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ARTICLE INFO ABSTRACT

Keywords: Background: The induction, progression and resolution of liver fibrosis are influenced by multiple chemokines.
C-C chemokine receptor type 1 The inhibition of CCR1 signalling by a specific non-peptide inhibitor (BX471) reduces kidney fibrosis after
Fibrogenesis

unilateral ureteral obstruction via suppression of leukocyte recruitment in mice. However, it remains unclear
whether selective CCR1 inhibition also affects hepatic fibrogenesis. Therefore we aimed to study the effect of this
intervention on liver fibrosis in prevention (CCly administration) and rescue (ABCB4-deficient mice) mouse
models.

Methods: In the prevention model, hepatic fibrosis was induced by repeated injections of CCl4. Additionally, the
verum group was treated with subcutaneous injections of BX471, while controls received vehicle only. ABCB4
deficient mice (on the BALB/c-background) with sclerosing cholangitis and biliary fibrosis received BX471 or
vehicle, respectively (rescue model). Liver histopathology was assessed after Sirius red staining of collagen, and
hepatic collagen contents were measured. In addition, we performed gene expression analyses of fibrosis-related
genes.

Results: BX471 injections were tolerated moderately well by all mice, and all mice developed hepatic fibrosis.
Significant differences were neither observed in serum aminotransferase activities after 6 weeks of treatment
between the two groups in the prevention nor in the rescue model. Interestingly, hepatic collagen contents were
significantly higher in mice treated with BX471 in the prevention model as compared to controls but histological
stages of liver sections did not differ. Of note, we observed only moderate effects on liver fibrosis in the ABCB4
knock-out model.

Conclusions: Our data indicate that BX471 treatment did neither affect serum and tissue markers of liver injury
and fibrosis in the CCl4 model and only moderately in the Abch4”~ model of biliary fibrosis. The animal models
indicate that treatment with BX471 alone is unlikely to exert major beneficial effects in chronic liver disease.

Hepatic fibrosis

1. Introduction cell surface, induce signalling cascades inside the cell and are involved

in a number of biological processes, including growth regulation, em-

Hepatic fibrosis is a response to chronic liver injury resulting in
enhanced production of extracellular matrix (ECM) proteins. During this
process, functional parenchyma is replaced by scar tissue leading to
diminished liver function and distorted liver architecture [1]. The ECM
proteins are produced by hepatic stellate cells (HSC), which become
activated upon liver damage and express a variety of inflammatory
mediators including chemokines [2]. Chemokines are small chemotactic
molecules with cytokine-like functions that mediate inflammatory re-
sponses. Depending on their cysteine residues they are classified in C,
CC, CXC and CX3C chemokines. They bind to distinct receptors on the

bryonic development, and angiogenesis [3]. It was shown that chemo-
kines play an important role during hepatic fibrosis. CXCL9 attenuates
liver fibrosis associated angiogenesis in mice [4], and CXCL10 exerts
proapoptotic effects mediated by the non-cognate receptor TLR4 in he-
patocytes [5]. The chemokine receptors CCR1 and CCR5 promote he-
patic fibrosis in knockout mouse models [6], indicating that the
blockade of CCR1 might be beneficial for fibrosis treatment. CCR1 is a
universal chemokine receptor that binds various ligands with high af-
finity and is involved in many inflammatory diseases, including rheu-
matoid arthritis, atherosclerosis, psoriasis, and multiple myeloma [7].
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Also, it has recently been shown that CCR1 expression is increased in
immune hyperactivation in patients with critical COVID-19 [8].

BX471 is a non-peptide antagonist that binds to CCR1 and thereby
blocks its function. BX471 has been shown to reduce renal fibrosis when
applied to unilateral ureteral obstructed mice [9]. Furthermore, BX471
protects mice against acute pancreatitis-associated lung injury [10],
ventilator-induced lung injury [11], and it has been shown that this
antagonist attenuates the systemic inflammatory response syndrome
during sepsis [12]. Here, the authors could also show that BX471 led to
reduced activity of myeloperoxidase, a marker of neutrophil infiltration
in liver, indicating protection against liver injury. Therefore, BX471
provides a promising therapeutic approach for the treatment of hepatic
inflammation and fibrosis.

