derived macrophages
(BMDMs) of WT and Spp7~~ mice were exposed to
supernatant of Hepa1-6 cells subjected to 3 repeated
freeze-thaw cycles and lipopolysaccharide (LPS), either
alone or sequentially administered (Figure 6H).
In BMDMs of both genotypes, exposure to dying
hepatoma supernatant alone did not induce
inflammatory gene expression, but as expected, LPS
stimulation did. LPS-induced inflammatory response
was attenuated in BMDMs that were pre-exposed to
supernatant of necrotic hepatoma cells. Importantly,
in both conditions, LPS-induced secretion of
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proinflammatory cytokines was higher in Spp 7-deficient
BMDMs compared to WT BMDMs (Figure 6l).

Together, these data show that hematopoietic
osteopontin deficiency results in increased proinflam-
matoy capacity both in vivo and in vitro.

Serum sOPN levels are increased in PSC
patients with advanced fibrosis and have
prognostic potential

Given the identification and expansion of a Spp 7" MoMF
subset in our models and given that its soluble form has
been proposed as a biomarker,*53¢ we evaluated sOPN

LEGEND

levels in serum of transplant-naive PSC patients
(Table 1). sOPN serum levels were significantly higher
in PSC compared to IBD and healthy controls
(Figure 7A). Stratification of these PSC patients
according to fibrosis grade showed that the most
prominent elevation occurs in PSC patients with F3-F4
fibrosis grade (Figure 7B). Our data also indicate that
sOPN might serve as a prognostic biomarker for
transplant-free survival in PSC patients (Figure 7C).
sTREM2 levels followed these observations but did not
correlate with liver fibrosis (Supplemental Figure 11,
http://links.lww.com/HEP/H990). Serum SPP1 levels
were also increased in the serum of CBDL, DDC-diet
fed, and Mdr2~'~ mice (Figure 7D).
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FIGURE 5 OPN and CD68 colocalize in livers of PSC patients. (A) Serially cut human liver sections of PSC patients with various fibrosis
gradings stained for OPN (left panels) and CD68 (right panels). Scale bars = 250 um. Black and blue arrows indicate where OPN and CD68
colocalize. (B) Histological score per adequate portal area. Bars represent median score. Each symbol represents a portal area. Number of
included patients is indicated in the table to the right. Detailed patient characteristics are included in Table 2. Abbreviations: BM, bone marrow;
CBDL, common bile duct ligation; CTRL, control; LPS, lipopolysaccharide; OPN, osteopontin; PSC, primary sclerosing cholangitis; WT, wild type.

Antibody-mediated neutralization of
osteopontin ameliorates CBDL-induced
liver injury

Osteopontin is a pleiotropic, versatile protein, and
divergent roles of its intracellular versus secreted isoform
(s) have been reported.’®! Therefore, and given the
increased serum OPN/SPP1 levels, we next evaluated
the effect of administering an anti-SPP1 monoclonal

antibody (103D6)"! in experimental PSC. Mice were
subjected to CBDL and received treatment every other
day (Figure 8A). CBDL-induced mice treated with anti-
SPP1 antibodies showed less mortality (Figure 8B), lower
serum alanine transaminase levels (Figure 8C), and less
ductular reaction, necrosis and fibrosis on histology, and a
tendency toward lower expression levels of inflammatory
and fibrotic markers compared to IgG control-treated
CBDL animals (Figure 8D—H).
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FIGURE 6 Osteopontin-deficiency enhances inflammation in vivo and in vitro. (A) Schematic setup of bone marrow transplant experiments.
Spp1~'~ or WT bone marrow was isolated and intravenously injected in irradiated WT acceptor mice which were subjected to either sham or CBDL
surgery at 4 weeks post-transplantation. Gray rectangle represents a lead shield to protect the abdomen and liver. (B) Representative image of a
DNA gel showing genotypes of isolated bone marrow from WT acceptor mice at experimental endpoint. (C) Mortality. Representative images of
H&E-stained liver tissue (D) and scoring and Sirius Red stained liver tissue (E) and scoring. Data represent median + interquartile range. (F)
Relative gene expression of liver injury-associated genes in full liver tissue. (G) Relative gene expression of Spp1, Trem2, ll1b, and lI6 in isolated
hepatic MoMFs. Data were pooled from 2 independent experiments and is presented as Tukey box plots with median and interquartile range. N =
5-9 mice per group. (H) Schematic setup of bone marrow—derived macrophage (BMDM) stimulation experiments. (I) Relative gene expression of
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FIGURE 7 Serum sOPN is increased in PSC. (A) Soluble OPN (osteopontin) (SOPN) in serum of PSC or IBD patients versus HC. A 1-way
ANOVA test with Tukey correction was used to determine statistical significance. (B) Stratification of SOPN according to liver fibrosis grade in a
subcohort of PSC patients for which fibrosis grading data were available. A Mann-Whitney U test was used to determine statistical significance. (C)
sOPN levels and transplant-free survival. Using Kaplan-Meier analysis and the log-rank test, liver transplant-free survival was compared between
PSC patients that had sOPN concentrations above or below a determined optimal cutoff concentration (5.8 ng/mL). At this cutoff, an area under
the ROC curve of 0.77 (95% CI, 0.62—0.91) was reached with a sensitivity and specificity of 0.95 and 0.69, respectively. (D) Soluble SPP1

