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Highlights Impact and implications
e Pro-inflammatory ATMs are associated with We report that human adipose tissue pro-
fibrosis in patients with NAFLD. inflammatory macrophages correlate with hepatic

fibrosis in non-alcoholic fatty liver disease (NAFLD).
Furthermore, the modulation of adipose tissue mac-
rophages (ATMs) by dextran-nanocarrier conjugated
e Long-term modulation of ATMs reduces their pro- With dexamethasone shifts the pro-inflammatory
inflammatory phenotype in obese and NASH mice. phenotype of ATMs to an anti-inflammatory pheno-
type in an experimental murine model of non-
* Modulation of ATMs reduces hepatic fibrosis by aicoholic steatohepatitis. This shift ameliorates adi-
attenuating hepatic stellate cell activation. pose tissue inflammation, hepatic inflammation, and
fibrosis. Our results highlight the relevance of adipose
tissue in NAFLD pathophysiology and unveil ATMs as a

potential target for NAFLD.

e Dextran coupled with dexamethasone adminis-
tered i.p. selectively target ATMs.
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Background & Aims: : The accumulation of adipose tissue macrophages (ATMs) in obesity has been associated with hepatic
injury. However, the contribution of ATMs to hepatic fibrosis in non-alcoholic fatty liver disease (NAFLD) remains to be
elucidated. Herein, we investigate the relationship between ATMs and liver fibrosis in patients with patients with NAFLD and
evaluate the impact of modulation of ATMs over hepatic fibrosis in an experimental non-alcoholic steatohepatitis (NASH)
model.

Methods: Adipose tissue and liver biopsies from 42 patients with NAFLD with different fibrosis stages were collected. ATMs
were characterised by immunohistochemistry and flow cytometry and the correlation between ATMs and liver fibrosis stages
was assessed. Selective modulation of the ATM phenotype was achieved by i.p. administration of dextran coupled with
dexamethasone in diet-induced obesity and NASH murine models. Chronic administration effects were evaluated by histology
and gene expression analysis in adipose tissue and liver samples. In vitro crosstalk between human ATMs and hepatic stellate
cells (HSCs) and liver spheroids was performed.

Results: Patients with NAFLD presented an increased accumulation of pro-inflammatory ATMs that correlated with hepatic
fibrosis. Long-term modulation of ATMs significantly reduced pro-inflammatory phenotype and ameliorated adipose tissue
inflammation. Moreover, ATMs modulation was associated with an improvement in steatosis and hepatic inflammation and
significantly reduced fibrosis progression in an experimental NASH model. In vitro, the reduction of the pro-inflammatory

Keywords: Dextran dexamethasone conjugates; Non-alcoholic steatohepatitis; Liver injury; Adipose tissue inflammation; Nanoparticle; Nanomedicine; Targeted therapy;
Drug delivery.
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phenotype of human ATMs with dextran-dexamethasone treatment reduced the secretion of inflammatory chemokines and
directly attenuated the pro-fibrogenic response in HSCs and liver spheroids.

Conclusions: Pro-inflammatory ATMs increase in parallel with fibrosis degree in patients with NAFLD and their modulation in
an experimental NASH model improves liver fibrosis, uncovering the potential of ATMs as a therapeutic target to mitigate liver

fibrosis in NAFLD.

Impact and implications: We report that human adipose tissue pro-inflammatory macrophages correlate with hepatic
fibrosis in non-alcoholic fatty liver disease (NAFLD). Furthermore, the modulation of adipose tissue macrophages (ATMs) by
dextran-nanocarrier conjugated with dexamethasone shifts the pro-inflammatory phenotype of ATMs to an anti-
inflammatory phenotype in an experimental murine model of non-alcoholic steatohepatitis. This shift ameliorates adipose
tissue inflammation, hepatic inflammation, and fibrosis. Our results highlight the relevance of adipose tissue in NAFLD
pathophysiology and unveil ATMs as a potential target for NAFLD.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent
chronic liver disease worldwide and is characterised by fatty acid
accumulation within hepatocytes that eventually can lead to
lipotoxicity, inflammation, and fibrogenesis promoting scar
deposition."? Several studies have shown that the fibrosis stage
is the most important determinant of liver-related progression
and mortality for patients with NAFLD.>~> Therefore, halting
fibrosis progression or reversing fibrosis may prevent liver-
related outcomes of NAFLD such as the risk of developing
cirrhosis or decompensation.

Together with intrahepatic signals, extrahepatic mediators
from other organs such as the gut microbiome and adipose tis-
sue, may play a critical role in the development of NAFLD.®
Indeed, in the context of obesity, adipose tissue (AT) is charac-
terised by adipocyte hypertrophy together with marked infil-
tration of macrophages (ATMs) with a pro-inflammatory
phenotype, defined as CD11¢* macrophages, which are found in
crown-like structures surrounding dead adipocytes.””'° More-
over, adipose tissue inflammation and the infiltration of pro-
inflammatory ATMs impair systemic insulin activity and corre-
late with worse outcomes in cardiovascular diseases.'"'? The
potential role of ATMs in NAFLD was first reported by Bijnen et al.
when they transplanted visceral adipose tissue (VAT) from obese
to lean mice and observed an accumulation of hepatic neutrophil
and macrophage cells contributing to the development of stea-
tohepatitis."® In humans, very little is known about the patho-
genic relationship between ATMs content and NAFLD
progression.'* It has been reported that both the gene
expression of pro-inflammatory markers in the adipose tissue
and the number of ATMs are associated with the progression
from non-alcoholic fatty liver to non-alcoholic steatohepatitis
(NASH).'%>-17 " Nevertheless, although the role of pro-
inflammatory ATMs in systemic and liver inflammation in
obese patients has been described,'®'® whether CD11c* ATMs
directly contribute to hepatic injury and fibrosis in the context of
NAFLD remains unclear.

