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Adipose tissue macrophage infiltration and
hepatocyte stress increase GDF-15
throughout development of obesity

to MASH

Received: 19 October 2023 Laurent Lhomme®'" , Benan Pelin Sermikli®", Joel T. Haas ®’,
Sébastien Fleury ®", Sandrine Quemener ®’, Valentine Guinot,
Emelie Barreby ®2, Nathalie Esser ® >4, Robert Caiazzo ® 5, Héléne Verkindt®,

Accepted: 29 July 2024

Published online: 21 August 2024 Benjamin Legendre®, Violeta Raverdy®, Lydie Cheval®’, Nicolas Paquot®*,
Jacques Piette®, Sylvie Legrand-Poels®, Myriam Aouadi®?, Francois Pattou®®,
B Check for updates Bart Staels ®' & David Dombrowicz®'

Plasma growth differentiation factor-15 (GDF-15) levels increase with obesity
and metabolic dysfunction-associated steatotic liver disease (MASLD) but the
underlying mechanism remains poorly defined. Using male mouse models of
obesity and MASLD, and biopsies from carefully-characterized patients
regarding obesity, type 2 diabetes (T2D) and MASLD status, we identify adi-
pose tissue (AT) as the key source of GDF-15 at onset of obesity and T2D,
followed by liver during the progression towards metabolic dysfunction-
associated steatohepatitis (MASH). Obesity and T2D increase GDF15 expres-
sion in AT through the accumulation of macrophages, which are the main
immune cells expressing GDF15. Inactivation of Gdf15 in macrophages reduces
plasma GDF-15 concentrations and exacerbates obesity in mice. During MASH
development, Gdf15 expression additionally increases in hepatocytes through
stress-induced TFEB and DDIT3 signaling. Together, these results demonstrate
a dual contribution of AT and liver to GDF-15 production in metabolic diseases
and identify potential therapeutic targets to raise endogenous GDF-15 levels.

Obesity is a worldwide public health issue and a major risk factor for low-grade inflammation’. Both AT expansion and inflammation play
the development of type 2 diabetes (T2D) and metabolic dysfunction- major roles in the pathogenesis of T2D through several mechanisms
associated steatotic liver disease (MASLD). Obesity-related expansion including the release of cytokines directly interfering with the insulin
of adipose tissue (AT) is associated with infiltration and activation of  signaling pathway®. Together, obesity and insulin resistance favor
immune cells, such as macrophages, leading to a state of chronic and  excessive lipid accumulation in the liver and contribute to the
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development of MASLD**. MASLD encompasses a spectrum of stea-
totic liver conditions in patients presenting at least one cardiometa-
bolic risk factor. It ranges from simple steatosis (metabolic
dysfunction-associated steatotic liver, MASL) to metabolic
dysfunction-associated steatohepatitis (MASH) with steatosis, inflam-
matory infiltrates and hepatocyte ballooning as disease-defining fea-
tures. The progression from MASL to MASH is not fully understood,
but involves several cellular processes such as inflammation, lysoso-
mal/autophagy dysfunction, mitochondrial dysfunction, endoplasmic
reticulum (ER) stress and integrated stress response (ISR), likely
resulting from hepatic lipotoxicity>*. The metabolic triad of obesity,
T2D and MASLD is common and challenges the separate study of these
entities.

Growth differentiation factor-15 (GDF-15) is a cytokine belonging
to the transforming growth factor-beta (TGF-B) superfamily. GDFIS is
widely expressed with the highest expression levels observed in pla-
centa, prostate, kidney, pancreas, liver and AT*”. GDF-15 binds to the
GDNF family receptor alpha-like (GFRAL) which induces cellular sig-
naling through its co-receptor Ret®*'°. Despite the wide expression of
Ret, GFRAL expression is restricted to the neurons of two brainstem
regions, the area postrema and the nucleus of the solitary tract®™,
both involved in the regulation of appetite. Activation of the GDF-15/
GFRAL pathway negatively regulates food intake®™ and represents
therefore an attractive target for the development of new therapies
against obesity'. Beyond its anorectic properties, it was also proposed
that GDF-15 increases energy expenditure'', fatty acid oxidation®"
and has anti-inflammatory properties. In line with these protective
roles, both Gdf15- and Gfral-deficient mice develop more severe obe-
sity, insulin resistance and MASLD-like conditions®*'""%, while GDFIS
overexpression or injection of rGDF-15 prevent these
conditions®*™3141920 Although it provides a protection against weight
gain, plasma GDF-15 levels increase with obesity and its
complications®*,

Why and how GDF-15 levels increase in obesity remains however
controversial and not fully understood. Indeed, an earlier study
reported that GDFI5 expression increases in AT of patients with
obesity”, while another did not observe such obesity-related
changes?. Similarly, increased liver GDFIS expression was reported
in mouse models of long-term obesity'**, but not in short-term
models”. Importantly, the expression of GDFIS increases in livers of
patients with MASLD'¢, a common comorbidity of obesity, raising the
possibility that liver GDFIS5 expression is regulated by MASLD and not
obesity. Furthermore, the molecular mechanism underlying the ele-
vation of GDF-15 levels in obesity remains largely unknown, despite the
fact that GDF-15 is a promising therapeutic target for obesity'? and that
a better understanding of GDF-15 regulation is critical to develop new
therapies to raise endogenous GDF-15 production.

Thus, we performed a detailed study covering the spectrum of
obesity and its major complications to identify the tissular and cellular
source of GDF-15 over disease progression and determine the mole-
cular mechanisms regulating its expression. By using a large human
cohort extensively characterized for obesity, T2D and MASLD status,
and several experimental mouse models of obesity, insulin resistance
and MASLD-like conditions, we identify a progressive increase of
plasma GDF-15 levels during the sequential development of obesity,
T2D and MASLD. The production of GDF-15 first increases in AT at the
onset of obesity and T2D and subsequently in liver during MASLD
progression. Macrophages express high levels of GDFI5 and their
accumulation in AT accounts for GDF-15 elevation in obesity and T2D.
The inactivation of GdfI5 in macrophages reduces plasma GDF-15
concentrations and exacerbates diet-induced obesity in mice. The
development of liver complications, especially the progression from
steatosis to MASH, further enhances GDF-15 production by hepato-
cytes through the activation of TFEB and DDIT3 signaling pathways
related to MASLD-associated cellular stress.

Results

AT is the main source of GDF-15 in obesity and T2D

To identify the source of GDF-15 in obesity, we fed mice a 60% high-fat
diet (HFD) for 12 weeks (Supplementary Fig. 1A-C). As expected, HFD-
fed mice displayed higher plasma GDF-15 concentrations compared to
mice on chow diet (Fig. 1A). Gdf15 expression was induced in epiAT
and, to a lesser extent, in liver from HFD-fed mice compared to control
mice (Fig. 1B). In HFD-fed mice, Gdf15 was predominantly expressed in
liver, epididymal AT (epiAT) and kidney, while muscle, intestine,
spleen, lung and inguinal AT (ingAT) showed low expression levels
(Supplementary Fig. 1D). Plasma GDF-15 concentrations correlated
positively and significantly with GdfI5 expression in epiAT, but not in
liver (Fig. 1C), suggesting that epiAT accounts for most of the increased
plasma GDF-15 concentrations in HFD-induced obesity. The expression
of the GDF-15 receptor, Gfral, was virtually not detected and not
regulated by obesity in peripheral tissues (Supplementary Fig. 1E).

In patients with obesity, we also observed a higher GDFI5
expression in visceral AT (VAT) and a trend toward higher expression
in subcutaneous AT (SAT) compared to individuals without obesity
(Fig. 1D). However, GDFIS5 expression was not significantly upregulated
in the liver of patients with obesity despite a high expression in some
individuals (Fig. 1E). Unlike in mice, GFRAL expression was lowly
detected in SAT of >50% of individuals (Supplementary Fig. 1F, G).
However, obesity had no impact on its detection or its expression.
Obesity-related clinical parameters (weight, BMI and waist cir-
cumference) all positively correlated with GDF15 expression in VAT
(Fig. 1F). GDFI5 expression in VAT also positively associated with gly-
cemic parameters, but not with blood lipids, age, sex or height.
Associations between GDFI15 expression in VAT and obesity or gly-
cemic parameters remained significant after adjustments for age and
sex (Supplementary Table 3). Similar results were obtained in VAT and
SAT from an independent cohort of patients with obesity (Supple-
mentary Fig. 1H, I). Stratification of patients with obesity according to
T2D status revealed a higher GDFIS5 expression in VAT of patients with
obesity and T2D (Fig. 1G). Likewise, significantly higher expression was
observed in SAT from patients with obesity and T2D (Fig. 1H), sug-
gesting that SAT may also contribute to GDF-15 production in obesity
with T2D. Importantly, there were no differences in obesity parameters
such as BMI or waist circumference between patients with and without
T2D (Supplementary Table 1), emphasizing an additive contribution of
T2D in a context of obesity. Moreover, associations between GDFIS
expression in VAT and glycemic parameters remained significant after
adjustment for obesity (Supplementary Table 3). Unlike VAT and SAT,
GDFI5 expression in liver was not induced by T2D in patients with
obesity (Fig. 1I). Altogether, these results show that visceral fat, and to a
lesser extent subcutaneous fat in humans, display increased expres-
sion of GDF15 with obesity. Moreover, the presence of T2D in patients
with obesity further increases GDFI5 expression in AT.

Liver is an additional source of GDF-15 during MASLD
progression

Although obesity and T2D do not result in a higher expression of GDF15
in human livers (Fig. 1E, I), a modest increase was observed in livers of
mice on HFD feeding (Fig. 1B). As the HFD-induced obesity model
affects liver function and broadly reproduces human MASL (Supple-
mentary Fig. 2A), we next examined whether GDFIS expression is
associated with pathophysiological liver condition in patients covering
MASLD spectrum (Supplementary Table 2). We observed a strong
correlation between hepatic GDFI5 expression and clinical liver para-
meters including steatosis, inflammation, ballooning, NAS, fibrosis and
plasma transaminases activity (Fig. 2A). Associations between GDFI5
expression in liver and inflammation, ballooning, NAS and fibrosis
remained highly significant after adjustment for age, sex, obesity and
T2D (Supplementary Table 4). Furthermore, classification of patients
with obesity according to MASLD status revealed a significantly higher
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Fig. 1| GDF-15 is produced by AT in obesity and T2D. A-C Mice were fed a chow
(n=9) or a HFD (n=11) for 12 weeks. A Plasma GDF-15 concentrations. B Gdf15
mRNA expression levels in tissues. C Correlation between plasma GDF-15 con-
centrations and Gdf15 mRNA expression levels. D-I Analysis of paired sub-
cutaneous AT (SAT) and visceral AT (VAT) (n=42) or liver (n=46) biopsies from
patients. D, E GDF15 mRNA expression levels according to obesity status.

