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Abstract

Context: Adiposetissue (AT)transcriptome studies provide holistic pictures of adaptation
to weight and related bioclinical settings changes.

Objective: To implement AT gene expression profiling and investigate the link between
changes in bioclinical parameters and AT gene expression during 3 steps of a 2-phase
dietary intervention (DI).

Methods: AT transcriptome profiling was obtained from sequencing 1051 samples,
corresponding to 556 distinct individuals enrolled in a weight loss intervention (8-week
low-calorie diet (LCD) at 800 kcal/day) followed with a 6-month ad libitum randomized DI.
Transcriptome profiles obtained with QuantSeq sequencing were benchmarked against
Illumina RNAseq. Reverse transcription quantitative polymerase chain reaction was used
to further confirm associations. Cell specificity was assessed using freshly isolated cells
andTHP-1 cell line.

Results: During LCD, 5 modules were found, of which 3 included at least 1 bioclinical
variable. Change in body mass index (BMI) connected with changes in mRNA level
of genes with inflammatory response signature. In this module, change in BMI was
negatively associated with changes in expression of genes encoding secreted protein
(GDF15, CCL3, and SPP1).Through all phases of the DI, change in GDF15 was connected
to changes in SPP1, CCL3, LIPA and CD68. Further characterization showed that these
genes were specific to macrophages (with LIPA, CD68 and GDF15 expressed in anti-
inflammatory macrophages) and GDF15 also expressed in preadipocytes.

Conclusion: Network analyses identified a novel AT feature with GDF15 upregulated
with calorie restriction induced weight loss, concomitantly to macrophage markers. In
AT, GDF15 was expressed in preadipocytes and macrophages where it was a hallmark of

anti-inflammatory cells.

Key Words: Adipocyte, macrophage, weight loss, network analyses, low calorie diet, inflammation

Combining biomarker and phenotypic data provides valu-
able opportunity to identify signatures of diseases as well
as response to treatments or lifestyle interventions, which
may have implications for understanding biology and clin-
ical management (1-3).

Excess adiposity is associated with numerous
comorbidities including metabolic complications such as
insulin resistance (IR), type 2 diabetes, and cardiovascular
diseases (CVDs) (4, 5). Adipose tissue (AT) is the main lipid
storage organ of the human body. Through active secre-
tory functions, it may act, directly or centrally, to influence
the activity of pancreas and other metabolic organs such
as liver and skeletal muscle. AT secreted proteic factors,
so-called adipocytokines are produced by either adipo-
cytes, precursor cells, or resident AT macrophages. These
cell types modify gene expression in response to AT expan-
sion or reduction. Furthermore, an AT dysfunction leads to
an altered secretory profile and is associated with increased
inflammation and fibrosis (6). The plasticity of AT during
weight loss has been assessed by several gene expression
studies, including transcriptome-wide analyses (7) and
targeted candidate approach (8). Yet, changes occurring

following weight loss and their link with weight regain still
remain far from complete (9).

Additionally, very little is known about the relationship
between weight regain, AT gene expression changes, and
other clinical readouts such as indices of IR, and markers
of CVD. So far, most studies have focused on pairwise as-
sessment between a given transcript and a single clinical
readout. De facto, this limits our understanding of the
physiological changes. Systems biology aims to dissect com-
plex relationships across the multiple scales of organization
that characterize biological systems (10, 11). In particular,
networks have proven useful to unravel the complex rela-
tions (regulation, coregulation) existing between gene ex-
pression profiles under various environmental conditions
(12). Network analysis is also a powerful approach to
provide a global and comprehensive image of the systems
functioning related to complex traits by studying jointly
multiple clinical parameters (13, 14).

In this study, we aim to characterize AT gene expres-
sion changes during a 2-phase dietary intervention in
overweight and obese subjects using a network-based
hypothesis-free approach. This allowed us to identify
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modules of coregulated genes related with clinical param-
eters pertaining to weight regain, IR, and risk factors for
developing CVD.

Materials and Methods
Ethics

All studies were performed according to the latest version
of the Declaration of Helsinki. Local ethics committees ap-
proved all procedures that involved human participants and
written informed consent was obtained from all participants.