Herein, by characterising paired adipose tissue and liver
samples of patients with NAFLD we assessed the accumulation of
pro-inflammatory ATMs and evaluated their association with
liver fibrosis stages. Furthermore, we investigated the direct ef-
fect of reducing the pro-inflammatory phenotype of ATMs on
liver fibrosis in mouse models of NAFLD and human hepatic
stellate cells (HSCs). Overall, our study reveals a direct associa-
tion between increased accumulation of macrophages in the
adipose tissue and the degree of liver fibrosis in patients with

NAFLD and shows that the modulation of ATMs can halt the liver
fibrogenesis machinery highlighting the potential of ATMs as a
therapeutic target to mitigate liver damage in this disease.

Patients and methods

Patient cohort

We included a cohort of 42 patients with NAFLD at different
disease stages: patients with steatosis and no fibrosis (n = 24);
patients with mild fibrosis, stage F1-F2 (n = 6); and patients
with advanced fibrosis, stage F3-F4 (n = 12). NAFLD was
diagnosed according to current guidelines,’® and the liver
fibrosis stage was classified according to the NASH Clinical
Research Network (CRN) Scoring system.?! Patient characteris-
tics are detailed in Table 1. VAT and liver tissue were collected
at the time of bariatric surgery, liver segmentectomy, or liver
transplant at the Hospital Clinic of Barcelona. Adipose tissue
was excised for RNA analysis, embedded in paraffin (Sigma, St.
Louis, MO, USA, #1.11609.9025), or digested for the isolation of
fresh ATMs. The study protocol followed the ethical guidelines
of the 1975 Declaration of Helsinki and was approved by the
Hospital Clinic Research Ethics Committee (HCB/2019/0458). All
patients provided written informed consent to participate in
the study.

Isolation and culture of human ATMs

Adipose tissue biopsies were processed as previously
described.?? Briefly, after digesting the sample using collagenase
type 2 (Worthington, Lakewood, NJ, USA, #LS004176), erythro-
cytes were lysed (BD Bioscience, San Jose, CA, USA, #555899)
and the human ATM fraction was enriched from the stromal
vascular fraction after being allowed to attach for 1 h (4.54 x 10°
cells/cm?). Isolated ATMs were kept in culture under basal
conditions or polarised towards a pro-inflammatory state and
after 24 h the secretome was collected for further experiments.
The pro-inflammatory state was mimicked in vitro by adding
lipopolysaccharides (LPS) (100 ng/ml; Sigma, #L2637) and
interferon gamma (IFNy) (20 ng/ml; BD Biosciences, #554617) to
the medium overnight. Next, cells were treated with free
dextran (FD) or dextran-dexamethasone (DD) (0.05 mg/ml) as
previously described,?® for an additional 6 h with or without
continued stimulation with pro-inflammatory cytokines ac-
cording to the experimental group. Conditioned medium from
treated ATM and RNA were collected and stored for further
analysis.
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Table 1. Baseline characteristics of the NAFLD cohort.
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Fibrosis stage

FO (n = 24) F1-F2 (n = 6) F3-F4 (n =12) p value
Demographics
Age, median (IQR) 53 (44-63) 58 (50-65) 59 (55-62) 0.012
Sex, male, n (%) 40.9% 50% 75% n.s.
BMI (kg/m?), median (IQR) 42 (40-49) 41 (38-44) 32 (27-39) 0.012
Weight (kg), median (IQR) 125 (110-133) 110 (99-117) 92 (77-105) 0.028
Waist circumference (cm), median (IQR) 130 (123-132) 121 (117-124) 108 (96-127) n.S.
Fibrosis severity, median (IQR)
NFS -1.1 (-1.8 to -0.3) nl5 (-1.9 to -1.1) 1.55 (0 to -2.4) 0.0007
FIB-4 0.7 (0.6 -1.1) 1.0 (0.8-1.4) 5.25 (2.5-11.2) <0.0001
Fibroscan value (kPa)* 9.5 (7.2-11.7) 7.0 (6.5-8.8) 25.20 (11.7-27.4) 0.015
CAP value (db/m?)* 338.5 (334.2-342.7) 350 (328-388) 269 (248-352) n.s.
Laboratory parameters, median (IQR)
ALP (U/L) 81 (74-93) 72 (70 -85) 95 (90-120) n.s.
AST (U/L) 21 (18-26) 27 (24-30) 48 (42-58) <0.0001
ALT (U/L) 26 (22-33) 35 (34-39) 35 (25-53) 0.044
Arterial hypertension (%) 37.5% 83.3% 91.67% n.s.
Diabetes (%) 18.2% 16.7% 9.1% n.s.
Albumin (g/dl) 45 (4.5-4.6) 45 (4.5-4.7) 3.5 (2.8-4.1) 0.001
GGT (U/L) 32 (22-47) 50.5 (34-67.7) 34 (30.0-79.5) n.s.
Platelets ( x 10°/L) 246 (207-299) 284 (254-307) 91 (58-192) 0.000
Glucose (mg/dl) 97 (84-109) 96 (92-106) 100 (88-116) n.s.
Glycohaemoglobin (%) 5.7 (5.4-6.1) 5.6 (5.5-5.8) 477 (4.2-6.4) n.s.
Triglycerides (mg/dl) 119 (114-156) 148 (130-181) 88.5 (74-123) 0.016
Cholesterol LDL (mg/dl) 123 (98-136) 135 (120-137.2) 99.5 (80-122) n.s.
Cholesterol HDL (mg/dl) 44 (40-54) 47 (42-49) 44 (35-52) n.S.