F Correlation between GDF15 mRNA expression levels and clinical parameters.

G-I GDF15 mRNA expression levels according to T2D status. Data are shown as
mean + SEM. P values calculated by two-tailed Mann-Whitney test (A, E), 2-way
ANOVA followed by Sidak’s multiple comparisons test (B, D), two-tailed Spearman
correlation (C, F) or Kruskal-Wallis test followed by Dunn’s multiple comparisons
test (G-I). *P< 0.05; *P < 0.01; **P< 0.001; FC fold change. Source data are pro-
vided as a Source Data file.

expression of GDFIS in the liver of patients with MASH (Fig. 2B).
Importantly, using liver microarray data from 840 individuals with
obesity and histologically assessed MASLD status, we confirmed the
high GDFI5 expression level in MASH patients and observed a less
pronounced, but significant, increase in MASL patients compared to
individuals without MASLD (Fig. 2C). Moreover, the expression of
GDFIS5 in liver strongly associated with clinical liver parameters, but
only modestly with obesity or glycemic parameters (Fig. 2D). These
results show that GDF15 expression in liver follows the evolution of
MASLD rather than obesity or T2D and suggest that MASH is an
additional factor potentially contributing to plasma GDF-15 levels on
top of obesity and T2D.

To confirm this hypothesis, we measured plasma GDF-15 con-
centrations in patients matched for obesity and T2D in order to
determine the progressive impact of obesity, T2D and MASH (Fig. 2E
and Supplementary Table 5). Plasma GDF-15 concentrations were
higher in patients with obesity alone and even more in patients with
obesity and T2D compared to patients without obesity (Fig. 2E).
Patients with MASH further displayed higher plasma GDF-15 con-
centrations compared to patients without MASLD, supporting that
MASH increases plasma GDF-15 levels in addition to obesity and
T2D (Fig. 2E).

As we observed that patients with obesity and MASL already dis-
play a higher expression of GDF15 in liver compared to subjects with-
out MASLD (Fig. 2C), we further refined patient stratification according
to the most frequent path of disease progression in order to better
delineate the impact of MASLD on GDFIS5 expression. We found a
nearly significant difference in hepatic GDFIS5 expression in patients
with obesity and liver steatosis alone compared to patients with obe-
sity but without steatosis, inflammation nor ballooning (Fig. 2F).
Hepatic GDFI5 expression was higher in patients with obesity, steatosis
and lobular inflammation with a major elevation occurring in patients
who additionally displayed hepatocyte ballooning and met all MASH
criteria (Fig. 2F). In line with this observation, receiver operating
characteristic (ROC) curve analysis showed that liver GDFIS5 expression
better predicted the presence of MASH than MASL (Fig. 2G). Among
the histological diagnosis criteria of MASH, the area under the curve
(AUC) of the ROC curve was the highest for the presence of ballooning,
but lower for inflammation or steatosis (Fig. 2H). Altogether, these
results show that hepatic GDFI5 expression increases with MASLD
progression with a major elevation observed at a later stage with bal-
looning development and the emergence of MASH.

To further delineate the specific contribution of MASH on GDF-15
production by liver, we used experimental mouse models of
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Fig. 2 | GDF-15 is produced by liver in MASH. A Correlation between liver para-
meters and GDFI5 mRNA expression levels in paired SAT and VAT (n =42) or liver
(n=46). B GDF15 mRNA expression levels in liver according to MASLD status
(n=46).C GDFI5 mRNA expression levels in liver of patients with obesity measured
by microarray according to MASLD status (n = 840). D Correlation between clinical
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F GDF15 mRNA expression levels in liver measured by microarray according to
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MASH (vs no MASLD & MASL). H ROC curve of GDFI5 mRNA expression levels in
liver measured by microarray to predict steatosis, inflammation or ballooning (=1 vs

0).1,J Mice were fed a chow (n = 8) or a CDAA diet (n =12) for 8 weeks. I Gdf15 mRNA
expression levels in tissues. J Plasma GDF-15 concentrations. K, L Mice were fed a
chow (n=8) or a HFSCD (n =12) for 24 weeks. K GdfI5 mRNA expression levels in
tissues. L Plasma GDF-15 concentrations. M Correlation between plasma GDF-15
concentrations and GdfI15 mRNA expression levels in tissues according to diet
(n=20/diet). Data are shown as mean + SEM or SD (C, F). P values calculated by two-
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linear step-up procedure of Benjamini, Krieger and Yekutieli (B, E), Kruskal-Wallis
test followed by Dunn’s multiple comparisons test (C, F), ROC analysis (G, H), 2-way
ANOVA followed by Sidak’s multiple comparisons test (I, K) or two-tailed
Mann-Whitney test (J, L). *P < 0.05; *P< 0.01; **P < 0.001; FC fold change, AUC
area under the curve. Source data are provided as a Source Data file.
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steatohepatitis, with or without concomitant obesity and insulin
resistance. First, we fed mice a choline-deficient, L-amino acid-defined
(CDAA) diet for 8 weeks which drives steatohepatitis without body
weight gain and hyperglycemia® (Supplementary Fig. 2A-D). CDAA
diet feeding increased Gdf15 expression in liver, but not in AT (Fig. 2I).
Moreover, the plasma GDF-15 concentration was higher in mice fed the
CDAA diet than in control mice (Fig. 2J), confirming that steatohepa-
titis intrinsically increases GdfI5 expression in the liver and plasma
GDF-15 levels independently of obesity and insulin resistance. Second,
in a diet model more closely related to human MASH, where mice are
fed a high-fat high-sucrose diet enriched in cholesterol (HFSCD) for
24 weeks and develop obesity, hyperglycemia and MASH-like disease
(Supplementary Fig. 2A, 2E-G), Gdfi15 expression was also higher in
liver (Fig. 2K). Similar to HFD, the HFSCD also increased epiAT Gdf15
expression and plasma concentrations (Fig. 2K, L). While plasma GDF-
15 concentrations only correlated with liver GdfI5 expression in the
CDAA diet model, it correlated with both liver and epiAT GdfI5
expression in the HFSCD model (Fig. 2M), in line with the steatohe-
patitis and obesity that develop in this model. Taken together these
results suggest that in both humans and mice, obesity and T2D initially
contribute to plasma GDF-15 levels by increasing its expression in AT
while at a later stage, the development of MASLD, and particularly
MASH, plays an additional role by increasing hepatic GDF-15
production.

Macrophages are the main source of GDF-15 in obese AT

We next determined the cellular source of GDF-15 in AT and liver.
Immunohistochemistry analysis of epiAT from HFD-fed mice
revealed GDF-15 staining in non-parenchymal cells (Fig. 3A) and
particularly within inflammatory infiltrates and crown-like struc-
tures, both known to be mostly composed of macrophages®~°. To
confirm that adipose tissue macrophages (ATMs) express Gdf15, we
fractionated epiAT from HFD-fed mice into adipocytes and the
stromal vascular fraction (SVF), which was further sorted by flow
cytometry into four fractions: (i) ATMs (CD45" Lin” F4/80" CD64"),
(i) non-ATM immune cells (CD45" Lin* and CD45" Lin~ F4/80°
CD64), (iii) adipose-derived stem cells (ADSCs) (CD45 CD34"
CD31") and (iv) CD45™ non-ADSCs (CD45™ CD34™~ CD317") (Sup-
plementary Fig. 3A). Corroborating the immunohistochemistry
analysis, ATMs expressed the highest level of Gdf15 among the five
fractions analyzed (Fig. 3B). In available single cell RNA-sequencing
data®, we also observed that GdfIS was mainly detected in macro-
phages among epiAT CD45" cells from HFD-fed mice (Supplemen-
tary Fig. 3B, C). Gdf15 expression was lower in resident macrophages
compared to lipid-associated macrophages (LAMs) or cycling
macrophages (Supplementary Fig. 3D-F), suggesting a certain het-
erogeneity in Gdfl5 expression among ATMs. In naive mice, the
expression of Gdf15 was also heterogeneous according to tissue
origin, with epiAT macrophages expressing the highest levels
(Fig. 3C). Moreover, the high expression of Gdf15 was limited to
macrophages among immune cells (Fig. 3C). Similar results were
obtained by reanalyzing Gdf15 expression in the publicly available
ImmGen mouse database (Supplementary Fig. 3G).

Importantly, the expression of macrophage markers, but not
lymphocyte markers, was positively associated with GdfI5 expression
in epiAT and plasma GDF-15 concentrations (Fig. 3D). Moreover,
among the various immune cell populations identified by flow cyto-
metry within mouse AT (Supplementary Fig. 3H-J), only the macro-
phage content in epiAT positively and consistently correlated with
both Gdfi5 expression and plasma GDF-15 concentrations (Fig. 3E).
Together these results show that ATMs express high levels of Gdf15
and that their accumulation in epiAT is strongly associated with tis-
sue expression and plasma level of GDF-15, suggesting that ATMs are
a major source of GDF-15 in epiAT from obese mice.

Macrophage differentiation, but not obesity, modulates intrin-
sic GDFI15 expression

To examine whether obesity regulates Gdfl5 expression in macro-
phages, we sorted ATMs from mice fed either a chow or HFD for
12 weeks. No difference in Gdf15 expression was observed in either
ATMs or any other fractions of epiAT between chow and HFD-fed mice
(Fig. 3F). Since the whole epiAT has been fractionated and none of the
purified fractions showed any changes in Gdf15 expression, an altera-
tion of the ratio between fractions likely accounts for the increase of
Gdf15 expression observed in the whole tissue. As already reported®, a
major enrichment in macrophage content occurred in SVF with HFD
(Supplementary Fig. 3I, K), suggesting that the increase of GdfI5
expression in epiAT during obesity is not related to an increase of its
expression in ATMs, but likely results from the accumulation of mac-
rophages which express high GdfI5 levels.