Randomized Dietary Intervention Study Design

The DiOGenes study (15) is a pan-European, multicenter,
randomized controlled dietary intervention program
(NCT00390637). A CONSORT flowchart describing the
intervention is shown in Fig. 1A. In this study, 938 over-
weight/obese, nondiabetic subjects followed a low-calorie
diet (LCD) for 8 weeks using a meal replacement product
(Modifast 800kcal/d, Nutrition et Santé, France). Subjects
achieving at least 8% of body weight loss were then in-
cluded in a 6-month randomized dietary intervention
(DI) and were assigned to 1 of 5 ad libitum maintenance
diets, consisting in low protein/low glycemic index, low
protein/high glycemic index, high protein/low glycemic
index, high protein/ high glycemic index, and control ac-
cording to current national dietary guidelines. Abdominal
subcutaneous AT biopsies were obtained by needle aspir-
ation, about 10 cm from the umbilicus, under local anes-
thesia after an overnight fast. Plasma and AT samples were

stored at =80°C until processing. Body mass index (BMI),
total plasma lipid levels, waist circumference and homeo-
stasis model assessment of insulin resistance (HOMA-IR)
were obtained at baseline, upon weight loss and study ter-
mination. Lipid levels and HOMA-IR were quantified fol-
lowing an overnight fast.

DiOGenesTranscriptome Analyses

Total RNA was extracted from AT samples as previously
described (8). RNA samples were then quantified with a
fluorometric method (Ribogreen, Thermo Fischer) and
their integrity evaluated on a fragment analyzer (Advanced
Analytical). Good-quality RNA was available for 471 indi-
viduals at clinical investigation day (CID) 1 (baseline), 330
at CID2 (at the end of the 8-week LCD), and 250 at CID3
(at the end of the 6-month DI) (Fig. 1B). After sample ran-
domization, 500 ng of RNA was loaded onto multiwell
plates, dried by vacuum concentration, and resuspended into
5 pL of nuclease free water. Sequencing libraries covering
the 3’-end of messenger RNA were prepared using the
QuantSeq 3 mRNA-Seq Library Prep Kit from Lexogen,
strictly following the manufacturer’s recommendations. The
optimal number of polymerase chain reaction (PCR) cycles
(15 cycles) was empirically evaluated by quantitative PCR.
Libraries were all quantified with a fluorometric method
(Picogreen, Thermo Fischer) and their size pattern evaluated
on a fragment analyzer (Advanced Analytical). Libraries
were pooled equimolar by 96 and clustered at a concentra-
tion of 9 pmol on 4 lanes of single read sequencing flow
cells (Illumina). Sequencing was performed for 65 cycles on a
HiSeq 2500 (Illumina) using the SBS v4 chemistry (Illumina).

DIOGENES dietary intervention \ DIOGENES gene expression analyses \
o RNA biobank (n=1677 samples)
Assessed for eligibility (n=1209) «  Baseline samples (CID1): n=739
+ End of LCD samples (CID2): n=572
c « End of DI samples (CID3): n=366
E Excluded (n=271)
= 1+ Not meeting inclusion criteria
g 1: discovery 2: validation
w analyses analyses
| Included for 8-week LCD (CID1) (n=938) |
v v
Excluded (n=165) Quantseq experiments RT qPCR experiments
— - Withdrew (n=157) (n=1051 samples) (n=1077 samples)
+ Weight loss < 8% during LCD (n=8) - Baseline samples (CID1): n=471 «  Baseline samples (CID1): n=359
c + End of LCD samples (CID2): n=330 +  End of LCD samples (CID2): n=359
‘g " - " " + Endof DI 1D3): n=250 + End of DI samples (CID3): n=359
s | Randomized to 6-month weight maintenance diets (CID2)
S (n=773) 4 Failed QC (n=133 samples) |—] Failed RT QC (n=4 samples)
<
Excluded (n=225) ‘ ,
«  Withdrew
[-% Quantseq after QC RT gPCR final analysis set
; (n=918 samples) . Baseline samples (CID1): n=355
) N _ + Baseline samples (CID1): n=416 +  End of LCD samples (CID2): n=355
2 | Completed intervention (CID3) (n=548) | . End of LCD samples (CID2): n=291 ~ End of DI samples (CID3). n=355
° + End of DI samples (CID3): n=211
'S
N