Results are expressed as median and interquartile range (25%-75%). The Kruskal-Wallis test was used to compare groups; p values <0.05 were considered significant. We
categorised and defined the study participants into those with no fibrosis, FO (n = 22); mild fibrosis, F1-F2 (n = 6); and advanced fibrosis, F3-F4 (n = 11) as assessed by Isabel

Graupera.

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAP, controlled attenuation parameter; FIB-4, fibrosis-4; GGT, gamma-glutamyl
transferase; HTN, hypertension; NAFLD, non-alcoholic fatty liver disease; NFS, NAFLD fibrosis score.
* Given clinical limitations significant values were determined using the Mann-Whitney test to compare F1-F2 and F3-F4 values.

Flow cytometry analysis

Human ATMs used for flow cytometry analysis were detached
using Tryple solution (ThermoFisher, Waltham, MA, USA,
#12604021) and incubated with a mixed panel of antibodies
(CTAT methods) for 20 min at 4 °C in the dark. Next, samples
were analysed with the FACSCanto™ II system (BD Biosciences)
and Flow]Jo v10.2 (BD Biosciences, Flow]o LLC).

Mice models

C57BL/6] mice were purchased from the Jackson Laboratories at
7 weeks of age. The mice were housed in temperature- and
humidity-controlled rooms, and maintained on a 12-h/12-h
light/dark cycle. At 8 weeks of age, mice were randomly allo-
cated to experimental groups and placed on a high-fat diet (HFD,
60% kcal from fat, Brogaarden, #D12492i) or a high-fat high-
cholesterol diet (HFHCD, 60% kcal from fat and supplemented
with 0.5% of cholesterol, Brogaarden, #D12011002) for
6 months ad libitum. To assess dextran conjugate biodistribution,
dextran-FITC (ThermoFisher, #D7136) was administered i.p.
twice per week for the last 5 weeks of feeding at a dose of
0.7 mg/kg and 48 h after the last injection the animals were
euthanised. Dextran conjugates were synthesised as described in
the Supplemental information.[?’] The effect of the dextran
conjugates was evaluated by distributing animals into (1) mice
receiving HFD and treated with free dextran (Obese FD) (n = 10);
(2) mice receiving HFD and treated with dextran-
dexamethasone (Obese DD) (n = 7); (3) mice receiving HFHCD
and treated with free dextran (NASH FD) (n = 10); and (4) mice
receiving HFHCD and treated with dextran-dexamethasone
(NASH DD) (n = 10). Liver and adipose tissue sample

processing details are described in Supplemental methods.[>®]
All experimental procedures were approved by the Ethics Com-
mittee of Animal Experimentation of the University of Barcelona
and were performed according to the National Institute of
Health’s Guide for the Care and Use of Laboratory Animals.

Hepatic stellate cells and liver spheroids in vitro experiments
Human induced pluripotent stem cells (iPSCs) were differenti-
ated to HSCs (iPSC-HSC) following the protocol described by
Vallverdu et al.?>* iPSC-HSC were seeded (60,000 cells/well) and
cultured until a confluence of 60-70% was reached. Then, iPSC-
HSCs were incubated with 200 ul of conditioned medium from
human ATMs from patients with NAFLD with and without
fibrosis or with the secretome of ATMs from obese patients
treated with FD or DD (0.05 mg/ml) and collected for gene
expression analysis after 48 h.

Liver spheroids were generated in ultra-low attachment
plates using HepG, cells and iPSC-HSCs in a 2:1 ratio as previ-
ously described.?* Liver spheroids were then stimulated with
200 pl of conditioned medium from human ATMs treated with
FD or DD for 72 h.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 (San
Diego, CA, USA). Values were expressed as means + SD. Statistical
differences between groups were analysed using the non-
parametric Mann-Whitney test or ANOVA when required.
Paired samples were analysed using the Wilcoxon test. A p value
<0.05 was considered statistically significant. Correlations
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Fig. 1. Pro-inflammatory ATMs increase with hepatic fibrosis in patients with NAFLD. (A) Immunohistochemical analysis of ATMs in the adipose tissue and
hepatic fibrosis assessment by trichrome or a-SMA staining in liver biopsies. Scale bar: 200 pm. (B) Correlation of percentage of ATMs with the BMI, body weight,
and waist circumference of patients with NAFLD: FO (n = 20); F1-F2 (n = 6) and F3-F4 (n = 12). (C) Quantification of the percentage of pro-inflammatory
(CD14*CD11c"); anti-inflammatory (CD14°CD163") and intermediate (CD14*CD11¢*CD163*) ATMs in patients with NAFLD with different fibrosis stages: FO
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between variables were evaluated using Spearman’s rank
correlations.