Monocytes expressed low levels of Gdf15 (Fig. 3C and Supple-
mentary Fig. 3G). Since macrophage infiltration in AT partially arises
from the recruitment and differentiation of circulating monocytes'?,
we hypothesized that Gdf15 expression may be induced during the
monocyte to macrophage differentiation. To recapitulate this process,
we sorted blood monocytes from naive mice and differentiated them
into monocyte-derived macrophages (MDM) in vitro (Supplementary
Fig. 3L-M). Monocyte differentiation into macrophages resulted in
increased Gdf15 expression and secretion (Fig. 3G-I), demonstrating
that monocytes have the potential to express high amounts of GDF-15
and that Gdf1S5 expression is a characteristic of mature macrophages in
mice. Similar results were obtained when differentiating bone marrow
cells into bone marrow-derived macrophages (BMDMs) (Supplemen-
tary Fig. 3N). The in vitro polarization of BMDMs into M1 macrophages
did not modify GdfI5 expression, while M2 polarization slightly
decreased it (Supplementary Fig. 30-P).

In VAT of patients with obesity, GDF15 expression was higher in
the SVF than in the adipocyte fraction and GDF-15 immunohisto-
chemical staining was detected within inflammatory infiltrates and
crown-like structures as in mice (Fig. 4A, B). Sorting of SVF and
immunohistofluorescence confirmed predominant expression of
GDF15 by human ATMs (Fig. 4C, D and Supplementary Fig. 4A-C). The
expression of macrophage markers strongly correlated with GDF15
expression in VAT and, unlike in mice, also in SAT (Fig. 4E). Moreover,
as it was the case for GDF15 expression (Fig. 1G-H), the expression of
the macrophage marker CD64 (FCGRIA) was higher in AT from
patients with obesity and T2D compared to subjects without T2D
(Supplementary Fig. 4D-E), suggesting that increased macrophage
content in AT may account for increased GDFI5 expression by obesity
and T2D. In line with the mouse data showing that the differentiation
of monocytes into macrophages, but not obesity, promotes Gdf15
expression; GDF15 expression increased upon differentiation of human
blood monocytes into MDMs (Supplementary Fig. 4F-G), and GDFI5
expression in ATMs from VAT did not correlate with obesity para-
meters (Supplementary Fig. 4H). However, as expected, ATM content
in SVF correlated with obesity parameters (Supplementary Fig. 4H). M2
polarization of human MDMs reduced GDFIS expression in vitro
(Supplementary Fig. 41-J), as also observed in mouse macrophages.
Together, these results show that the expression of GDFIS in mature
macrophages is constitutively high and is not upregulated by obesity
in both mice and humans. Therefore, the increased GDFI5 expression
in AT during obesity and T2D likely results from a local accumulation
of macrophages.

Macrophage infiltration in AT contributes to GDF-15 production
in obesity

To determine whether macrophage infiltration contributes to GDF-15
production, we depleted macrophages in HFD-fed mice. Mice were
sacrificed 4 days after a single injection with anti-CD115 antibody in
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A Representative immunohistochemistry of epiAT sections from HFD-fed mice
stained with anti-GDF-15 antibody. Scale bars, 100 um. B Gdf15 mRNA expression
levels in adipocytes and sorted SVF from epiAT of mice on HFD feeding for 12 weeks
(n=8).C Gdf15 mRNA expression levels in the main immune cell populations sorted
from several tissues of naive mice (n =4). D Correlation between mRNA expression
levels of macrophage or lymphocyte markers in AT and GdfI5 mRNA expression
levels or plasma GDF-15 concentrations in mice on chow or HFD feeding (n =20).
E Correlation between immune cell composition in AT determined by flow cyto-
metry and GDFI5 mRNA expression levels in the corresponding tissue or plasma
GDF-15 concentrations in mice on chow or HFD feeding (n =19). F Mice were fed a
chow (n =5) or aHFD (n=7) for 12 weeks and epiAT were processed for cell sorting.
Gdf15 mRNA expression levels were measured in adipocytes and sorted SVF.
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G-1 Mouse blood monocytes were differentiated in monocyte-derived macro-
phages (MDM) by stimulation with M-CSF for 7 days (n = 3-4). G Gdf15 mRNA
expression levels in freshly sorted monocytes (TO) or in fully differentiated MDM
(D7) (n=4). H GDF-15 protein levels detected by western blot in freshly sorted
monocytes or in fully differentiated MDM (n = 3). Nonspecific bands are indicated
with a *. Uncropped blot in Source Data. I Secretion of GDF-15 in supernatant (SN)
during the first (TO-D1) and the last (D6-D7) 24 h (n=4). Data are shown as

mean + SEM. P values calculated by Friedman test followed by two-stage linear step-
up procedure of Benjamini, Krieger and Yekutieli (B), two-tailed Spearman corre-
lation (D, E), 2-way ANOVA followed by Sidak’s multiple comparisons test (F) or
two-tailed Mann-Whitney test (G, I). *P < 0.05; **P < 0.01; **P < 0.001; AU arbitrary
unit, SVF stromal vascular fraction, ADSCs adipose-derived stem cells, FC fold
change. Source data are provided as a Source Data file.

order to achieve an acute depletion without overt effects on body
weight (Supplementary Fig. 5A-C). Treatment with the anti-CD115
antibody successfully decreased macrophage content in both epiAT
and ingAT without altering other immune cells (Fig. 5A and Supple-
mentary Fig. 5D-E). Macrophage depletion reverted obesity-induced
Gdf15 expression in epiAT, but did not affect Gdf15 expression in chow-
fed mice (Fig. 5B), demonstrating that macrophage infiltration reg-
ulates the obesity-dependent elevation of Gdf15 expression in epiAT.

Further, we prepared glucan-encapsulated RNAi particles (GeRPs)
to specifically deliver Gdf15 siRNA into ATMs. The silencing efficiency
of Gdfl5 siRNA and siGdf15-GeRPs was first validated in vitro

(Supplementary Fig. 6A, B). As previously reported*?, intraperitoneally
injected GeRPs have a strong tropism for epiAT and GeRPs were only
taken up by phagocytic cells such as macrophages, neutrophils, DCs
and monocytes (Supplementary Fig. 6C, D). A significant decrease in
Gdf15 expression was only observed in ATMs (Fig. 5C). We hypothesize
this is due to both low GdfI5 expression in non-macrophage phago-
cytes and limited GeRPs uptake in other cell populations in epiAT.
Similar to macrophage depletion, macrophage-specific silencing of
Gdfi5 reduced obesity-induced Gdfi5 expression in epiAT (Fig. 5D).
Moreover, mice injected with siGdf15-GeRPs also showed a decrease in
plasma GDF-15 concentrations (Fig. 5E), demonstrating that ATMs
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contribute to circulating GDF-15 levels during obesity. Repeated
injections of B-glucan-based particles induced body weight loss (Sup-
plementary Fig. 6E), but mice injected with siGdf15-GeRPs maintained a
higher body weight than mice injected with siCtrl-GeRPs (Fig. 5F),
suggesting that macrophage production of GDF-15 has a functional
impact on body weight, in agreement with the anorectic action of GDF-
158,9,13,14,]8,20,33.

To confirm the functional contribution of ATMs to GDF-15 pro-
duction in obesity, we transplanted bone marrow from GdfI5"* and
Gdf15” mice into Gdf15"* recipient mice (Supplementary Fig. 7A). No
differences between genotypes were observed in body weight after
bone marrow transplantation (BMT) (Supplementary Fig. 7B). After
12 weeks of HFD feeding, Gdf15”’~ BMT mice gained more weight and
fat mass was higher than Gdf15* BMT mice (Fig. 5G, H and Supple-
mentary Fig. 7C). Fasting glucose and insulin concentrations were
not significantly affected, but Gdfi5’”~ BMT mice displayed higher
liver steatosis compared to GdfI5”* BMT mice (Supplementary
Fig. 7D-I), likely related to the higher level of obesity. Cumulative
food intake was higher in GdfI5”~ BMT mice than GdfI5"* BMT mice
upon HFD feeding (Supplementary Fig. 7)-K). Similar to the results
obtained following macrophage depletion and siGdf15-GeRPs
experiments, Gdf15”~ BMT mice did not show obesity-induced ele-
vation of Gdf15 expression in epiAT (Fig. 5I). Surprisingly, no differ-
ences in plasma GDF-15 concentrations were observed at the time of
sacrifice at 12 weeks (Fig. 5)). However, Gdf15’~ BMT mice exhibited

lower plasma GDF-15 concentrations at 4 weeks of HFD feeding
compared to GdfI5"* BMT mice which fades at 8 weeks, suggesting
that ATM-driven AT production of GDF-15 mostly occurs in early
stages of obesity. Importantly, differences in plasma GDF-15 con-
centrations at 4 weeks coincided with the period of accelerated
weight gain in Gdf15”~ BMT mice. Since HFD feeding also increased
Gdf15 expression in liver (Fig. 1B), we measured hepatic Gdf15S
expression. While hepatic Gdf15 expression was higher upon HFD
feeding, no difference in expression was observed in liver between
Gdf157~ BMT mice and Gdfi5** BMT mice (Fig. 5K). Together these
results show that ATMs contribute to plasma GDF-15 levels early
during obesity development in mice and that ATM-produced GDF-15
reduces body weight gain. However, at later stages of obesity, the
liver likely contributes to circulating GDF-15 concentrations as well,
similarly to what we observed in humans during MASLD progression.

Hepatocytes increase GDFI15 expression during MASLD
development

The foregoing BMT experiment suggests that macrophages are not
involved in GDF-15 production by the liver. Indeed, macrophage
depletion with the anti-CD115 antibody did not prevent the increase of
hepatic Gdf15 expression observed in mice fed either HFD or CDAA
diet (Fig. 6A, B and Supplementary Fig. 8A, B). Moreover, GDFIS
expression was not associated with expression of macrophage markers
in human liver (Fig. 6C), unlike in AT (Fig. 4E).
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Fig. 5 | Macrophage infiltration regulates GDF-15 production by AT. A, B Mice
were fed a chow or a HFD for 12 weeks followed by a single intraperitoneal injection
of anti-CD115 antibody or isotype control (n =8 chow and 12 HFD/antibody). Mice
were sacrificed after 4 days. A ATM content determined by flow cytometry. B Gdf15
mRNA expression levels in AT. C-F Mice were fed a chow (n=6) or a HFD (n=16)
for 18 weeks followed by intraperitoneal injection of siGdf15-GeRPs or siCtrl-GeRPs
for 5 consecutive days (n = 8/siRNA-GeRPs). Mice were sacrificed 24 h after the last
injection. C GdfI5 mRNA expression levels in adipocytes or sorted SVF from epiAT
(n=>5/group). D Gdf15 mRNA expression levels in epiAT. E Difference in plasma
GDF-15 concentrations after 3 days or at sacrifice (D5) compared to TO. F Difference
in body weight after 3 days or at sacrifice (D5) compared to TO. G-K After bone

marrow transplantation (BMT) from Gdf15"* or Gdfi5S”" mice, reconstituted mice
were fed a chow or a HFD for 12 weeks (n=5 chow and 11 HFD/genotype).