Figure 1. Flowcharts of dietary intervention and expression studies. (A) Flowchart of the DiOGenes dietary intervention. (B) Flowchart of the
DiOGenes gene expression analyses (path 1: discovery analyses with the use of RNAseq; path 2: validation analyses with the use of RT-qPCR). CID,
clinical investigation day; DiOGenes, Diet, Obesity and Genes; LCD, low-calorie diet; QC, quality control; RT-qPCR, reverse transcription quantitative

polymerase chain reaction; RNAseq, RNA sequencing.
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After demultiplexing with bcl2fastq (standard param-
eters), sequencing reads were trimmed with BBDuk
(BBTools version 35.85, Bushnell B., sourceforge.net/
projects/bbmap/) using the parameters k = 13, ktrim = 1,
forcetrimleft = 11, mink = 5, qtrim = t, trimq = 10,
minlength = 20, rcomp = f, and providing the sequence of
the QuantSeq adaptors. Mapping to the human genome
(built GRCh38.p2) was performed with RNA STAR (16)
(version 2.3.0e and using default parameters). Gene count
was performed with HTSeq (17) (version 0.5.4p3, with the
parameters mode = intersection-nonempty, stranded = yes,
a = 10, and type = exon). The annotation file used was
based on GENCODE (18) release 25 but was filtered for
transcripts not classified as pseudogenes and with a tran-
script support level “1” (for high quality annotation) or
“NA” (for single exon transcripts). Only 7 samples did
not reach the manufacturer’s recommended criteria of 3M
sequencing reads. Those samples were reprocessed.

Principal component analysis was performed on log2
transformed count data to identify possible outliers and
batch effects. This allowed to remove 3 atypical samples
from the analysis (see Figure S1 (19)). A second PCA without
these atypical samples allowed to identify a possible blood
contamination in most samples from UK. Samples with
HBB larger than 20% (50 samples) were also removed from
subsequent analysis, together with a remaining outlier (see
Figure S2 (19)). In addition, 1 plate with 79 samples had a
higher variability than the other plates. Normalization was
not able to correct this plate effect but differential analysis
with and without the samples from this plate gave very re-
producible results (see Figure S3 (19)). So we decided to
remove the samples from this plate from the analysis as
well. This resulted in using 918 samples from 556 unique
individuals in the remaining of the analyses, distributed at
the different time steps, as shown in Figure S4 (19).

Statistical Analyses of QuantSeq data

Unless specified otherwise, all statistical analyses were per-
formed using R (version 3.4) (29). The overall analysis
strategy is summarized in Fig. 2.

Differential analysis

Pairwise time step analyses were performed to detect dif-
ferentially expressed genes between 2 CID (ie, contrasts:
CID1 vs CID2, CID1 vs CID3 and CID2 vs CID3). For
each analysis, raw count data were normalized using
the TMM approach (21) implemented in the R package
edgeR (22). Then, differentially expressed genes be-
tween the 2 conditions were extracted using a Negative
Binomial test with a fixed effect for the individual and
a log ratio test. Multiple test correction was performed
with Benjamini-Hochberg false discovery rate (FDR)
(23) within each contrast and significance was set at FDR
5%. Genes whose expression was found equal to 0 in
more than 25% of the samples were removed from the
analysis, as were genes whose expression was too low in
1 condition, resulting in an impossible estimation of their
fold change (FC). In addition, since high-dimensional
data (n < p) would cause estimation issues for network
inference methods, we further restricted our list of differ-
entially expressed genes to those having an absolute log
FC greater than log,(1.3).

Integration of clinical and transcriptome data

Associations between clinical variables (BMI, total lipid
levels, waist circumference, and HOMA-IR) and gene ex-
pression were tested using linear mixed effect models.
Changes in gene expression (CPM log, FC), gender and age
were modelled as fixed effects; the center was modelled as
a random effect. Adjustment for multiple testing was per-
formed using Benjamini-Hochberg correction.

e;z;l)‘:egsizis currated 3 lists of FC + 3GMM 3 networks
n = 1,051 (599 expressions DEGs (one per contrast)
indiv. x 3 n = 918 (556 p=9,156 in
CID) - indiv. x 3 total for the 3 FC > 13
p= 32041 CID) contrasts
exploratory analysis normalization, filtering
removing low quality samples and differential analysis
{’ 1 — ﬁlterl;lg (based on
=g . ) genes
3 mixed Ynodels FC > 1.3
(one per coptrast)
clinical data 3 lists of
n = 918 (556 clinical /
indiv. x 3 gene
CID)-p=6 associations

Figure 2. Workflow of the samples, data and network analysis. CID, clinical investigation day; DEG, differentially expressed genes; FC, fold change;
GMM, graphical Gaussian model.
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Network inference and mining

Similarly to (11), we performed a multistep network infer-
ence to obtain a comprehensive model of the overall inter-
actions between gene expressions and clinical variables. In
such a model, nodes of the network correspond to genes or
clinical variables and edges correspond to strong and direct
interactions between changes in gene expressions and/or
clinical variables between 2 time steps.