ABCB4-deficient mice lack the hepatocanalicular phospholipid
translocase and develop sclerosing cholangitis and biliary fibrosis
[13-15]. These mice represent a model for progressive familial intra-
hepatic cholestasis (PFIC type 3) in patients with severe mutations of the
orthologous human gene, which may lead to biliary cirrhosis in children,
and resemble primary sclerosing cholangitis in humans [16,17]. Thus,
they are used as a model to study fibrogenesis, since no intoxication with
chemicals like carbon tetrachloride (CCly) is needed. Based on these
studies our aim was to block CCR1 with BX471 in prevention (wild-type
mice treated with CCly) and rescue (ABCB4-deficient mice) fibrosis
models to investigate the role of CCR1 in hepatic fibrogenesis and to
assess its potential effects in these preclinical models.

2. Materials and methods
2.1. Mice

Mice were hosted under standard conditions (12L:12D photo period)
and received water and a standard rodent diet ad libitum. All animal
experiments were approved by the local government agency (Landesamt
fiir Verbraucherschutz, Saarbriicken, Germany, TV42/08) and were
carried out in accordance with Directive 2010/63/EU. All methods were
carried out in accordance with the approved guidelines. BALB/c wild-
type inbred mice were obtained from Charles River (Sulzfeld, Ger-
many). Abcb4 knock-out mice were generated by crossing mice with the
FVB/NJ background (The Jackson Laboratory, Bar Harbor, USA) onto
the BALB/c background for more than 10 generations [14].

2.2. Experimental design

For carbon tetrachloride (CCly) experiments, mice were injected
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intraperitoneally with CCl4 (0.7 ml/kg body weight) in mineral oil twice
a week for six weeks (12 injections). BX471 and vehicle solution were
prepared as described previously [9]. Mice were injected subcutane-
ously with a dose of 50 mg/kg body weight [18] twice a day during the
week and once a day on the weekends or vehicle solution for six weeks
(total of 68 injections per mouse), respectively.

For BALB/c wild-type mice (n = 32; 8 males and 8 females BX471; 8
males and 8 females vehicle), CCl4 and BX471 treatment started at the
age of seven weeks (Fig. 1A, prevention model). For ABCB4 deficient
mice (n = 24; 6 male, 6 female BX471; 6 male 6 female vehicle), BX471
treatment started at the age of 10 weeks and was carried out for six
weeks as described above (Fig. 1B, rescue model).

After six weeks of treatment mice were sacrificed and livers were
harvested in 4% neutral buffered formalin for preparation of paraffin
sections or snap-frozen in liquid nitrogen and stored at -80 °C for mo-
lecular analyses.

For comparison without any treatment, untreated BALB/c wild-type
mice (n = 6; 3 females and 3 males) and ABCB4 deficient mice (n = 6; 3
females and 3 males) were sacrificed at the age of 16 weeks and served
as controls.

2.3. Chemical assays

For determination of plasma alanine aminotransferase (ALT) activ-
ities, blood was taken prior to the first injection and after sacrifice. After
centrifugation, plasma ALT activities were measured with an Olympus
AU400 chemistry analyzer, using adapted reagents provided by
Olympus [14].

The quantification of hepatic collagen contents was performed in
liver hydrolysates via photometric measurement of the specific amino
acid hydroxyproline as described [19,20].

2.4. Histopathology

Livers were fixed in 4% neutral buffered formalin at 4 °C overnight,
embedded in paraffin, and cut into 1-3 pm sections. Sections were
stained with Sirius red. In brief, sections were rehydrated in a
descending alcohol series, stained 3 min with Weigert, were differenti-
ated with HCl-alcohol and stained 30 min with Sirius red solution
(0.1%). After staining, sections were dehydrated in an ascending alcohol
series and covered with mounting medium. The amount of Sirius red
stained tissue was evaluated using LAS software (Leica, Wetzlar,
Germany).
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Fig. 1. Experimental design. (A) Prevention
model: BALB/c wild-type mice (n = 32) were
treated intraperitoneally with carbon tetrachloride
(CCly) twice a week for six weeks (black arrows).
Additionally, mice received BX471 (n = 16) or
vehicle solution (n = 16) subcutaneously twice a
day during the week and once at weekends (total of
68 injections; grey arrows). (B) Rescue model:

BALB/c ABCB4-deficient mice on the BALB/c background
I d (n = 24) were treated with BX471 (n = 12) or
Wi _type vehicle solution (n = 12; grey arrows). Treatment

was carried out for six weeks.
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2.5. RNA and gene expression analyses