Results

Human pro-inflammatory ATM are directly associated with
fibrosis stage in NAFLD

We assessed by immunohistochemistry the accumulation of
macrophages in adipose tissue in patients with NAFLD with
different hepatic fibrosis stages. Table 1 shows the characteristics
of the cohort of patients with NAFLD stratified according to liver
fibrosis ranging from FO to F4. As shown in Fig. 1A we observed
that the area occupied by ATMs (CD68" stained cells) increased
progressively along with the liver fibrosis stage. In fact, patients
without liver fibrosis displayed half the number of macrophages
than those with advanced fibrosis stages F3-F4 (0.18% + 0.025 vs.
0.32% + 0.08, p = 0.0037). Accordingly, we identified a positive
correlation between the abundance of macrophages accumu-
lated in the AT and the area of collagen and a-smooth muscle
actin (0-SMA) in liver sections. Interestingly, we found a negative
correlation tendency between ATM number and the BMI, weight,
and waist circumference, suggesting that adipose tissue macro-
phage infiltration was associated with fibrosis independently of
the obesity grade (Fig. 1B). To further investigate whether there
was a specific ATM phenotype associated with liver fibrosis, we
used flow cytometry to evaluate the abundance of anti-
inflammatory (CD147CD163%), intermediate
(CD14'CD11¢*CD163") and pro-inflammatory (CD14°CD11c")
subsets of ATMs in patients with NAFLD with and without liver
fibrosis. Interestingly, patients with advanced liver fibrosis
exhibited a significant reduction of the anti-inflammatory ATM
subtype (49.23% + 3.95 vs. 16.73% + 6.16, p = 0.0043) together
with a significant increase of the pro-inflammatory ATMs sub-
types (4.70% + 1.87 vs. 42.10% + 11.56, p = 0.008) compared with
patients without fibrosis. We did not observe any differences in
ATM subtype having an intermediate phenotype between groups
(Fig. 1C). Moreover, the immunochemistry staining of CD163 and
CD11c markers in the AT from patients with NAFLD confirmed
these results (Fig. 1D). As AT fibrosis may be linked to NAFLD, we
assessed the gene expression of PDGFC, ACTA2, COL3A1, COL4A1,
COL6A3, and MMP9 in the AT and there were no differences
among patients with different liver fibrosis stages. Furthermore,
we performed Sirius Red staining on AT histology sections and
did not find any differences between patients with NAFLD with
and without fibrosis (Fig. S1). Together, these findings suggest
that the abundance of pro-inflammatory ATM is associated with
liver fibrosis progression in patients with NAFLD.

Dextran nanocarrier is predominantly captured by
macrophages of the inflamed adipose tissue of NASH and
obese mice

First, we confirmed that after a 6-month diet of HFD or HFHCD,
both animal models reproduced the key clinical and histological
features of obesity and NASH, respectively. Both models pre-
sented a significant increase in body and adipose tissue weight
without showing differences between groups (Fig. S2A). No

JHEP|Reports

differences in terms of serum liver enzyme levels (Aspartate
aminotransferase [AST], alanine aminotransferase [ALT], or
lactate dehydrogenase [LDH]) were found between experimental
groups (Fig. S2B). Blinded histopathological analysis of the liver
showed that the NASH model (HFHCD) presented a higher
steatosis grade, lobular inflammation, and fibrosis deposition
compared with the obese model (Fig. S2C and D).

Next, we used a strategy based on acute i.p. administration of
nanoscale polysaccharide nanocarriers that selectively target
macrophages in VAT.?>?> The uptake of the nano-transporter by
ATMs and liver macrophages (HepMs) was evaluated by flow
cytometry and immunofluorescence 48 h after injection. Fluo-
rescent signals co-localised with the macrophage marker F4/80
in both tissues and in freshly isolated macrophages, indicating
that the nanocarrier was engulfed by ATMs and their counter-
parts in the liver (Fig. 2A). Notably, flow cytometry analysis
showed that the nanocarrier was predominantly captured by
ATMs compared with liver macrophages in NASH (23.16% + 2.40
vs. 7.37% + 0.45; p = 0.0001) and obesity (13.30% + 1.20 vs. 5.18% +
1.05, p = 0.0098) models. Interestingly, the capacity of ATMs to
phagocytise the nanocarrier was twofold higher in NASH mice
compared with obese mice, confirming that the dextran nano-
carrier principally targets inflamed tissues (Fig. 2B and Fig. S3).
We next evaluated whether there was a specific ATM subtype
responsible for dextran phagocytosis. By immunofluorescence
analysis we assessed the co-staining of dextran with the anti-
inflammatory marker (CD163), the pro-inflammatory marker
(CD11c), and the lipid-associated macrophage marker (CD9) of
ATMs. As shown in Fig. 2C, there was a clear engulfment in the
pro-inflammatory phenotype, whereas no or slight uptake was
detected in other phenotypes. Overall, these results demonstrate
that the dextran nanocarrier administered through the perito-
neal cavity predominantly targets the macrophage population in
the adipose tissue and is mainly captured by pro-inflammatory
macrophages.