Edges between genes and clinical variables were inferred
using the aforementioned mixed effect models. Edges be-
tween genes were inferred using the graphical Lasso
(GLasso (24) as implemented in the R package huge) on
the logFC expression of differentially expressed genes for
each contrast. Unlike pairwise measure of associations,
such as Pearson correlation coefficients, GLasso is based
on partial correlations and provides a stronger criterion for
dependency by adjusting for common coexpressed genes.
This method is useful in order to filter out false positives by
discovering only the most direct interactions. Tuning of the
GLasso regularization parameter was performed using the
RIC criterion (see Supplementary Methods (19)). Finally,
an unsupervised clustering of the nodes was performed
for the 3 networks using the modularity (25) optimization
method of Reichardt and Bornholdt (26), as implemented
in the R package igraph (27). This led to obtain strongly
connected groups of genes and/or clinical variables for each
network.

Pathway analysis

The biological functions represented by genes in each
module were searched using Ingenuity Pathways Analysis
(IPA) software version 7.5 (Ingenuity Systems, Redwood
City, CA). Genes for which IPA reported location as
“Extracellular Space” were considered to encode secreted
factors. The significance of canonical pathways was tested
using the Fisher Exact test with the User Dataset of the 3
reference sets for each contrast.

AT Cell Isolation

The AT fractionation was performed as described in (28).
Briefly, after collagenase digestion (250 U/mL in phosphate-
buffered saline, 2% bovine serum albumin (BSA), pH 7.4,
volume/volume) of the AT for 30 minutes at 37°C, the
cell suspension was filtered through a 250-pm filter. The
floating mature adipocytes were collected, washed 3 times
and stored at —80°C. The remaining stroma vascular frac-
tion (SVF) was obtained after centrifugation. SVF cells were
treated with erythrocyte lysis buffer (155 mmol/L NH,Cl;
5.7 mmol/L K,;HPO,; 0.1 mmol/L EDTA; pH 7.3) followed
by successive filtrations through 100-, 70-, and 40-um
strainers. The viable recovered cells were counted and,

after washing, the different SVF cells were isolated using
an immunoselection/depletion approach utilizing mag-
netic microbeads coupled to specific CD antibodies (CD31,
CD34, CD14) which are membrane cell markers to select
the different SVF cell types. The preadipocytes are CD34-
positive cells (CD34+) and CD31-negative (CD31-) cells.
The CD34-negative cells (CD34-) are immune cells (macro-
phages which are also CD14+ cells and lymphocytes which
are CD14- cells) as described in (29). The cell extracts were
collected and stored at —80°C until RNA extraction.

THP-1 Cell Culture

THP-1 cells were used as a human macrophage cell model.
The cells were cultured in a humidified incubator at 37°C
with 5% CO2 in RPMI 1640 (Gibco) supplemented with
10% heat-inactivated FCS (VWR) and 100 units/mL peni-
cillin, 100 pg/mL streptomycin and 10 mM HEPES (Gibco).
Cells were seeded at 5.5 x 10° cells/mL in 1 mL into 12 wells
culture plates, then differentiated into MO macrophage-like
cells by stimulation with phorbol myristate acetate 1 ng/mL
(Sigma Aldrich) for 4 days followed by 48 hours without
PMA. To alter the phenotype, macrophages were primed
for 48 hours with fresh medium supplemented with LPS
(2 ng/mL; Miltenyi Biotec) and IFN-y (10 ng/mL; Miltenyi
Biotec) to differentiate into the M1-like phenotype, or IL-4
(20 ng/mL; Miltenyi Biotec) to the M2-like phenotype.
After washing, cell extracts were collected and stored at
—-80°C until RNA extraction.

AdiposeTissue Explants

AT explants were used for ex vivo studies. AT samples of
about 400 mg obtained from needle biopsies in 11 over-
weight (mean BMI 27.7 kg/m?, SD 3.7) women aged
36.1 years (SD 5.1) were cut into small pieces and in-
cubated for 4 hours in 4 mL of Krebs/Ringer phosphate
buffer supplemented with 1 g/L glucose and 20 g/L bovine
serum albumin as described in (30).