G Evolution of body weight. Statistical analysis is only shown for the factor “gen-
otype” (GdfI15"" or Gdfi5") calculated by 2-way ANOVA. H Body weight gain (12th
week minus TO). I GdfI5 mRNA expression levels in epiAT. J Plasma GDF-15 con-
centrations. K Gdf15 mRNA expression levels in liver. Data are shown as mean +
SEM. P values calculated by 2-way ANOVA followed by Holm-Sidak’s (A, G, J) or
Sidak’s (B, C, E, F, H, I, K) multiple comparisons test or two-tailed Mann-Whitney
test (D). AU, arbitrary unit; FC, fold change. Source data are provided as a Source
Data file.

To identify the cellular source of GDF-15 in liver, hepatocyte and
non-parenchymal cell (NPC) fractions were isolated from naive mouse
liver. Gdf15 expression was higher in hepatocytes than NPCs (Fig. 6D
and Supplementary Fig. 8C, D). Immunohistological staining of GDF-15
on human liver sections was also widely positive in hepatocytes
(Supplementary Fig. 8E). As observed in whole liver, GdfI5 expression
predominantly increased in the hepatocyte fraction from mice fed

steatohepatitis-inducing diets, i.e., HFSCD and CDAA (Fig. 6E), sug-
gesting that the elevation of GDFIS5 expression in liver during MASLD
development results mostly from an increase of its expression in
hepatocytes. However, the additional contribution of other liver cell
types than hepatocytes cannot be totally excluded.
Hepatocyte-specific siRNA-driven inactivation* of GdfIS decreased
Gdf1S5 expression in whole liver of CDAA-fed mice (Fig. 6F), but not in
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other tissues expressing high levels of Gdf15, including AT and kidney
(Supplementary Fig. 8F). Moreover, the reduced GdfI5 expression in
liver was associated with a decrease in plasma GDF-15 concentrations
(Fig. 6G and Supplementary Fig. 8G), demonstrating the contribution of
hepatocyte-derived GDF-15 to the systemic increase of GDF-15 in MASH.
Interestingly, CDAA-fed mice with hepatocyte Gdf1S5 inactivation gained
slightly more weight than control mice (Supplementary Fig. 8H, 1),

suggesting a role of increased hepatic Gdfi5 expression in CDAA-
induced weight loss.

MASLD-associated stress induces GDF-15 in hepatocytes

To identify potential regulators of GDFI5 expression in hepatocytes,
we searched for an association between hepatic GDF15 expression and
the expression of genes encoding proteins involved in the regulation
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Fig. 6 | MASH-related stress increases GDF15 expression in hepatocytes. Mice
were fed a HFD for 12 weeks (A) (n=40) or CDAA diet for 4 weeks (B) (n=16)
followed by injection of anti-CD115 antibody or isotype control. Gdfl5 mRNA
expression was measured in liver. C Correlation between GDFI5 mRNA expression
levels and mRNA expression levels of macrophage/lymphocyte markers in liver.
D Gdf15 mRNA expression levels in hepatocytes and non-parenchymal cells (NPCs)
from naive mice (n = 8). Connected dots represent fractions from the same mouse.
E Gdf15 mRNA expression levels in hepatocytes from mice on different diet feeding
(n=36). F, G Mice were fed a CDAA diet for 4 weeks and tail vein injected with
invivofectamine-siRNA complex prior sacrifice (n =28). F Gdf15 mRNA expression
levels in liver. G Plasma GDF-15 concentrations. H Correlation between mRNA
expression levels of GDF-15 regulators and GDF15 mRNA expression levels, stea-
tosis, inflammation or ballooning in liver of patients with obesity (n =840). 1 GSEA
of TFEB, EGR1 and DDIT3 (CHOP) signatures in liver of patients with obesity

according to MASLD parameters (n = 840).J Correlation between mRNA expression
levels of TFs regulating Gdf15 with Gdf15 mRNA expression levels in liver from mice
on different diet feeding (n =20/diet). K GSEA of stress signatures in liver of
patients with obesity according to MASLD parameters (n = 840). Ten pathways for
each type of stress are illustrated. Full analysis in Supplementary Fig. 9. L, M Mice
were fed a CDAA diet for 4 weeks and tail vein injected with invivofectamine-siRNA
complex prior sacrifice (n =31). L Gdf15 mRNA expression levels in liver. M Plasma
GDF-15 concentrations. Data are shown as mean + SEM. P values calculated by 2-way
ANOVA followed by Holm-Sidak’s multiple comparisons test (A, E-G, L, M),
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (B), two-tailed
Spearman correlation (C, H, J) or two-tailed Wilcoxon matched-pairs signed rank
test (D). *P< 0.05; **P < 0.01; **P< 0.001; FC, fold change; AU, arbitrary unit. Source
data are provided as a Source Data file.

of GDFIS5 transcription or mRNA stability. We observed that the
expression of three transcription factors (TFs) (TFEB, EGRI and DDIT3)
highly correlated with GDFI5 expression in human liver (Fig. 6H). Both
EGRI and DDIT3 expression were higher in patients with MASH, but not
TFEB (Supplementary Fig. 8]-L). While EGR1 and DDIT3 are mostly
transcriptionally regulated, TFEB is sequestered in the cytoplasm and
requires post-translational modifications to translocate into the
nucleus and regulate gene expression®. To assess the transcriptional
activity of these TFs, we performed a gene set enrichment analysis
(GSEA) of their target genes in liver. We observed a strong enrichment
of the three TF target gene sets in patients with MASH, but not in
patients with MASL (Fig. 6l). Although TFEB expression was not
increased in patients with MASH, its target genes were enriched
(NES=1.73; FDR g-val=0.004), suggesting a higher TFEB transcrip-
tional activity. In mice, the same three TFs were also associated with
GDF15 expression in whole liver (Fig. 6J). Unlike in humans, liver
expression of these three TFs progressively increased in diet models
ranging from steatosis to steatohepatitis (Supplementary Fig. 8M-0).
However, only Tfeb and Ddit3 were increased in the hepatocyte frac-
tion (Supplementary Fig. 8P-R).

Importantly, the transcriptional activities of TFEB, EGRI and
DDIT3, as assessed by GSEA of their target genes, were strongly and
specifically enriched in patients with inflammation and ballooning
(Fig. 6l), the two parameters defining the transition from steatosis to
MASH and corresponding to the disease stage when GDFI1S5 expression
is induced in liver. Since both inflammation and ballooning are hall-
marks of cellular stress in hepatocytes and considering the fact that
TFEB, EGR1 and DDIT3 are stress-responsive TFs, it is reasonable to
hypothesize that the increase of GDFIS expression may result from
hepatocyte stress. Moreover, among the cellular processes that might
contribute to the transition from steatosis to MASH, inflammation, ER
stress, integrated stress response (ISR), lysosomal/autophagy stress
and lipotoxicity are all susceptible to induce and/or activate TFEB,
EGR1 and DDIT3*"¥, Supporting this hypothesis, we observed a strong
enrichment of these stress-related pathways in the liver transcriptome
of patients with MASH, inflammation and ballooning, but not with
MASL (Fig. 6K and Supplementary Fig. 9A, B). Furthermore, the
induction of inflammation, ER stress, ISR, lysosomal/autophagy stress
and lipotoxicity using TNF-a, IL-1f, lipopolysaccharide (LPS), tunica-
mycin, salubrinal, NH4CI, chloroquine (CQ) and stearate (C18:0), all
increased to different extents GDFI5 expression in immortalized
human hepatocytes (IHH) in vitro (Supplementary Fig. 10A), indicating
that these sources of stress may potentially be involved in GDFIS
regulation in vivo. Inflammatory stimuli induced the weakest GDFI5
expression, while ER stress or its downstream ISR both triggered a
robust increase of GDF15 expression (Supplementary Fig. 10A). C18:0, a
saturated fatty acid displaying lipotoxicity in vitro, increased GDFIS
expression, but not the monounsaturated fatty acid oleate (C18:1)
which does not induce toxicity at equal concentrations (Supplemen-
tary Fig. 10A, B). However, both fatty acids triggered lipid droplet

accumulation in hepatocytes (Supplementary Fig. 10C), showing that
cellular stress, rather than steatosis, induces GDFI5 expression.

To assess the role of TFEB, EGR1 and DDIT3 in stress-induced
GDFI5 expression, we silenced these TFs in vitro using specific siRNAs
followed by treatment with the most potent stressors for each type of
stress in IHHs (Supplementary Fig. 10D-F). TFEB silencing reduced
GDF15 expression induced by a wide range of stimuli including TNF-a,
tunicamycin, salubrinal, chloroquine and stearate (Supplementary
Fig. 10G). DDIT3 silencing reduced GDFI5 expression induced by
tunicamycin, salubrinal and stearate, but not by TNF-a or chloroquine
(Supplementary Fig. 10G), three conditions robustly increasing DDIT3
expression in vitro (Supplementary Fig. 10F). In contrast to TFEB and
DDIT3, EGRI silencing did not demonstrate an effect on any stimuli
tested (Supplementary Fig. 10G). As previously reported®, DDIT3
regulates EGRI expression (Supplementary Fig. 10E), which may
explain the similar pattern of correlations between EGR1 and DDIT3
(Fig. 6H), as EGRI expression may reflect DDIT3 expression and tran-
scriptional activity. Supporting this hypothesis, we indeed observed an
association between DDIT3 and EGRI expression in the liver tran-
scriptome (Spearman r 0.1349; P value < 0.0001). In vivo, combined
inactivation of Tfeb and Ddit3 in hepatocytes decreased hepatic Gdf15
expression and plasma GDF-15 concentrations in CDAA-fed mice
(Fig. 6L, M and Supplementary Fig. 11A-D). Silencing of the two TFs in
CDAA-fed mice tended to increase weight gain compared to the con-
trol mice, but this did not reach statistical significance (Supplementary
Fig. 11E, F). Altogether, our results show that GDFIS expression is
increased in hepatocytes during the transition from steatosis to MASH.
GDF-15 production likely results from the development of several
stresses in hepatocytes that activate TFEB and DDIT3, two stress-
responsive TFs regulating GDFIS transcription.