Long-term dextran-dexamethasone treatment ameliorates
adipose tissue inflammation by modulating ATM phenotype
Dexamethasone conjugated with DD or FD was administered
twice per week for 5 weeks to obese and NASH mice (Fig. 3A).
After starting DD administration, obese and NASH animals began
to progressively lose weight. At the end of the treatment, the
reduction in the body weight of the animals with the anti-
inflammatory treatment (DD) was higher than those groups
receiving FD, which was accompanied by a significant reduction
in the fat deposits (Fig. 3B and Fig. S4). To examine the effects of
chronic DD treatment on AT morphology and function we eval-
uated the influence of FD and DD on adipocyte size and number
and found no differences between control and treated animals
(Fig. 3C). Subsequently, we assessed by gene expression of the
main lipolytic and lipogenic genes and found that there were no
differences between treated (DD) and control groups (FD)
(Fig. 3D). Finally, we focused on evaluating the changes pro-
moted by our DD treatment on the inflammatory milieu in the
adipose tissue. All key inflammatory markers assessed (1110, Il1b,
Ccl2, F4/80, Ifng, 1I6; Tnfa, and Nos2) presented significantly

(n=7)and F3-F4 (n = 7). (D) Immunohistochemical analysis of CD163 and CD11c staining in adipose tissue FO (n = 15) and F22 (n = 16). Data represented as mean
+ SD. Scale bar: 100 pm. Correlations were performed with Spearman’s correlation. The Mann-Whitney test was used to compare patients at different stages. *p
<0.05, **p <0.01 by ANOVA (A), Mann-Whitney test (C, D). a-SMA, a-smooth muscle actin; AT, adipose tissue; ATM, adipose tissue macrophages; FOV, field of

view; NAFLD, non-alcoholic fatty liver disease.
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reduced expression in the obese model after DD treatment
compared with the FD group. The changes in the NASH model
were more discrete but there was also a significant decrease in
the expression of Infg, Il1b, 116, Tnfa, and Nos2 when treated with
DD compared with FD (Fig. 3D). Interestingly, the reduction
observed in the inflammation of AT was not accompanied by a
decrease in the number of ATMs as illustrated by the immuno-
histochemistry quantification of the macrophage population
(Fig. 3E). To evaluate whether the reduction of the inflammation
was mediated by a modulation of the ATMs phenotype, we
assessed the percentage of pro-inflammatory macrophages by
flow cytometry analysis of the CD11c marker. A reduction in the
CD11c¢* population was observed in the adipose tissue in both
models treated with DD compared with FD (9.98 + 1.55 vs. 3.54 +
0.61, p = 0.002 and 11.8+ 2.52 vs. 4.90 + 0.81, p = 0.037) (Fig. 3F).
Likewise, expression of the pro-inflammatory mediators Il6 and
ll1b significantly decreased in ATMs isolated from animals
treated with DD compared with those receiving FD (Fig. S4C). To
gain further insight on the effects of our treatment in other ATMs
subpopulations we performed immunohistochemical staining
using CD9 and CD163 markers. As shown in Fig. 3G there was a
significant enrichment of CD9 ATMs and CD163 ATMs in the
treated groups (DD) compared with the control groups (FD).
Accordingly, we found an increase in crown-like structures in the
NASH DD group (p = 0.008) compared with their control group.
Taken together these data indicate that i.p. administration of DD
conjugates reduces the pro-inflammatory phenotype of ATMs,
promotes the expression of lipid-associated macrophages and
tissue-resident macrophages, and leads to a reduction in the
inflammation of AT.