Total RNA from snap-frozen livers was extracted using Qiagen
RNeasy Kit (Qiagen, Germany). One pg RNA was transcribed to cDNA
with the High Capacity cDNA reverse transcription kit (Thermo Scien-
tific, Germany) and quality was checked by common p-actin PCR. For
quantitative gene expression analyses TagMan® assays for a-Sma
(MmO00725412 s1), Cerl (MmO00438260_s1), Colla2
(Mm01165187_m1), Mmp3 (MmO00440295_m1) and Tgfp
(Mm03024053_m1; all Thermo Scientific, Germany) were used and re-
sults were normalized to 18S rRNA. All assays were run on a TagMan®
7500 Fast real-time PCR system (Life Technologies, Germany). Relative
gene expression results were normalized to untreated samples using the
AAC; method.

2.6. Statistical analyses

Data are presented as means + SEM. Statistical analyses were carried
out using GraphPad Prism 9.1.2 (GraphPad Software, La Jolla, CA, USA).
Non-parametric Kruskal-Wallis tests were used and p values < 0.05 were
considered as statistically significant.

3. Results
3.1. Tolerability of BX471 treatment

To assess the effect of BX471 for the treatment of hepatic fibrosis and
to exclude a toxic effect in the combination with CCly, two different
mouse models were used. On the one hand, BALB/c wild-type mice were
injected with CCly and BX471 or vehicle, respectively (Fig. 1A, pre-
vention model, no fibrosis at the start of treatment). ABCB4 deficient
mice were injected with BX471 or vehicle (Fig. 1B, rescue model,
established fibrosis at the start of treatment). The injections were
tolerated moderately well by the mice. Overall, four BALB/c (3 BX471, 1
vehicle) and five Abcb4”" mice (all BX471) died, indicating toxic effects
of BX471 treatment in long-term studies. The mice died for no obvious
reason (no dramatic weight loss or abnormal behaviour), and

Prevention model
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Supplementary Figure 1 provides detailed information on weight curves
throughout the experiments.

The effect of BX471 was analysed by immunohistochemical staining
and quantification of infiltrating macrophages (CD11b*; Supplementary
Figure 2). BX471 administration led to markedly reduced CD11b" cells
as compared to vehicle-treatment except for male mice treated with
CCly, indicating a sex-dependent toxic effect of BX471 and CCly.

3.2. Effects of BX471 treatment on hepatic fibrosis

As we observed sex differences when analysing the results, all data
were stratified for male and female mice. As a marker of liver injury,
serum alanine aminotransferase (ALT) activities were measured
(Fig. 2A-D). As expected, ALT increased upon treatment in both models.
Interestingly, male mice treated with CCly and BX471 showed highest
ALT levels (Fig. 2A) but there were neither significant differences be-
tween BX471- and vehicle-treated mice in female mice in the prevention
model (Fig. 2B) nor in male or female Abcb4”" mice with persistent
fibrosis (Fig. 2C and D).

To quantify the amount of fibrotic tissue in the livers accurately, the
collagen-specific amino acid hydroxyproline was measured (Fig. 2E-H).
Compared to non-treated mice hydroxyproline levels were significantly
increased after BX471-treatment but showed only a slight increase
compared to vehicle-treated mice in the prevention model in both sexes
(Fig. 2E and F). Interestingly the opposite was shown for the rescue
model as hydroxyproline levels were decreased in BX471-treated mice
compared with non-treated animals. This decrease was significant in
female mice but again, no difference was observed when comparing
BX471- and vehicle-treated mice of both sexes (Fig. 2G and H).

Hepatic fibrosis in the different models was also assessed by quan-
tifying Sirius red stained collagen in liver sections (Fig. 3). It appears
that the treatment with BX471 and vehicle solution increases fibrosis in
the prevention model and decreases fibrosis in the rescue model, as re-
flected by hepatic collagen contents. Significant differences were only
observed for vehicle controls, but a trend was also visible for BX471
treatment.

Rescue model
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Fig. 2. Phenotypic characterization of liver injury and fibrosis. To analyse the amount of hepatic damage and fibrosis, different parameters were assessed.
Plasma alanine aminotransferase activities were measured in the prevention (A, B) and the rescue model (C, D) before and after treatment. Hepatic hydroxyproline
contents in the prevention (E, F) and the rescue model (G, H) were quantified. *, p < 0.05.
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Fig. 3. Histopathology of hepatic fibrosis. Representative images of the different groups stained with Sirius Red to visualize collagen fibers (A-L). Scale bars
indicate 200 pm.The areas of Sirius red stained tissue in the livers of the prevention and the rescue model were quantified (M-P). *, p < 0.05. . (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. Gene expression of fibrosis-related markers

The molecular consequences of BX471 treatment in both models
were analysed at the mRNA level. Five specific transcripts were selected:
Ccrl as indicator of BX471 antagonism, Tgff as critical profibrogenic
mediator, Colla2 and a-SMA as markers for fibrosis, and Mmp3 as
marker of extracellular matrix turnover (Fig. 4).