Discussion

Using different mouse models of obesity and MASLD as well as biop-
sies from carefully-characterized patients, we identify a progressive
increase in GDF-15 starting in AT at the onset of obesity and T2D,
followed by liver during the progression toward MASH. Obesity, in the
absence of T2D and MASLD, is intrinsically associated with an increase
of GDFI5 expression in AT and plasma GDF-15 concentrations.
Although an earlier study reported no difference in GDFI15 expression
in both SAT and VAT on a small cohort of patients with obesity”, we
observed a clear increase in GDFI5 expression in AT in two indepen-
dent human cohorts and in two mouse models of obesity. The increase
in GDF15 expression mostly occurs in VAT and to a lesser extent in SAT
from patients with obesity. Moreover, progression to T2D further
increases GDFI1S expression in AT and plasma GDF-15 concentrations.
GFRAL, the sole known GDF-15 receptor, is mostly expressed in
brainstem structures and scarcely expressed in peripheral tissues. As
extensively reported, GDF-15 protects against obesity through the
binding and activation of its receptor GFRAL in the central nervous
system®’*, Obesity has no impact on GFRAL expression in peripheral
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tissues, suggesting that the elevation of GDF-15 is the major peripheral
alteration in the GDF15-GFRAL pathway.

The exploration of human VAT and mouse epiAT revealed that
macrophages express the highest level of GDFIS in these tissues.
Extensive analysis of the immune cell populations showed that Gdf15
expression is essentially limited to macrophages. A large heterogeneity
of GdfI15 expression was observed in macrophages according to tissue
origin with macrophages from epiAT expressing more than those from
ingAT or liver. Circulating monocytes display low GdfI5 expression,
but its expression strongly increases during their differentiation into
macrophages, showing that GDF-15 production is a characteristic of
mature macrophages in certain tissular contexts. M2 polarization or
the tissue resident phenotype, which share several phenotypical
characteristics, are associated with a lower Gdf15 expression. However,
no difference in Gdfi5 expression was observed in the whole macro-
phage population with obesity, suggesting that macrophage recruit-
ment/differentiation predominates over polarization or the
macrophage subtype. Indeed, macrophage infiltration in AT is strongly
associated with GDFI5 expression in both humans and mice. Macro-
phage depletion or Gdf1S5 silencing in macrophages prevents obesity-
induced Gdf1S expression in epiAT. Acute silencing of Gdf15 in mac-
rophages by siGdf15-GeRPs reduces plasma GDF-15 concentrations in
obese mice. The chronic silencing of Gdf15 in macrophages obtained in
Gdf15"~ BMT mice decreases plasma GDF-15 concentrations in early-
onset of obesity and exacerbates obesity. At later stages, the difference
in circulating GDF-15 concentrations disappears, likely because Gdf15™
BMT mice develop a more severe obesity, including more advanced
liver complications. Indeed, the development of MASLD leads to the
production of GDF-15 by the liver which might progressively attenu-
ates the difference in plasma GDF-15 levels observed at early stages in
Gdf15”~ BMT mice. These results show that ATMs not only contribute
to the systemic rise of GDF-15 in early stages of obesity, but also that
ATMs play an unexpected role in body weight regulation. ATMs are
widely considered as detrimental in obesity, mostly because of their
production of pro-inflammatory factors contributing to metabolic
complications of obesity such as T2D"%. However, ATMs also play
protective functions during obesity such as helping adipocytes to
handle excessive lipids and clearing dead adipocytes'. The production
of GDF-15 and its anti-obesity effect that we describe here, further
illustrates the beneficial role of ATMs in obesity. As a consequence,
targeting macrophage inflammatory pathways rather than preventing
macrophage infiltration is likely to be more effective in treating obesity
and its complications.

It was previously suggested that the liver is the primary source of
GDF-15 in mouse models of obesity'”'*?°, However, feeding mice with
HFD for 12 to 24 weeks, as performed in these studies, leads to severe
obesity, insulin resistance and MASLD-like conditions, making diffi-
cult to properly identify the specific contribution of each of these
conditions. Here we observe that 12 weeks of HFD feeding does
indeed increases the expression of Gdfi15in liver, in addition to epiAT.
However, human livers only show increased GDFIS expression in
correlation with MASLD severity, and not with obesity or T2D. In
patients with obesity but without MASLD, plasma GDF-15 con-
centrations increase while GDFI5 expression in liver does not,
excluding a role of liver in obesity-related GDF-15 elevation. Sub-
sequent to MASLD development, GDFI5 expression progressively
increases in liver and reaches the highest level in patients with MASH.
The emergence of MASH in patients with obesity is associated with a
major elevation of GDF-15 levels, demonstrating that MASH is a
substantial additional factor contributing to GDF-15 elevation and
that liver production might exceed the production from adipose
tissue in advanced stages of MASLD. Similarly, the induction of
obesity-independent MASH-like condition in mice with CDAA
diet also leads to a robust increase of plasma GDF-15 concentrations.
Altogether, these results show that GDFIS expression in liver is not

directly affected by obesity, but follows the development of MASLD
and particularly its severe form MASH.

Although MASH is an inflammatory condition characterized by
immune cell infiltration in the liver*’, macrophages are not the source
of MASH-induced Gdf15 expression in liver. Hepatocytes, the main
parenchymal cell type in liver, mostly express GDF15 and upregulate
their expression according to the development of MASH-like condi-
tions in mice. GDFI15 expression in our liver transcriptomic cohort is
strongly associated with the expression of TFEB and DDIT3, two genes
encoding for stress-responsive TFs. A systemic and in-depth analysis of
all the gene sets derived from the GO Biological Process revealed an
enrichment in patients with MASH of several stresses able to activate
TFEB and DDIT3, including inflammation, ER stress, ISR, lysosomal/
autophagy stress and lipotoxicity. The induction of these stresses
in vitro upregulates GDFIS5 expression in hepatocytes, with ER stress,
ISR and lipotoxicity exerting the most potent effects, while inflam-
mation and lysosomal/autophagy stresses display a limited impact on
GDF15 expression. Knockdown of TFEB reduces GDFI5 expression by
all of these stresses, while knockdown of DDIT3 specifically reduces
GDFI5 expression by ER stress, ISR and lipotoxicity. In vivo, the com-
bined hepatic inactivation of Tfeb and Ddit3 decreases GdfI5 expres-
sion and plasma GDF-15 concentrations in CDAA-fed mice. The modest
induction of GDFIS expression by inflammatory stimuli in vitro and the
limited increase of GDF15 expression in livers of patients with obesity,
steatosis and inflammation, but without ballooning, suggest that
inflammation per se likely plays a minor role on the elevation of GDF15
expression in liver. The excessive accumulation of lipids in hepato-
cytes during MASLD development disrupts lipid homeostasis and
favors the generation of toxic lipid species®. The resulting lipotoxicity
promotes organelle dysfunction and contributes to the development
of lysosomal/autophagy stress, ER stress and ISR*. These stresses are
tightly inter-connected in MASH and likely contribute together to
induce GDFI1S5 expression in liver. Interestingly, other types of experi-
mental liver injuries such as those induced by CCl,, ethanol, D-galac-
tosamine, partial hepatectomy or acetaminophen also increase Gdf15
expression in mouse liver***. While most of these models are not
associated to lipotoxicity, they induce different levels of lysosomal/
autophagy stress, ER stress and ISR***%, suggesting that the upregu-
lation of GDFI5 expression in liver is not specific to MASH but seems
broadly related to hepatocyte stress.

Previous studies have identified circulating GDF-15 level as a pre-
dictive factor for developing T2D*** and MASH?. Since macrophage
accumulation in AT contributes to the development of insulin
resistance’ and macrophages are the main source of GDF-15 in AT,
circulating GDF-15 levels can indirectly inform about the extent of
macrophage infiltration in AT and therefore about the risk of devel-
oping T2D. Similarly, as GDF-15 is mostly produced by liver in MASH,
increased plasma GDF-15 levels can also be indicative of MASH devel-
opment. Circulating GDF-15 levels may therefore be seen as a broad
biomarker for metabolic risk.

As GDF-15 protects against weight gain, the increase in plasma
concentration during obesity might seem paradoxical. However, ele-
vated plasma GDF-15 is not restricted to obesity, but is also observed in
a wide range of chronic diseases including cancer® and cardiovascular
diseases®. Mechanistically, we demonstrate that macrophage infiltra-
tion and various cellular stresses promote GDF-15 production in the
course of obesity and its complications. Interestingly, macrophage
infiltration and cellular stress are two common processes occurring in
most chronic diseases. It would be of interest to examine whether
these two distinct mechanisms may also be at play in other patho-
physiological conditions.

GDF-15 is an attractive target for treating obesity and several GDF-
15 analogs demonstrated promising results in pre-clinical models of
obesity®1%*35253 However, they are all based on recombinant GDF-15
and require regular injections due to the short half-life of GDF-15.

Nature Communications | (2024)15:7173



Article

https://doi.org/10.1038/s41467-024-51078-2

Rather than directly providing GDF-15 analogs, increasing endogenous
production of GDF-15 by small molecules may represent a promising
alternative. In this context, TFEB and DDIT3 may represent new
potential targets. Interestingly, the delivery of small-molecule TFEB
agonists in obese mice reduces body weight gain®.

Altogether, these results highlight the complexity of GDF-15 reg-
ulation in metabolic diseases and reveal the distinct involvement of
immune and non-immune actors in this process. In obesity, the accu-
mulation of macrophages in AT triggers GDF-15 elevation, a process
exacerbated when coexisting with T2D. MASH is an additional and
independent factor further increasing GDF-15 production via hepato-
cytes experiencing cellular stress. These findings prompt us to rather
consider GDF-15 as a stress-responsive cytokine linked with both
inflammation and cellular stress, two processes highly common in
many pathophysiological conditions that may account for the eleva-
tion of GDF-15 in a broad range of other diseases.

Methods

The present research complies with all relevant ethical regulations. All
human procedures were ethically approved by the Comité de Protec-
tion des Personnes Nord Ouest IV or by the ethics committee of Liege
University Hospital. The analysis performed in this study aligned with
the original scopes and objectives of the ABOS and Liége cohort stu-
dies and no additional ethic approval was therefore requested. All
animal procedures were approved by the ethical committee for animal
experimentation of the Nord-Pas-de-Calais Region (CEEA75).