(osteopontin) levels in serum of fibrosing cholangitis-injured mice versus healthy control mice. A 1-way ANOVA test with Tukey correction was
used to determine statistical significance. Bars represent mean + SD. *p < 0.05, **p < 0.01, and ****p < 0.0001. Abbreviations: CBDL, common
bile duct ligation; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; HC, healthy control; IBD, inflammatory bowel disease; OPN, osteopontin; PSC,

primary sclerosing cholangitis.

DISCUSSION

PSC is an idiopathic chronic liver disease for which no
pharmacological treatment is available. In order to
increase patients’ treatment options, in-depth under-
standing of disease pathogenesis is required. A
dysregulated gut-liver axis and immune response, in
which macrophages play a central role, are involved in
PSC; however, the exact modalities of gut-liver inter-
actions and macrophage subsets and how these
contribute to disease are unclear.!'415]

As a first, we wanted to gain insight into the reciprocal
effect of fibrosing cholangitis and colitis. Colitis resulted in
increased hepatic fibroinflammatory gene expression and
mild myeloid cell infiltration without inducing histopatho-
logical liver damage. Following fibrosing cholangitis, we
observed an increase in mortality when colitis reached a
peak in weight loss in all groups and when colitis was
induced at more advanced liver injury. This corresponds to
sepsis-associated death, similar to increased infection-
related mortality observed in patients with cirrhosis.[3l In
mice that survived colitis induction during early-stage or
mid-stage fibrosing cholangitis, we did not observe lasting

effects on the hepatic microenvironment compared to
cholestatic mice without colitis. Colitis induction during
advanced sclerosing cholangitis did not result in enhanced
liver disease and fibrosis as evidenced by picrosirius red
staining, aSMA immunopositivity and hydroxyproline
content in the liver. Peng et all®¥ previously showed that
DSS aggravated hepatic fibrosis in the Mdr2”~ model,
though only at their highest tested concentration (5%),
which would have resulted in unacceptable increased
mortality in our CBDL model. In turn, we observed an
attenuation of colitis in mice with advanced fibrosing
cholangitis, which corresponds to the milder UC pheno-
type in PSC patients and could serve as a model to further
investigate concomitant PSC-UC presentation.

The identification of specific markers to identify
distinct MF subsets in the liver has accelerated
research into the role of macrophages in liver disease.
By using TIM4 as KC-specific marker,[19.21.28.30 g
show that TIM4* KCs are depleted while Ly6C" MOs
and Ly6C™°TIM4~ MoMFs are enriched during fibros-
ing cholangitis. This is in line with the findings of
Guicciardi et al in an acute BV6 and chronic Mdr2™'~
cholestatic liver injury model based on CD11b, F4/80,
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FIGURE 8 Neutralization of osteopontin ameliorates CBDL-induced liver injury. (A) Dosing scheme and experimental setup. (B) Mortality. (C)
alkaline phosphatase, aspartate aminotransferase, and TBIL serum levels. (D) Representative images of H&E-stained liver tissue slides of anti-
1gG2 or anti-OPN-treated CBDL-injured mice. (E) Histological scores for H&E. (F) Representative images of Sirius Red stained liver tissue slides.
(G) MetaVir scoring and percentage collagen + area. Data presented as median + interquartile range (histo scores) or mean + SD (serum markers
and collagen + area). (H) Normalized hepatic expression of indicated markers. A Mann-Whitney U test or a Student t test was used to determine
statistical significance. N = 10 mice per group. *p < 0.05. Abbreviations: CBDL, common bile duct ligation; mAB, monoclonal antibody; TBIL, total

bilirubin; WT, wild type.