RT-gPCR Validation

Three hundred fifty-nine individuals had good quality RNA
at all 3 CIDs. The cDNA prepared from 500 ng of total
RNA and processed using the using Superscript II reverse
transcriptase (Invitrogen, St Aubin, France) in the presence
of random hexamers were analyzed using the StepOne Plus
Real-Time PCR system (Applied Biosystems, Carlsbad,
CA) and TagMan assays (Applied Biosystems) as described
in Sramkova et al. (30). The Tagman assays were obtained
from Applied Biosystems and the respective IDs were:
GDF15 (Hs00171132_m1), SPP1 (Hs00959010_m1),
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CD68 (Hs00154355_m1), LIPA (Hs01548815_ml),
CCL3 (Hs00234142_m1), PSMC4 (Hs00197826_m1),
PUM1 (Hs01120030_m1), and 18S (Hs99999901_s1).
The relative gene expression was calculated as 2"*“" using
PUMI1 as reference gene for full AT samples, PSMC4 for
THP1 cells or 18S for AT isolated cells data.

Enzyme-linked Immunosorbent assay Assays

GDF15 concentration in the buffer used for explants ex-
periments was assessed using the ProteinSimple ELLA
SinglePlex assay (Bio-Techne, Minneapolis, USA). Plasma
protein levels of GDF15 were measured in duplicate using
human GDF15 enzyme-linked immunosorbent assay
(ELISA) kit (Human GDF-15 Quantikine ELISA Kit, Bio-
Techne, RRID:AB_2877710), following the manufacturer’s
instructions. The GDF15 concentrations were calculated
using sigmoidal standard curve fitted by nonlinear regres-
sion analysis for each test.

Statistical Analyses of RT-qPCR and ELISA Data

Gaussian distribution was tested using the D’Agostino
and Pearson test. As data normality was not fulfilled, com-
parison of expression distribution between groups was
performed using Kruskall-Wallis or Friedman test for
unpaired or paired data respectively and Dunn’s multiple
comparison test. Linear regression was performed with
change in BMI as dependent variable.

Results

Baseline Characteristics and Overall Dietary
Intervention Outcome

In this report, we investigated gene expression changes
within a subset of both men and women that had followed

Table 1. Cohort characteristics

a 2-phase DI (see “Material and Methods” and Fig. 1A)
and for which RNA samples from AT biopsies were
available (Fig. 1B). At baseline, subjects were on average
41 years old, with a mean BMI close to 35 kg/m?® and a
mean HOMA-IR at 2.93 (Table 1). Upon LCD, individuals
achieved, on average, 11% weight loss and upon study ter-
mination (6-months after weight loss) 10.8% weight loss.
Both genders achieved similar weight loss relative to base-
line (P = .2376). These characteristics are representative of
all 918 enrolled subjects in the DiOGenes study.

Differential Gene Expression Analysis

Upon quality control of the sequencing data (see “Materials
and Methods” and Fig. 1B), we assessed which genes were
differentially expressed between each paired clinical inter-
vention time points (CID).

After filtering of low-quality genes, 6290 genes were
found differentially expressed for the contrast CID1/2,
5263 for the contrast CID1/3 and 4461 for the contrast
CID2/3. This resulted in a list of 9156 unique genes that
were found differentially expressed for at least 1 of the
contrasts, among which 1228 were found differentially
expressed for the 3 contrasts, as shown in Figure S5 (19).
Among these genes, 541 had an absolute log FC > log,(1.3)
for the contrast for CID1/2, 470 for the contrast CID1/3
and 661 for the contrast CID2/3 (for a total of 1160 unique
genes, used for network inference as shown in Figure S5
(19)). The list of expressed genes with results on filtering
and differential analysis can be found as material (File S1
(19)).

Replication With RNASeq Data

Taking advantage of previously generated RNAseq data
for the CID1/2 contrast for 191 subjects (7), we compared