Human studies

Patients enrolled in the present study were participants of the Biolo-
gical Atlas of Severe Obesity (Atlas Biologique de I'Obesité Sévére
[ABOS]) cohort (ClinicialTrials.gov: NCT01129297) and were recruited
at the Centre Hospitalier Universitaire de Lille (France), as previously
described>>*°. Briefly, subcutaneous adipose tissue (SAT, abdominal
wall), visceral adipose tissue (VAT, greater omentum) and liver biop-
sies were collected during abdominal surgery including parietal sur-
gery, cholecystectomy and bariatric surgery. Sex of the participants
was self-reported. All biological parameters were measured by routine
clinical techniques. The Homeostasis Model Assessment of insulin
resistance (HOMA2-IR) was calculated using the HOMA2 calculator
version 2.2.3 (www.dtu.ox.ac.uk/homacalculator/). Liver histology was
blindly evaluated by two pathologists by using the “NAFLD” activity
score (NAS) system as recommended by the NASH Clinical Research
Network®’. Preparation of liver biopsies for microarray was previously
described’® and data are available at GEO under the accession number
GSE130991. Anthropometric, biological and histological character-
istics of patients are available in Supplementary Tables 1, 2 and 5.

Obesity was defined by a body mass index (BMI) > 30 kg/m?2. T2D
was defined according to the American Diabetes Association recom-
mendation: fasting plasma glucose >7.0 mmol/L, glycated hemoglobin
Alc (HbAlc) = 6.5%, or two-hour plasma glucose >11.1 mmol/L during
an oral glucose tolerance test™. Patients with at least one cardiome-
tabolic risk factors were classified as MASLD when the steatosis score
>1 (steatosis grade >5%) or MASH if the three scores >1 (steatosis,
inflammation and ballooning), according to steatotic liver disease
nomenclature®. All procedures were ethically approved by the Comité
de Protection des Personnes Nord Ouest IV and were compliant to the
French National Ethics Committee guidelines. Written informed con-
sent was obtained from all participants. The analysis performed in this
study complied with the information provided to participants and
aligned with the original scope and objectives of the ABOS
cohort study.

Main results were confirmed in a second cohort recruited at the
University Hospital of Liége (Belgium) and previously described®.
Collected adipose tissue depots were identical to those from ABOS
cohort (abdominal wall and greater omentum). All procedures were

approved by the ethics Committee of Liége University Hospital. Writ-
ten informed consent was obtained from all participants. The analysis
performed on the confirmation cohort complied with the information
provided to participants and aligned with the original scope and
objectives of the Liége cohort study. Biological characteristics of the
second cohort are provided in Supplementary Table 6.

Mouse studies

C57BL/6 ) mice (Charles River) were maintained at22°C+2°Conal2-h
light/dark cycle with ad libitum access to food and water in specific
pathogen-free animal facilities (Pasteur Institute of Lille PLEHTA or
University of Lille EOPS2). Humidity was continuously monitored and
remained in the range of 40 to 60%. Eight to ten-week-old male mice
were fed a high-fat diet (HFD) with 60kcal% fat (Research Diet
cat#D12492); a choline-deficient, L-amino acid-defined (CDAA) diet
with 41kcal% fat, 35gm% sucrose and 2gm% cholesterol (Ssniff
cat#S8840-E600 custom diet); a high-fat high-sucrose high-
cholesterol diet (HFSCD) with 45 kcal% fat, 35 gm% sucrose and 1gm
% cholesterol (SAFE cat#U8954 custom diet) or maintained under
chow diet (SAFE cat#A04) for the indicated time. In addition to CDAA
diet, mice also received monosaccharides in the drinking water (42 g/L,
fructose:glucose ratio of 55:45).

Body weight was measured weekly. Before sacrifice, mice were
fasted for 4 to 5 hrs. Fasting glucose was measured with an Accu-Chek
Performa Blood Glucose Meter (Roche) through tail-vein puncture.
Blood was collected in EDTA-coated microvette by snipping the tail.
All mice were euthanized at ZT2-3 (9-10 am) or ZT6-7 (1-2pm) by
cervical dislocation. Lipids were extracted from the liver caudate lobe
by the Folch method as previously described® and triglycerides were
measured with the triglycerides FS kit (DiaSys, #157109910026).
All animal procedures were performed in accordance with European
guidelines on the protection of animals used for scientific purposes
(2010/63/UE) and approved by the ethical committee for animal
experimentation of the Nord-Pas-de-Calais Region (CEEA75) under the
following numbers: APAFIS#7738-2015121713177853, APAFIS#7160-
2017040313471173,  APAFIS#2017040313241087,  APAFIS#11237-
2017091112285145, APAFIS#32184-2021062915403703 and APAFIS
#30876-2021040112094087.

Macrophage depletion

After 12 weeks of chow or 60% HFD feeding or after 4 weeks of CDAA
diet feeding, mice were randomized according to their body weight
and received a single intraperitoneal injection of InVivoMAb anti-
mouse CSFIR (CD115) antibody (Bio X Cell cat#BE0213) or InVivoMAb
rat 1gG2a isotype control (clone 2A3) (Bio X Cell cat#BE0089). Each
mouse received 500 pg of antibody in a volume of 150 uL. Mice were
maintained on their respective diet until the sacrifice 4 days later.

GeRPs administration

GeRPs were prepared as previously described®’. Mice were fed a 60%
HFD for 18 weeks and randomized according to their body weight.
FITC-labeled GeRPs were administered by intraperitoneal injections
for 5 consecutive days and mice were sacrificed 24 h later. Mice
received a total of 1 mg FITC-labeled glucan shells loaded with 5 nmol
siRNA and 50 nM Endo-porter (Gene Tools cat#OT-EP-AQ-1). ON-
TARGETplus siRNAs were order from Dharmacon (cat#D-001810-01,
cat#D-001810-02, cat#)-043512-13, cat#J-043512-14, cat#J-043512-15,
cat#]-043512-16) and tested in vitro in the RAW 264.7 mouse macro-
phage cell line transfected with Lipofectamine RNAIMAX reagent
(Invitrogen cat#13778075) according to manufacturer’s instructions
for 32 hrs (Supplementary Fig. 6A). siRNA Ctrl_1 (cat#D-001810-01) and
siRNA mGdfl5 4 (cat#-043512-16) were selected for GeRPs prepara-
tion based on the level of silencing and the reproducibility. Before
in vivo experiment, the efficiency of siGdfl5-GeRPs was confirmed
in vitro in RAW 264.7 cells (ATCC cat#TIB-71) treated with GeRPs for
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32 hrs (Supplementary Fig. 6B). To validate the silencing in vivo in
ATMs, five mice with the heaviest epiAT among each GeRPs group
were selected for cell sorting.

Bone marrow transplantation (BMT)

Seven-week-old male C57BL/6 ) mice (Charles River) were randomized
according to their body weight and received a whole-body irradiation
(2 x5 Gy with 3 h apart). Five hours after complete irradiation, bone
marrow cells from either Gdf15"* (C57BL/6J, Charles River) or GdfI15™"
(C57BL/6 ] background®®) mice were injected into the tail vein. Each
irradiated mouse received 6 x 10° bone marrow cells in a volume of
200 pL. Starting 4 days before until 3 weeks after irradiation, mice were
maintained on acidified water pH 2.7 with sulfatrim (0.8 mg/mL of
sulfamethoxazole and 0.16 mg/mL of trimethoprim). Seven weeks
after irradiation, mice were randomized according to their body
weight to either a chow or a 60% HFD feeding. Mice were co-housed at
a2/2 ratio (BMT Gdf15"*/BMT Gdf157") for 10 weeks and single housed
for the two last weeks of diet feeding to measure food intake. After
3 days of acclimation, food intake was measured by manual weighing
of food using a precision scale every two days at the same time of the
day (ZT7). Food spillage was low and taken into consideration.

Hepatocyte siRNA delivery

Mice were fed a CDAA diet for a total of 4 weeks. After 3 weeks of diet,
body weight and plasma GDF-15 concentrations were measured to
randomize mice before injections. siRNAs were delivered by using
invivofectamine 3.0 reagent (Invitrogen cat#IVF3005), lipid-based
nanoparticles providing high efficiency delivery of siRNA to hepato-
cytes following tail vein injection®". Invivofectamine-siRNA complexes
were prepared according to the manufacturer’s instructions and
administered 4 days prior sacrifice. ON-TARGETplus mouse siRNA
SMARTpool were ordered from Dharmacon. For Gdf15 knock down,
1.5 mg/kg of siRNA targeting Gdf15 (cat#L-043512-01) or non-targeting
pool (cat#D-001810-10) were tail vein injected. For TFs knock down,
1.5 mg/kg of each siRNA targeting Tfeb (cat# L-050607-02) and Ddit3
(cat# L-062068-00) or 3 mg/kg of non-targeting pool (cat#D-001810-
10) were administered.

Cell culture and treatments
Monocyte-derived macrophages (MDMs) were generated from blood
monocytes of naive mice. Blood from four to six mice was collected for
each replicate and monocytes were sorted as described in cell sorting
and flow cytometry section. Freshly sorted monocytes were cultured in
RPMI 1640 medium (Gibco cat# 21870-092) supplemented with 20%
heat-inactivated FBS (Gibco cat#10270-106), 2 mM glutamine (Gibco
cat#25030-123), 40 pg/ml gentamycin (Gibco cat#15710-080) and
50 ng/mL of recombinant mouse M-CSF (Biolegend cat#576406) for
7 days at a concentration of 10°cells/mL at 37°C under 5% CO2
atmosphere. Medium was replaced after 3 and 6 days. A fraction of
supernatant was collected after 24 h of differentiation, as well as the
terminal supernatant at day 7 of differentiation, for ELISA. The proper
macrophage differentiation was confirmed microscopically on an
Eclipse Ti-U inverted microscope (Nikon). Human MDMs were gener-
ated from buffy coats as previously described®. Fully differentiated
MDMs were treated with 100 ng/ml LPS (Sigma-Aldrich cat#14391) and
20 ng/ml IFN-y (Miltenyi Biotec cat#130-096-484) to acquire a Ml-
polarization or with 20 ng/ml IL-4 (ImmunoTools cat#11340043) to
acquire a M2-polarization for 16 h. Mouse bone marrow-derived mac-
rophages (BMDMs) were produced as previously described®. Fully-
differentiated BMDMs were treated with 10 ng/ml LPS (Sigma-Aldrich
cat#L4391) and 25 ng/ml IFN-y (PeproTech cat#315-05) to acquire a M1-
polarization or with 20 ng/ml IL-4 (PeproTech cat#214-14) to acquire a
M2-polarization for 16 h.