and Ly6C as surface markers.['¥ Importantly, our
results further substantiate that these compositional
changes in the hepatic MF pool are a common event in
response to various acute and chronic liver
injuries.[1921.23.28401  Following fibrosing cholangitis
induction, the most prominent transcriptional changes
in isolated KCs, MoMFs and MOs were observed at
onset (2 wk after CBDL). The fibrosing cholangitis-
associated MoMF phenotype was characterized by a

set of genes, including Spp1, Trem2, Cd33, Fn1, and
Gpnmb, which closely resembles earlier described
MF phenotypes associated with cirrhosis or NAFLD,
being hepatic bile duct lipid-associated macro-
phages.[2341-441 Topographically, we mapped these
SPP1+ MoMFs to periductal/periportal desmin-rich
areas in 3 mouse models for PSC and demonstrated
that CLEC4F* KCs did not colocalize with SPP1.
These data are in line with our and others’ observation
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that SPP1* MFs colocalize with fibrotic regions in
NAFLD.[234144] |n PSC patients, we observed a similar
spatial distribution of peribiliary enrichment of CD68*
OPN™ MFs, which correlated with fibrosis grade.

Osteopontin  (SPP1/OPN) is a pleiotropic, highly
versatile protein expressed by various cell types and
has many potential proteoforms due to alternative
splicing, a myriad of possible post-translational modifica-
tions and proteolytic processing.l*®! As previous studies
using whole-body Spp17 deficiency reported conflicting
outcomes in experimental PSC 5471 and we specifically
wanted to target MoMFs, we here applied transplant
experiments with Spp 1-deficient BM. Spp7 deficiency in
MoMFs increased their inflammatory potential to LPS
in vitro and resulted in enhanced liver inflammation in vivo
following CBDL. These observations are in line with the
reported role of intracellular SPP1 as a toll-like receptor
signaling modulator.“8! In addition, a recent study in
experimental NASH showed that myeloid-specific Spp1
ablation aggravated liver inflammation, while myeloid-
specific knock-in conferred protection, supporting our
data.¥l Our data show that both Spp? and Trem2 are
upregulated in experimental PSC-associated MoMFs, but
Spp1 rather than Trem2 was the most prominent
differentially expressed marker when comparing MoMFs
versus KCs. In line, Labiano et al recently showed that
Trem2 is predominantly upregulated in KCs (and HSCs)
in livers of cholestatic mice and whole-body Trem?2
genetic ablation aggravated cholestatic liver injury.5%
Future studies investigating differential effects of hepatic
stellate cell-, KC-, and MoMF-specific Trem2 ablation or
agonism in experimental PSC will be of interest.

Given that serum SPP1 levels were also increased
in three PSC models, and SPP1 can be secreted from
different cell types, we further explored the role of
secreted/soluble SPP1 by using antibodies. Monoclo-
nal antibody—mediated neutralization of SPP1 resulted
in reduced CBDL-induced necrosis, ductular reaction,
and fibrosis compared to control-treated animals, in
line with recent data using the same approach in
experimental NASHB' and liver fibrosis.[521 SPP1 is
also expressed by reactive cholangiocytes and stim-
ulates ductular reaction.[53! Therefore, our neutraliza-
tion approach can also block secreted SPP1 derived
from other cellular (or even tissue) sources. Our data
show a divergent role for SPP1, on the one hand
intracellularly in MFs and on the other hand secreted
extracellularly, which supports previous studies in this
regard.[849.51-53] Fyrther studies elucidating the more
precise origin and role of secreted SPP1 in exper-
imental PSC, including determining the relative levels
of SPP1-specific isoforms and the balance between
secreted and intracellular-related events, will be of
interest. The tools to study this are currently being
further developed.[®!

Finally, to underscore the translational value of our
results, we show that sOPN levels are elevated,

correlate with the degree of liver fibrosis and could
serve as a prognostic marker in our cohort of PSC
patients. Interestingly, sOPN is related to liver fibrosis
under different chronic hepatopathological conditions
such as ALD, NAFLD, hepatitis B, and C and can
serve as a prognostic parameter for cirrhosis,[!
highlighting its significant role in liver disease.

In conclusion, our results shed light on alterations at
the level of the gut-liver axis in the context of
obstructive cholangitis and associated fibrosis and
colitis, with specific emphasis on the heterogeneity of
the hepatic MF pool. Our results show the manifesta-
tion of bile duct associated Trem2* /Spp1* MoMFs in
cholangitis-associated fibrosis. We highlight osteopon-
tin as prominent serum, hepatic, and macrophage
marker with translational relevance, which opens the
field for further investigation of its therapeutic potential
in PSC.
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