ATMs phenotype modulation improves hepatic histological
features of NAFLD

Blinded histopathological analysis of liver sections from obese
and NASH models after DD treatment was performed. Interest-
ingly, as shown in Fig. 4A, DD treatment led to a reduction of the
steatosis grade from 1-3 towards 0-2 in the NASH model and
from 0-2 towards 0-1 in the obese model. Furthermore, we
observed a statistically significant reduction of hepatocyte
ballooning in the NASH group treated with DD, as well as an
improvement in the lobular inflammation in both the obese and
NASH animals treated with DD compared with FD. Altogether,
NASH animals treated with DD presented a significant reduction
in the NAFLD activity score.?® The improvement of hepatic his-
tological injury upon DD treatment in obese and NASH models
was not accompanied by any changes in the circulating levels of
liver enzymes (Fig. S4). We further evaluated liver inflammation
by assessing the expression of pro-inflammatory cytokines in
liver tissue (Ccl2, I11b, Tnfa, Ifng, and 116) and found out that most
of the cytokines evaluated were significantly reduced in one or
both experimental models after DD treatment (Fig. 4B). Because
sustained expression of inducible nitric oxide synthase (iNOS) is
a hallmark of chronic liver inflammation, we assessed its
expression in liver sections. In agreement with our previous
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findings, iNOS expression markedly decreased in animals treated
with DD compared with those receiving FD in both models. Next,
to evaluate whether the treatment influenced immune cell
populations, we analysed the abundance of neutrophils, macro-
phages, and lymphocytes in all experimental groups. Although
the percentage of hepatic neutrophils and macrophages did not
change in obese and NASH animals, the treatment markedly
reduced the number of lymphocytes in both models, as assessed
by CD3 staining (Fig. 4C). In addition, we did not observe
any significant changes in the pro-inflammatory phenotype of
liver macrophages as shown by the percentage of F4/
80"CD11b*CD11c¢" cells assessed by flow cytometry (Fig. 4D). The
gene expression analysis of pro-inflammatory mediators II6, Il1b,
Tnfa, and Ifng on freshly isolated hepatic macrophages showed a
consistent trend toward reducing their expression in the NASH
model after DD treatment although no significant results were
found (Fig. 4E). Taken together, these results demonstrated that
chronic DD treatment ameliorated NAFLD-associated liver
inflammation without significantly affecting the liver macro-
phage population.

Dextran-dexamethasone treatment alleviates liver fibrosis
Sirius Red staining of liver sections was used to perform a
detailed semi-quantitative analysis of pericellular fibrosis.
Interestingly, DD treatment reduced fibrosis in the NASH animals
compared with the FD group. This finding was also verified by
quantifying the collagen-stained area in liver sections of mice
treated with FD or DD (2.35% vs. 0.899%, p = 0.004) (Fig. 5A).
Consistently, we quantified the a-SMA staining and found that
DD treatment significantly reduced liver fibrosis in both obese
and NASH models (2.14% vs. 0.26%, p = 0.01 and 2.30% vs. 0.74%,
p = 0.0095 in obese and NASH models, respectively) (Fig. 5B).
Gene expression of key markers of HSC activation such as Collal,
Colla2, Icam1, Mmp2, and Pdgf were reduced with chronic DD
administration (Fig. 5C), although only Collal showed a statis-
tically significant reduction in the NASH model. These results
highlight the role of extrahepatic inflammatory signals on liver
fibrosis and the potential of the modulation of ATMs to reduce
fibrosis in NAFLD.

Human ATMs switch their phenotype upon dexamethasone
nanocarrier engulfment

We sought to determine whether the reduction of the pro-
inflammatory phenotype of ATMs upon DD treatment could be
translated into humans. We isolated ATMs from patients who
were obese undergoing bariatric surgery and studied their
phenotype shift after FD or DD treatment. First, by flow cytom-
etry, we determined the efficiency of human-isolated cells to
phagocyte the dextran nanocarrier (72.1%) (Fig. S5). Then, we
assessed the phenotypic changes produced in pro-inflammatory
and anti-inflammatory ATMs subpopulations after a 24-h treat-
ment with FD or DD. Interestingly, similar to what we observed
in our murine models, proinflammatory (CD11c+) macrophages
were significantly reduced (p = 0.0186) after DD treatment

the adipose tissue of obese and NASH models treated with FD or DD. Expression values are represented as fold change related to FD group (E) Representative
immunohistochemical staining of F4/80 in the adipose tissue of treated NASH and obese animals (FD or DD) and its quantification. (F) Representative flow
cytometry plots and histograms showing the pro-inflammatory ATMs subset (F4/80*CD11b*CD11c") of the obese and NASH animals after treatment (FD or DD)
and their quantification. (G) Representative immunohistochemical staining of CD9 in the AT of NASH animals (FD or DD). Quantification of %CD9 positive area in
all experimental animal groups: obese FD (n = 10), obese DD (n = 7); NASH FD (n = 10), and NASH DD (n = 9). Data represented as mean # SD. Scale bar: 100 pm
*p <0.05; **p <0.01; ***p <0.001 by the Mann-Whitney test. DD, dextran-dexamethasone; FD, free dextran; FOV, field of view; NASH, non-alcoholic steatohepatitis.
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whereas the anti-inflammatory phenotype was enriched (p =
0.0117) (Fig. 6A). No differences were observed in FOLR2+ ATMs
nor in CD9+ ATMs (Fig. S6). Consistently, the reduction of the
pro-inflammatory phenotype was accompanied by a decrease of
IFNy and tumour necrosis factor alpha (TNFa) released by ATMs
after DD treatment (Fig. 6B) as measured by ELISA. Furthermore,
we confirmed that DD treatment ameliorated the gene expres-
sion of the main ATM secreted cytokines (IL1B, IL6 TNFA) after
they had been polarised to a pro-inflammatory state with LPS
and IFNy (Fig. 6C). Taken together, this indicates that the
dexamethasone-nanocarrier treatment in vitro effectively re-
duces the pro-inflammatory phenotype of human ATMs.