All (n = 416) Women (n = 291) Men (n = 125) P value FDR
Age,y 41.01 = 6.35 40.36 = 6.39 42.52 +6.01 .0012 .0018
Baseline weight, kg 99.69 + 17.14 95.59 = 15.75 109.37 = 16.44  1.42x107°  7.78x107"
Baseline BMI, kg/m? 34.76 + 4.87 34.83 = 4.98 34.59 + 4.63 .6298 6298
Baseline HOMA-IR 2.93+2.20 2.73+2.25 3.38 =2.04 .0056 0069
Baseline total cholesterol, mmol/L 5.02+0.93 4.93 +0.89 5.23+0.98 .0043 .0059
Baseline LDL, mmol/L 3.14 + 0.83 3.03+0.78 3.38 +0.87 2.19x107  4.81x107™
Baseline HDL, mmol/L 1.28 = 0.31 1.33 = 0.32 1.15 = 0.27 4.00x107%  1.47x107
Baseline waist circumference, cm 106.89 = 12.75 103.90 = 12.19 114.10 = 11.13  1.45x10™  1.59x107%
Percentage of weight loss during LCD -11.06 = 2.74 -10.68 = 2.41 -11.90 = 3.22 .0004 .0008
Percentage of weight loss at study termination -10.79 = 5.97 -10.50 = 5.83 -11.59 + 6.32 2160 2376

Number corresponds to mean value = standard error. The t-test compares differences between men and women.

Abbreviations: BMI, body mass index; FDR, false discovery rate; HOMA-IR, homeostasis model assessment of insulin resistance; LCD, low calorie diet.
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the RNAseq and QuantSeq technologies. Based on expres-
sion levels from 19 938 genes, we found a very strong cor-
relation in expression fold changes during LCD (Pearson
r? = 70% with 95% CI 69.7-71.2%, see Figure S6A (19)).
Next, we attempted to replicate the 541 genes found differ-
entially expressed with the QuantSeq analyses during LCD.
At FDR 5%, 481 of those genes replicated with RNAseq
analysis (Figure S6B (19)), thereby demonstrating a 90%
replication rate between the 2 technologies.

Network Analyses Reveal GDF15 as
a Novel Partner in Adipose Tissue
Inflammation-related Genes

We used a system biology approach to investigate the link
between AT gene expression and clinical parameters during
a 2-phase DI including a LCD and the subsequent 6-month
weight follow-up.

The first network analysis investigated the link between
changes in AT gene expression and clinical parameters
during the LCD-induced weight loss phase (see Fig. 3). The
network was centered on a clinical parameter, BMI, with
both a positive and a negative relationship to a shortlist of
genes. Clustering of the nodes (representing genes or clin-
ical parameters with significant changes) of the graph was
performed. It revealed 5 modules with respectively 111, 89,
41, 131, and 131 nodes, with 3 of these modules including
at least 1 clinical parameter (see File S2 (19) for a full de-
scription of the modules). Most of the modules contained
more than 70% of downregulated genes, except for the
module containing BMI that exhibited 89% of upregulated
genes. The lists of genes associated with clinical variables in
each module are displayed in File S3 (19).

Pathway analyses of the genes were therefore per-
formed for each module (Table S1 (19)). total cholesterol,
low-density lipoprotein (LDL)-cholesterol and HOMA-IR
were included in the same module which contained 108
genes. “Cell development” and “lipid metabolism” were
the top biological functions and pathways represented.
The changes in the mRNA level for 28 genes were posi-
tively connected to changes in total cholesterol (and 6
genes with negative association). The change in LDL-
cholesterol was connected to change in mRNA level for
3 genes: SSTR2 (positively), Ul and Ul.1 (negatively).
These 3 genes were also connected to total cholesterol
in the same manner. The lincRNA RP3.483K16.4 was
the single gene connected, positively, to HOMA-IR. The
module including waist circumference contained 130
genes with 85% positively connected to waist circum-
ference, indicating that the highest was the reduction in
waist circumference the greatest was the downregulation
of expression of these genes. “Lipid metabolism” was the

top biological function represented. Four genes encoded
secreted proteins (APOC4, EGFL6, SEMA3C, TNMD).
The BMI centered module included 130 genes among
which 80 were connected to BMI and, for 91%, with
negative relationship (Figure S7A (19)). “Inflammatory
response” was the top biological function represented
with 51 genes. Fourteen genes encoded secreted factors
(CCL3, CHI3L1, CHIT1, FCGBP, FCGR3A, FCMR,
GDF15, IFI30, PILRA, PLA2G7, SDC4, SPP1, TREM2,
ZG16B), among which 12 were negatively connected
to BMI indicating that the higher the BMI decrease, the
greater their gene expression.