Immortalized human hepatocytes®* (IHHs) were cultured in Wil-
liams E medium (Gibco cat#22551-089) supplemented with 10% heat-

inactivated FBS (Gibco cat#10270-106), 2mM glutamine (Gibco
cat#25030-123), 40 pug/ml gentamycin (Gibco cat#15710-080), 20 mU/
ml bovine insulin (Sigma-Aldrich cat#15500) and 50nM dex-
amethasone (Sigma-Aldrich cat#D1756) at 37 °C under 5% CO2 atmo-
sphere. IHHs were seeded into 24-well plates to reach 70% confluence
after 48 h. Cells were treated with 1 pg/mL Tunicamycin (Sigma-Aldrich
cat#T7765), 50 uM Salubrinal (Tocris cat#2347),100 uM NH,CI (Sigma-
Aldrich cat#A9434), 25uM Chloroquine (Sigma-Aldrich cat#C6628),
5ng/mL human TNF-a (Miltenyi Biotec cat#130-094-014), 10 ng/mL
human IL-13 (Miltenyi Biotec cat#130-093-897), 100 ng/mL LPS
(Sigma-Aldrich cat#L4391), 250 uM C18:0 (Sigma-Aldrich cat#S4751) or
250 uM C18:1 (Sigma-Aldrich cat#01008) for 16 h. Concentrations for
treatments were selected to induce minor toxicity, except for C18:0
treatment used to reproduce lipotoxicity (Supplementary Fig. 10B).
Free fatty acid solutions were prepared as previously described®. Lipid
droplet accumulation was evaluated with the lipid (Oil Red O) staining
kit (BioVision cat#K580).

Cell viability assay

Cell proliferation reagent WST-1 (Roche Applied Science
cat#05015944001) was used to assess cell proliferation, viability and
toxicity according to the manufacturer’s instructions. IHHs were see-
ded into 96-well plates to reach 70% confluence after 48 h. Cells were
treated for 16 h before addition of WST-1 reagent. Measurement was
made after 1 h of incubation on an Infinite M200 Pro system (Tecan) at
450 nm using the Magellan 7.1 SP1 software.

siRNA transfection

IHHs were seeded into 24-well plates to reach 70% confluence after
24 h. Cells were transfected by using Lipofectamine RNAIMAX reagent
(Invitrogen cat#13778075) according to manufacturer’s instructions.
Predesigned ON-TARGETplus siRNA SMARTpool targeting human
TFEB, EGRI and DDIT3 were used (Dharmacon cat#L-009798-00-0005,
cat#L-006526-00-0005 and cat#L-004819-00-0005 respectively). ON-
TARGETplus Non-targeting Control Pool (Dharmacon cat#D-001810-
10-05) was used as a negative control. After 32h of transfection,
medium was replaced for fresh medium containing treatments for 16
further hours before analysis.

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNAs from tissues or cells were extracted with the TRIzol reagent
(Ambion cat#15596018) according to manufacturer’s recommenda-
tions. DNase treatment was performed by using Dnase I (Thermo Sci-
entific cat#ENO521). Purified RNAs were reverse-transcribed to
complementary DNA (cDNA) by using the high-capacity cDNA reverse
transcription kit (Applied Biosystems cat#4368813). qPCR was per-
formed by using the Low ROX SYBR MasterMix dTTP Blue (Takyon
cat#UF-LSMT-B0701) and ran on a QuantStudio 3 system (Applied
Biosystems) with the QuantStudio Design and Analysis v.1.5.2 software.
Gene expressions were calculated using the 27T method and pre-
sented as fold change (FC) or using the 27" x 100 method and pre-
sented as arbitrary unit (AU). Highly stable genes were chosen as
housekeeping gene; OAZI and RPLPO for human and Rps29 and Rpl4
for mice®. Primers were designed with Primer-BLAST (NIH, https:/
www.ncbi.nlm.nih.gov/tools/primer-blast/) to amplify all the isoforms
of the target gene. Primer sequences are provided in Supplementary
Table 7.

Western blot

Cells were lysed in whole lysis buffer (62.5 mM Tris-HCI at pH 6.8, 10%
glycerol, 2% SDS, 3% B-mercaptoethanol, 0.03% bromophenol blue,
phosSTOP and complete protease inhibitor cocktails). After heating at
95 °C for 5 min, samples were subjected to SDS-PAGE. The following
primary antibodies were used: anti-GDF15 (Novus cat#NBP2-44214)
and anti-B-tubulin (Sigma-Aldrich cat#T4026). The secondary
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antibodies used for the revelation were HRP-linked anti-rat IgG (Cell
Signaling cat#7077) and HRP-linked anti-mouse IgG (Cell Signaling
cat#7076). Revelation was performed with Pierce ECL Western Blot-
ting Substrate (Thermo Scientific cat#32106) or SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific cat#34096)
by using the iBright CL1500 Imaging System (Invitrogen) and its on-
instrument software version 1.8.0.

ELISA

GDF-15 was quantified in plasma with the mouse GDF-15 DuoSet ELISA
kit (R&D Systems, cat#DY6385-05) or the human GDF-15 DuoSet ELISA
kit (R&D Systems, cat#DY957) according to the manufacturer’s
recommendations. Both mouse and human plasma samples were
diluted 1:10. For mouse, plasma GDF-15 concentrations were measured
in fasted condition when GDF-15 was only assessed in terminal but in
fed condition during time course experiments, including for the last
time point, always at ZT2 (9 am). For human, plasma GDF-15 con-
centrations were measured in fasted condition. GDF-15 concentrations
were also quantified in mouse MDM supernatants with the mouse GDF-
15 DuoSet ELISA kit (R&D Systems, cat#DY6385-05) without dilution.

Adipocytes and SVF separation

VAT was collected in PBS at room temperature and processed
promptly. Tissue was minced with scissors and digested in RPMI
containing 1 mg/mL collagenase D (Roche cat#11088882001) at 37 °C
under agitation for 30 min. Cell suspension was passed five times
through a 10 ml syringe with 18 G needle and then through a 100 um
cell strainer. Sample was centrifuged at 400 xg for 5min at RT.
Floating adipocytes were collected and lysed in TRIzol reagent. Stro-
mal vascular fraction (SVF) pellet was incubated in ammonium
chloride-based buffer (155 mM ammonium chloride, 10 mM sodium
bicarbonate and 125uM EDTA) to lyse red blood cells, washed and
finally lysed in TRIzol reagent or kept for cell sorting.

Hepatocytes and NPCs separation

Livers were perfused in situ through the inferior cava vein with HBSS
(Gibco cat# 14180-046) supplemented with 0.5 mM EGTA and 50 mM
HEPES, followed by ~30 mL/liver of HBSS supplemented with 50 mM
HEPES, 5mM CaCl, and 0.2 mg/mL of collagenase IV (Sigma-Aldrich
cat#C5138) at 37 °C. Livers were collected and dissociated with cell
scrapers in Petri dishes. Cell suspension was passed through a 70 um
cell strainer and centrifuged at 50 x g for 2 min with reduced decel-
eration. Hepatocytes pellets were washed thrice with Williams E
medium (Gibco cat#22551-022) and lysed in TRIzol reagent after the
last centrifugation at 50 x g. The NPC-containing supernatants from
the first centrifugation at 50 x g were transferred in new tubes. This
step was repeated thrice to remove all remaining hepatocytes. The last
NPC-containing supernatants were centrifuged at 400 x g for 5min
and the resulting NPC pellets were incubated in ammonium chloride-
based buffer (155 mM ammonium chloride, 10 mM sodium bicarbo-
nate and 125 uM EDTA) to lyse red blood cells, washed and finally lysed
in TRIzol reagent. For livers from mice fed with HFD, HFSCD and CDAA
diet, the floating fat-laden hepatocytes layer produced after the first
centrifugation was also collected and pooled with the hepatocytes
pellet.

Cell sorting and flow cytometry

Tissues were collected in PBS and kept on ice until processing, except
for AT which has been kept at RT when adipocytes were also collected
as described in adipocyte and SVF separation section. Blood was col-
lected in EDTA blood collection tubes and kept on ice until red blood
cells lysis step. Spleen was gently pressed on a 70 pm cell strainer by
using the flat end of a 1 mL syringe plunger. Other tissues were minced
with scissors and digested in DMEM containing 1 mg/mL collagenase D
(Roche cat#11088882001) and O.1mg/mL of DNAse I (Roche

cat#10104159001) at 37 °C under agitation for 30 min for AT, 45 min
for liver and 60 min for lung. Cell suspension was passed five to ten
times through a 10 ml syringe with 18 G needle (19 G needle used for
liver) and then through a 70 um cell strainer (100 um used for AT).
After centrifugation, red blood cells were lysed by incubation in
ammonium chloride-based buffer. Cells were blocked by using a
combination of anti-CD16/CD32 (clone 2.4G2) (BD Biosciences,
cat#553142) and anti-FcyRIV (clone 9E9) (BiolLegend cat#149502).
Antibodies used for cell sorting and flow cytometry are provided in
Supplementary Table 8.

After staining, cell suspension was directly run into an Influx cell
sorter (Becton Dickinson) (Plateau d'Immunophenotypage Metaboli-
que, Inserm U1011, Lille, France) or into a FACS ARIA 1II cell sorter
(Becton Dickinson) (Biolmaging Center Lille [BICeL], Lille, France). For
human VAT, cells were sorted as illustrated in Supplementary Fig. 4A.
For mouse epiAT and ingAT, cells were sorted as illustrated in Sup-
plementary Fig. 3A. For mouse blood, the following CD45" cell popu-
lations were sorted: neutrophils (CD11b* Ly6G®), T cells (Ly6G™~ CD3¢e*
TCRp"), B cells (Ly6G™ CD3g™ TCRB™ CD19*) and monocytes (Ly6G™
CD3¢e” TCRB™ CD19” CDI11b* CD115"). For mouse spleen, the following
CD45" cell populations were sorted: B cells (CD19" MHCIIY), T cells
(CD3¢* TCRB* MHCII), neutrophils (CD3e~ TCRB~ CD19- CDIlb*
Ly6G'), macrophages (CD3e” TCRB™ CD19™ Ly6G™ F4/80"), monocytes
(CD3e™ TCRB™ CD19” Ly6G™ F4/80° CD11b" CD115%) and DCs (CD3g™
TCRB™ CD19™ Ly6G F4/80 CD115 CD11c* MHCII'). For mouse liver, the
following CD45" cell populations were sorted: T cells (CD3e" TCRp*
CD19™ CD20"), B cells (CD19* CD20" MHCII*) and macrophages (CD3¢g™
TCRp™ CD19™ CD20™ F4/80" CLEC4F*). For mouse lung, the following
CD45" cell populations were sorted: T cells (CD3e" TCR" MHCII),
neutrophils (CD3g™ TCRB™ CD19~ CD11b* Ly6G"), eosinophils (CD3e”
TCRpB™ CD19™ Ly6G™ CD11b* SiglecF’), alveolar macrophages (CD3g™
TCRP™ CD19” Ly6G™ CD64" F4/80" SiglecF* CD11b"), interstitial macro-
phages (CD3e™ TCR3” CD19™ Ly6G™ CD64" F4/80" SiglecF~ CD11b") and
DCs (CD3e™ TCRB™ CD19” Ly6G™ CD64™ F4/80™ CDllc* MHCII'). After
sorting, cells were centrifuged and lysed in TRIzol reagent or resus-
pended in the appropriate medium for ex vivo experiments.