Reduction of ATMs pro-inflammatory phenotype influences
HSC activation

Human HSCs derived from induced pluripotent cells (iPSC-HSCs)
were cultured for 48 h with the ATM secretome collected from
patients without hepatic fibrosis (FO) and patients with mild to
severe fibrosis (F >2). iPSC-HSCs stimulated with the ATMs
secretome from fibrotic patients showed higher expression of
the proinflammatory markers IL1B (p = 0.036) and IL8 (p = 0.038)
together with higher expression of activation markers ACTA2,
COL3A1, and COL6A1 (p = 0.041; p = 0.015 and p = 0.027,
respectively) (Fig. 6D). Next, to assess whether the modulation of
ATM with DD treatment produced changes on iPSC-HSCs, we
collected the supernatant of human ATMs treated with DD or FD
for 24 h and added to cultures of iPSC-HSCs. As shown in Fig. GE
the supernatant from DD-treated ATMs reduced iPSC-HSCs gene
expression of pro-inflammatory markers (CCL2, IL6, IL1B, and IL8)
compared with FD-treated ATMs (p = 0.0186; p = 0.0137; p =
0.0234; p = 0.0195, respectively). With respect to fibrosis acti-
vation markers, there was a slight decrease in gene expression of
TIMP1 and LOX2, and only TNFRSF11B showed a significant
decrease when the secretome from DD-treated ATMs was used
(p = 0.0391, Fig. 6E). Finally, we tested the effects of the ATMs
secretome at baseline and after DD modulation using human
liver spheroids (iPSC-HSCs and hepatocytes) (Fig. 6F). Gene
expression analysis revealed a reduction of inflammatory and
fibrogenic responses in iPSC-HSCs as shown by the decreased
expression of CCL2, IL8, IL1B, and COL1A1, TIMP1, and TNFS11B,
upon DD treatment of ATMs (Fig. 6G). Together, these findings
highlight that ATMs might induce hepatic fibrosis by releasing
inflammatory cytokines, which contribute to the activation of
HSCs and inflammation.

Discussion

Our study reveals a significant association between the degree of
liver fibrosis in patients with NAFLD and the abundance of pro-
inflammatory macrophages accumulated in the adipose tissue.
Moreover, we show that an efficient modulation of the ATM
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phenotype induced by a recently developed nanomedicine
strategy reduces fibrosis progression in a NASH mouse model.
Finally, we demonstrate in vitro that human ATMs from patients
with NAFLD with fibrosis enhance HSC activation and that the
modulation of human ATMs with our nanomedicine strategy
ameliorates this activation in iPSCs-HSCs and human liver
spheroids. Overall, this study reports the direct role of AT
inflammation in the progression of the liver fibrosis underlying
NAFLD, positioning ATMs as a new therapeutic target to promote
fibrosis resolution.

Increasing evidence from animal and human studies have
provided confirmation that cytokines released by AT, and more
specifically from ATMs, contribute to hepatic and systemic
inflammation promoting NAFLD progression to NASH.!*16:27-32
However, whether ATMs significantly contribute to fibrosis
progression in NAFLD is still a major unsolved question. Herein,
we included paired liver and adipose tissue biopsies from a
unique cohort of patients with NAFLD ranging from FO to F3-F4.
Our results showed a positive correlation between the percent-
age of ATMs infiltration, mainly with a pro-inflammatory
phenotype, and fibrosis in the liver. Given the characteristics of
our cohort, the BMI varied significantly between groups with
lower BMI in patients with more advanced liver disease and
fibrosis. Interestingly, the percentage of inflammatory ATMs in
patients with NAFLD was not correlated with BMI but with liver
fibrosis, suggesting that it was not the amount of adipose tissue
but the inflammation present that affected the liver as has been
shown in other chronic metabolic diseases.'* Recent evidence
suggests that subcutaneous AT fibrosis correlates with hepatic
fibrosis in NAFLD,>* however we did not find any correlation
between visceral AT fibrosis and liver fibrosis in our cohort.
Taken together our results and those of other studies suggest
that both subcutaneous and visceral AT may play an important
role in human NAFLD, however, the exact contribution and sig-
nificance of each is not fully understood and should be further
explored and compared.

In the present study, we evaluated the effects of targeting
ATMs in a NASH model as a strategy to improve liver fibrosis. We
used 500 kDa dextran as a nanocarrier to selectively deliver
dexamethasone, a potent anti-inflammatory glucocorticoid, to
ATMs. The i.p. administration assured that the dextran nano-
carriers were predominantly phagocytised by ATMs. Although
liver macrophages also captured dextran, the concentration in
ATMs was threefold higher compared with their liver counter-
parts. Interestingly, the retention of the nanocarrier in ATMs was
higher in the NASH model and mainly in pro-inflammatory
macrophages (CD11c+), most likely because of their enhanced
phagocytic capacity and their increased expression of mannose
and scavenger receptors known to have a high affinity for high
molecular weight dextrans.?®> Chronic treatment with DD con-
jugates resulted in a reduction of AT inflammatory milieu. Not