BX471 administration led to a decrease of Ccrl expression as
compared to vehicle-treated mice, except for female mice in the pre-
vention model where Ccrl expression was induced. Interestingly, in the
prevention model, Tgf# mRNA steady-state levels were markedly
increased in the BX471-treated mice of both sexes as compared to
vehicle (Fig. 4E and F), while Colla2 and a-Sma levels were not affected
(Fig. 41, J, M and N). Mmp3 was reduced in female BX471-treated mice
(Figure 4Q and R) as compared to vehicle.

In the rescue model, BX471 had no influence on gene expression of
any of the markers except for Colla2, which was markedly decreased in
female BX471-treated ABCB4-deficient mice (Fig. 4H) as compared to
vehicle.

4. Discussion
This study investigates the potential effects of BX471, a non-peptide

CCR1 antagonist, in the treatment of hepatic fibrosis. To analyse its ef-
ficacy during liver fibrogenesis, two different mouse models were used,

a prevention (CCl4 challenge) and a rescue model (ABCB4-deficient
mice). Mice underwent BX471 and vehicle treatment, respectively. The
fibrotic process could only partly be prevented by the therapy with
BX471 in the rescue model as shown by hepatic collagen contents in
female ABCB4 deficient animals, and BX471 rather increased fibrosis in
the prevention model.

Previously BX471 has been reported to have effects on different
fibrotic diseases in murine models [9,10,12,18,21]. For example, renal
fibrosis could be ameliorated as shown by decreased collagen expression
in ureteral obstructed mice after treatment with this CCR1 antagonist [9,
18]. The fact that this does not prove true for the liver is consistent with
the notion that core but also organ-specific pathways contribute to
fibrosis in different organs [22]. The determination of Sirius red stained
area and collagen amount via hydroxyproline lead to mixed results,
which might be explained by the fact that by Sirius red, fibrillary
collagen deposits in the tissue are detected (type I and III), whereas the
hydroxyproline measurement includes fragmented collagen [23].

In contrast to our findings, it has been shown that the lack of CCR1 in
CCR1-deficient mice leads to a significant decrease of liver fibrosis [6].
This was shown using toxic (CCly) and surgical (bile duct ligation, BDL)
models for the induction of liver fibrosis. There might be several ex-
planations for the contrary findings. On the one hand, the effect of a
constitutive knockout is much stronger than the transient blockade of
small signalling proteins, and on the other hand, there might be toxic
interactions of CCl4 and BX471, which increase liver injury, as indicated
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Fig. 4. Gene expression analyses of fibrosis markers. The hepatic mRNA steady-state levels of Ccrl and different fibrosis-associated genes were determined in the
prevention (A, B, E, F, I, J, M, N, Q, R; left panel) and the rescue model (C, D, G, H, K, L, O, P, S, T; right panel). Abbreviations: Ccr, C-C chemokine receptor; Col,
Collagen; Mmp, Matrix metalloproteinase; Sma, Smooth muscle actin, Tgf, Transforming growth factor.

by elevated ALT levels in male mice in particular in the CCl4 model. Also,
different genetic backgrounds (CCR1-deficient mice were bred to
C57BL/6J and BALB/c mice were used in this study) could explain, at
least in part, the results. BX471 has been evaluated in patients with
multiple sclerosis in a randomized controlled trial, but no differences in
the development of new lesions could be observed, assuming that there
are other regulatory mechanisms bypassing CCR1 blockade [7]. In
addition, Gilchrist et al. [24] tested several CCR1 antagonists with
regards to their binding efficiency and reported BX471 to be a member
of the “lower binding group".

Our data suggest that the blockade of CCR1 by BX471 is not sufficient
to decrease liver fibrosis in a prevention preclinical model and only had
moderate effects in a rescue model of fibrosis. Although the chemokine
receptor CCR1 binds multiple chemokines and is therefore involved in
numerous chemokine-mediated signalling pathways, the fibrotic process

in liver appears to depend predominantly on alternative factors.
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