Our 2 subsequent network analyses investigated changes
during the weight follow-up (CID2/3) and the overall DI
(CID1/3). We identified 7 modules (with size 20-83 nodes)
for CID1/3 and 8 modules (size 6-142) for CID2/3 (see de-
tails in File S2 (19)). Both networks exhibited a module con-
taining BMI as biological variable. For each contrast, the
biological functions represented in the modules with BMI
were “organismal injuries” and “lipid metabolism” (Table
S1 (19)). The “lipid metabolism” pathway was representa-
tive of the module containing HDL for CID2/3. Regarding
these 2 contrasts (CID1/3 and CID2/3), the modules con-
taining the BMI were composed of genes representing
different biological functions (lipid metabolism and organ-
ismal injuries, respectively). Also, both networks contained
a module with a cluster of coregulated genes composed of
CCL3, CD68, GDF135, LIPA, and SPP1 (Figures S7B and
$7C (19)).

The cluster was also found in the module containing
BMI from the LCD-induced weight loss phase (Figure
S7A (19)). This observation led us to focus on GDF15
which was recently reported as a nutritional stress
marker (31), and the 4 other genes of the cluster (CCL3,
CD68, LIPA, and SPP1) which are markers for AT
macrophages (32).

Validation Using RT-qPCR

Validation of findings used RT-qPCR and a larger subset
of the DiOGenes study (590 individuals, 116 men and 474
women at baseline, including 352 individuals with paired
samples regarding all contrasts).

The negative association between the change in AT
GDF135 gene expression and the change in BMI was con-
firmed during LCD (contrast CID1/2). A low positive asso-
ciation was found during weight follow-up, but not across
the whole DI (Figure S8 (19)).

All § genes of the cluster of macrophage markers had
relative expression significantly different between all
pairwise time contrasts (and with FDR adjusted P < .05).
Notably all genes marked a strong upregulation during

202 1y || U0 1sanb Aq ZZ/GSE9/0€ 19/ 1/L01/2I01E/Waol/W0d dno dlwapeo.//:Sd)Y Wolj PaPEojUMO(



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 1 e137
RP1161L19.3
AASS RGAGT
RP11.736K20.6 PARBIRR SKSH LBXpAS1
C100rf10
ADAMTS4 APLN
ASPG
ACOT1
wroHz A%F! SCNI
ECHDC1
HOM2IRs TN ZNFO4Y ks Roqes
7 hGLpTAS CTD 2006M22.2
craf®R1C e Rast108 HORNY, ANKRD53
SFRPZ KLHLS1 bl a2en HIST1H2BC
STHINZ
SEMA3C ME1  AcsL1
Vs 7 COLIAT = PLPP!  RGS3 BOK
4 REPK667F14.1
TMEM139 ZrRPATHIBADA copyp —— cPT1B e
CTD 3193K9.11 INSIG Tgorf1 16SAHT | NDUFAFS RP11.823E8.3 CDKN2B
sLceas NAOT  Heximq
AR HSPAT2A  TRIMG
DHCR24 > 2 PPPIRIB  acox 1 apy ABTB2SLC9C Favioss  HTRAS
cusN NANOSlsskisa - TTYHI  CKMT2 : ARBSBO6F16.1
PRR26
WNT2B oy PRBRRs11 'ANGPTMKORCILY i EGFL6  NEcag1 STO%A°  HIST2H2BE
LINC00504 s MYEOV Luze2 "M,
AC013275.2 e KRTS iy
EPHBZR KRTIS ANGPT: o sans ELOVLS SPARE1 s01F7MYZAP Cpo1AC034220.3
1B SLC25A16 010008 1 AMOT
CoNEH crAP28ELILYCBP 9 CAP2
MECR 'GPR153 MAL2
o gAzaxe s e ALDOCFMOL LPGAT1
AKR1C1 suLT1A? smé;m‘a CLCA2HSPB8 ARHGAP20  NPRRcMAoD
PRl LAR:FA APOL4 ! e ' o
KCNK15  FADS ;
LoxL2 FGFBP2 RP3394 % L TR py | TMEM182
Heprars LN & |sh6|rcaﬁm§nce AL
"TUBB2B peppd MB Uil : GPAM | LRRN3
&B2256pP15 A i
RIsTIHIC SREBF\CFW1 3@2H141 ABCCS . ‘Gﬁkm‘e‘ﬂ‘cs‘*
TMEM254 AS1 ZNF385, 'D EFB1 i MMP14ABGD2 AR
ARHGDIG e
HST P11 28110 le HO@NP“RHsm 1BBPATAS
Fo :
SULF1 564D 'mﬁ&bac AA&?” 3“7”9 T Mgt RP11.196018 11°C
a s FGgLFIgg ! ¢ RP11.1277A3.3
HBIFAT2 { 1
rP5.1180E078 MSTO1 \coldAfC