(500 nM) treatment under basal or inflammatory conditions (IFNy + LPS). Replicates per group, n = 7. (D) Gene expression analysis of inflammatory and activation
markers in iPSC-HSCs after culture with secretome of ATMs derived from patients without (FO) or with (F>2) fibrosis. Replicates per group n = 10. (E) Gene
expression analyses of inflammatory and activation markers in iPSC-HSCs after incubation with conditioned medium (CM) of ATMs treated with FD or DD for
24 h. Replicates per group, n = 10. (F) Representative images of human liver spheroids, containing HepG, and iPSC-HSCs at a 2:1 ratio, cultured for 48 h with
conditioned medium derived from ATMs treated with FD or DD. Scale bar: 100 um. (G) Gene expression analyses of activation and inflammatory markers in liver
spheroids cultured with conditioned medium obtained from human FD- or DD-treated ATMs. Replicates per group, n = 10. ATMs replicates are represented as
single values whereas iPSC-HSCs data are represented as mean + SD. The Wilcoxon test was performed for paired samples comparison (A, B, C) and the Mann-
Whitney test was performed for unpaired samples analysis (D, E, G). *p <0.05; **p <0.01. ATMs, adipose tissue macrophages; CM, conditioned medium; DD,
dextran—-dexamethasone; FD, free dextran; hATMs, human adipose tissue macrophages; IFNy, interferon gamma; iPSC-HSCs, hepatic stellate cells derived from

induced pluripotent stem cells; TNFo, tumour necrosis factor alpha.
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only was the overall expression of inflammatory markers
decreased but there was also a shift toward ATMs sub-
populations. Pro-inflammatory ATMs were reduced, whereas
lipid-associated macrophages (LAMs) and tissue resident mac-
rophages were increased. LAMs have been described to reside
within crown-like structures and have been associated with the
clearing of dying adipocytes'”>* and therefore we speculate that
their increase may have induced adipocyte clearing and reduc-
tion of fad pads. Although part of our results can be explained as
a consequence of weight loss, the fact that we did not see any
differences in the expression of lipid metabolism genes or
adipocyte size between groups suggests that targeting ATMs and
changing the AT inflammatory milieu played a major role.
However, one of the limitations of our study is that we focused
on the ATMs phenotype but we did not perform an in-depth
characterisation of the changes in AT and systemic metabolism
produced by our strategy, which should be explored in future
studies.

Notably, the reduction of AT inflammation was associated
with an improvement in liver histology, decreasing steatosis,
ballooning, and lobular inflammation highlighting the contri-
bution of ATMs to hepatic inflammation. In addition, we
observed a reduction of intra-hepatic T cells, while other im-
mune cells such as macrophages and neutrophils remained un-
affected. Accordingly, growing evidence indicates that activation
of the adaptive immune system plays a key role in triggering the
progression of NASH through the secretion of effector cytokines
promoting HSC activation and tissue inflammation.>>*® Although
we did not find any differences in the amount of pro-
inflammatory hepatic macrophages after DD treatment we did
see a discreet reduction of inflammatory markers in isolated
hepatic macrophages that could be related to a positive effect of
DD on liver macrophages. However, the main effect of DD
treatment was on ATMs as demonstrated by the higher degree of
ATM dextran engulfment and its phenotype shifting.

More importantly, together with the decrease in liver
inflammation, we observed that hepatic fibrosis was radically
reduced upon modulation of the ATM phenotype in the NASH
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model. The reduction of pro-inflammatory ATMs was associated
with a decrease in liver collagen content and HSC activation,
validating the relationship between CD11C* ATM and liver
fibrosis degree observed in our cohort of patients with NAFLD.
Although the improvement of liver histology can be explained in
part as a consequence of weight loss, our results suggest that the
modulation of ATMs played a major role. In fact, NASH-DD ani-
mals and Obese-DD animals lost similar amounts of weight but
NASH animals exhibited higher dextran engulfment and a sig-
nificant reduction of 116, I11b, and Tnfa gene expression in isolated
ATMs that was associated with a significant decrease in liver
fibrosis, while obese animals did not. Collectively, these results
demonstrate the potential of ATMs as inducers of hepatic fibrosis
and position ATMs as potential therapeutic targets to reduce
fibrosis in NAFLD.

To evaluate whether our findings may be transferable to hu-
man ATMs we confirmed that the ATMs secretome from patients
with NAFLD with fibrosis induced higher activation of HSCs
compared with patients without fibrosis. Moreover, in vitro
treatment of human ATMs with DD promoted their shift to a
more anti-inflammatory phenotype and reduced cytokine
release (IFNy and TNFa). Interestingly, we found that the
expression of the TNF receptor superfamily 11B (TNFRSF11B)
gene was upregulated in liver spheroids when incubated with
conditioned medium from ATMs and returned to baseline values
when cultured with the secretome of DD-treated ATMs. Of note,
TNFRSF11B expression is mediated by TNFa signalling through
the TNFR1 and is found to be upregulated in human-activated
HSCs compared with their quiescent counterparts.®’

In conclusion, in this study we uncovered a direct link be-
tween pro-inflammatory macrophages of AT and fibrosis pro-
gression in NAFLD. In addition, we demonstrated that chronic
modulation of the pro-inflammatory phenotype of ATMs elicited
a profound effect on liver fibrosis regression in a NASH experi-
mental model. Finally, we demonstrated the ability of the ATMs
secretome to induce the activation of human HSCs. Collectively
our data provide evidence that targeting ATMs might represent a
novel approach to tackling liver fibrosis progression in NAFLD.
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