For the flow cytometry of mouse AT, samples were acquired on a
LSRFortessa X-20 cell analyzer (Becton Dickinson) using the BD
FACSDiva Software Version 8.0 (Build 2013 07 02 02 11) (Plateau
d’Immunophenotypage Metabolique, Inserm U1011, Lille, France).
Analyses were performed with FlowJo software version 10.8 (Becton
Dickinson).

Histology

AT (greater omentum in human and epiAT in mice) and liver (needle
biopsy of liver in human and full median lobe in mice) were collected
and fixed in 4% paraformaldehyde for 48 to 72h. Tissues were
embedded in paraffin by using a STP 120 Spin Tissue Processor
(Microm Microtech) and an EG1160 Tissue Embedding Station (Leica).
Paraffin-embedded samples were cut at a thickness of 3 um for liver
and 7pm for AT. Mouse liver tissue sections were transferred on
gelatin-coated slides. AT sections were transferred on Superfrost Plus
slides (Thermo Scientific cat #J1800AMNZ).

Hematoxylin and eosin (H&E) staining was performed with a Leica
autostainer XL set up as followed: xylene (2 min), xylene (2 min), 100%
ethanol (2min), tap water (2min), hematoxylin (Sigma-Aldrich
cat#HHS128) (3 min), tap water (2 min), 70% ethanol 0.25% HCI (6 s),
tap water (2min), 90% ethanol (2min), eosin (Sigma-Aldrich
cat#HT1101128) (2 min), 90% ethanol (6 s), 100% ethanol (1 min) and
finished in xylene before covering with a glass coverslip sealed with
M-GLAS (Sigma-Aldrich cat#103973).

Immunohistochemistry and immunohistofluorescence were per-
formed after epitope retrieval by using a decloaking chamber NxGen
(Bio Care Medical cat#DC2012-220V) (95 °C protocol) with the Diva
Decloaker solution (Bio Care Medical cat# DV2004MX). For
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immunohistochemistry, tissues were blocked with BLOXALL Endo-
genous Blocking Solution, Peroxidase and Alkaline Phosphatase (Vec-
tor Laboratories cat#SP-6000-100) and serum. Tissues were incubated
with monoclonal antibodies against GDF-15 (Novus cat#NBP2-44214)
or CD68 (Biolegend cat#916104) overnight at 4°C in a humidity
chamber. Antibody detection was achieved with InmPRESS® HRP Goat
Anti-Rat IgG Polymer Detection Kit, Peroxidase (Vector Laboratories
cat#MP-7404), ImmPRESS® HRP Horse Anti-Mouse IgG Polymer
Detection Kit, Peroxidase (Vector Laboratories cat#MP-7402) and
Vector NovaRED Substrate Kit, Peroxidase (HRP) (Vector Laboratories
cat#SK-4800) according to manufacturer’s instructions. Tissue sec-
tions were counterstained with hematoxylin QS (Vector Laboratories
cat#H-3404) and covered with a glass coverslip sealed with M-GLAS
(Sigma-Aldrich cat#103973).

For immunohistofluorescence, tissues were blocked with PBS
0.5% BSA 5% donkey serum and co-incubated with monoclonal anti-
bodies against GDF-15 (Novus cat#NBP2-44214) and CD68 (Biolegend
cat#916104) overnight at 4°C in a humidity chamber. Antibody
detection was achieved with AF647 AffiniPure Donkey Anti-Rat 1gG
(Jackson ImmunoResearch cat#712-605-153) and AF488 AffiniPure
Donkey Anti-Mouse IgG (Jackson ImmunoResearch cat#715-545-151).
Tissue sections were counterstained with NucBlue Fixed Cell ReadyP-
robes Reagent (DAPI) (Invitrogen cat#R37606) and mounted with
Dako Fluorescence Mounting Medium (Agilent cat#S3023).

H&E- and immunohistochemistry-stained slides were acquired on
an Eclipse Ti-U inverted microscope (Nikon) using the NIS-Elements BR
Imaging software version 4.20.03 (Build 995) 64 bit. Acquisition of
immunohistofluorescence images was performed on a LSM 880 con-
focal microscope (Zeiss). Images were prepared with Image J software
version 1.53t (NIH, https://imagej.nih.gov/ij/).

Transcriptomic analysis

Microarrays of liver biopsies from the ABOS cohort were normalized
by the robust multi-average method using oligo/Bioconductor. Mul-
tiple probes mapped to a single gene were collapse by using the mean
of expression. Log, expression values were used for analyses. Raw data
were previously made available at GEO under the accession number
GSE130991%,

Microarrays of human monocytes and MDM were analyzed with
GEO2R and default settings (https://www.ncbi.nlm.nih.gov/geo/geo2r/).
Raw data are available at GEO under the accession number GSES099°.

RNA-sequencing data of mouse immune cell populations were
assembled by the Immunological Genome Project®” (ImmGen, http://
www.immgen.org/) and accessed through the ImmGen open access
web portal (http://rstats.immgen.org/Skyline/skyline.html) (Data set
used: ImmGen ULI RNA-seq). Raw data are available at GEO under the
accession number GSE127267.

Single-cell RNA-sequencing (scRNA-seq)

scRNA-seq were performed on CD45" sorted cells from epiAT of
C57BL/6] mice on 10% LFD or 60% HFD for 27 weeks®. Raw data are
available at GEO under the accession number GSE182233. GdfI15
expression was visualized from the open access web portal provided
by authors (https://hastylab.shinyapps.io/MAlseq/) without any fur-
ther modifications. Cluster annotations were collected from the ori-
ginal publication® and have not been modified. The proper
identification of macrophage cluster was confirmed by verifying the
expression of specific macrophage markers.

Gene set enrichment analysis (GSEA)

GSEA analyses were performed with GSEA®® version 4.3.2 (https://www.
gsea-msigdb.org/gsea/index.jsp) on the liver transcriptomic data. The
following human gene sets were used: TFEB_TARGET GENES
(M30207), EGR1_01 (M1532), CHOP_01 (M9852) and the GO:BP (GO
biological process, 7751 gene sets, c5.g0.bp.v2022.1.Hs.symbols.gmt).

The following parameters were selected: number of permutations,
1000; permutation type, phenotype; collapse/remap to gene symbols,
collapse; max size, 2000; min size, 5.

Statistical analyses

All statistical analyses were carried out using GraphPad Prism 9 for
Windows (GraphPad Software) and presented as means + standard
error of the mean (SEM). Data were analyzed with the following non-
parametric tests: Mann-Whitney test, Kruskal-Wallis test followed by
Dunn’s multiple comparisons test, Wilcoxon matched-pairs signed
rank test, Friedman test followed by Dunn’s multiple comparisons test
and Spearman correlation. When multiple Mann-Whitney tests were
used, a false discovery rate correction was applied by using the two-
stage step-up method of Benjamini, Krieger and Yekutieli. Non-
parametric tests were mainly used because GDFI5 expression and
plasma GDF-15 concentration were non-normally distributed in our
cohort, as assessed by Shapiro-Wilk normality test, and the sample
sized for in vitro and mice experiments were too small to always
guarantee data normality. To examine the influence of two indepen-
dent variables, 2-way ANOVA followed by Sidak’s, Holm-Sidak’s or
Dunnett’s multiple comparisons test was used. All statistical tests were
two-tailed.

Simple and multiple linear regressions were performed using R
open source software (version 4.3.1) and gtsummary package. Receiver
operating characteristic (ROC) curve analysis was performed with
Wilson/Brown method for confidence interval calculation. ROC curves
were calculated according to GDF15 mRNA expression levels in liver
measured by microarray in 840 patients with obesity. Binary classifi-
cations from these 840 patients were the following: MASL (n =623
MASL vs 139 no MASLD), MASH (n =78 MASH vs 139 no MASLD & 623
MASL), steatosis (n =701 steatosis > 1 vs 139 steatosis = 0), inflamma-
tion (n =258 inflammation > 1 vs 582 inflammation = 0) and ballooning
(n=110 ballooning > 1 vs 730 ballooning = 0).

All statistics details including statistical test used, exact value of n
and statistical significance are reported in figure legend. Alpha level
was set at 0.05. Each data point represents genuine replication (bio-
logical replicates) and was obtained from a single measurement or
from multiple measurements illustrated by the mean.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

No new datasets were generated during the current study. Access to
individual data is restricted to protect the privacy of study participants
and to comply with ethical and legal requirements governing the use of
health-related data. The data can only be accessed under specific
conditions which include signing a data use agreement that ensures
the data will be used solely for the intended research purposes. To gain
access to the data, researchers must submit a detailed request out-
lining their research objectives and methodology. Requests for data
access should be directed to the principal investigator of ABOS study
cohort Dr. Francois Pattou (Francois.pattou@univ-lille.fr). The data
will be made available only to researchers affiliated with recognized
institutions and for the purpose of conducting research that aligns
with the original scope and objectives of the ABOS cohort study. We
aim to respond to access requests within 30 days. This timeframe may
vary depending on the volume of requests and the completeness of the
submitted documentation. Once access has been granted, the data will
be available to the requesting researcher for a period of one year.
Extensions may be granted upon request and subject to review. The
transcriptomic data used in this study are available in the GEO data-
base under accession codes GSE130991, GSE5099, GSE127267 and
GSE182233. The authors declare that the main data supporting the
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findings of this study are available within the paper and its supple-
mentary information file. Source data are provided with this paper.
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