ADORAT s SLC20A12

RASSF4  PRRFAsrs SARRINZE
IM16L M®71A2
PR@A%C soors 5 SLEAMBTASEL 5V

SHidovanc HRIEEOC

S DLEC1GAV2 VLDIR MELTF
6A1 IGFBP3 ~ALDH1A3
MIREZHG, TMEM1208B SLO@W VLDLRAS1 APLNR o CASQ2_
¢ STCH,
HEPACAM SLC25A10 - NDRGA oy ciBiiy, 20 N
pBNDD1  LEp  KLHDCEB | TNFRSF25 :
NTM KONAS (o, . CAPG
PPEIA4 HspeSEPe 184 i KANKS - e 3
PNPLA3  GAS2L2  CPAR.L.o e b ate ~ ERBB4. - S S Nhak
RN7SLS| STRZ -~ B FOXS1
é%:chxxs e K6 RUES mswi {ees ASIPAQP1T -MATK
PS&%A RNU4ATAC - RCOR2 o
AF13 Hig  PRDX2 ) HSD17B14
SBOSEURIS 1 39147 1 SR MMP17 MT1A v e 1TGAS
s TTPA SoT1 cr St MTRALTF ot PLEKHH1
&3 Ros10.3 PTGE§100A1 PDE11A AR EGR3
PLA2G2A y X3 CD300LB
P13.564M15.7 SO ot 3 owe.  DRWsRI NRIRBRA2B
CTD23081221 _sLCadAG CTD.30746E@2A6 RN e sT14 ILTRNSDEHOLGATE
SPRY4.IT1 SCN2a  CTD2541J13.1 LECT APOCt S RAB42 PDE6G
WNT2 b 2
Mes LIPC AADAC cTsL SLAMFRgpHD1
S SRR ] CYP27AZGA6B A
CYP27A!
RAB38 AD@RAS i cou22
HBM s DRMBORIES ] SIRPE1 39 o
SLG4A1 Fraab FCGR3A Aaagm%% 1610
| MESD2A \sLo1ERA “U"T‘Z ; _ DCSTAMP GAL
SLC14A1 B3GNT
AHSR L4 HBD TBC1D2 Frakts RASL1 1B CHIT1
4 : Dpas
GPNME st D22 peiga ‘ et
X X PLA2G7 SPP1
cTD3 S EGR1 Clorf162 e " ALQ‘AM
o TO82  ctrag NPL FCoBP TREMZ THaSFBLEC1S
LCA7,
“Biimss NCAPH
= MYozI  MMPT
CDKN2A wynu  PEMENase2 PEL .
DNASE2B
FoRR eorz RO
cpst
WFDC21P

Figure 3. Global network for changes in gene expression and bioclinical parameters during low calorie diet. A sparse graphical Gaussian model was
used to estimate partial correlations in each set of variables (changes in adipose tissue mRNA level, and changes in bioclinical parameters during
LCD) and mixed models were used to assess links between gene expressions and bio-clinical variables. Network was laid out using force-based algo-
rithms in Gephi 0.9.2 software. The bioclinical variables are displayed with high size labels. Edge color indicates the correlation sign: red for positive
correlations and blue for the negative ones. BMI, body mass index; HDL-Chol, high density lipoprotein; LDL-Chol, low-density lipoprotein cholesterol;

HOMA-IR, homeostatic model assessment of insulin resistance.

LCD, followed with a downregulation during the fol-
lowing 6-month weight control phase and with expres-
sion levels significantly lower than their baseline levels
(Fig. 4).

Reports of GDF15 in AT are scarce, and none describe
the cell type of origin. Therefore, we compared GDF15 ex-
pression between isolated adipocytes and stroma vascular
cells isolated from human AT together with gene expres-
sion of CCL3, CD68, LIPA, and SPP1.

Compared with isolated adipocytes, GDF15 mRNA
levels were higher in the stromal fraction, mainly in
preadipocytes and macrophages (Fig. 5). The 4 other genes
were predominantly expressed in macrophages.

We next investigated the expression profile of these 5 genes
according to phenotypic profile of the human macrophages
cell line THP-1. Once induced to MO macrophages, the
THP-1 cells were polarized to M1-like (proinflammatory) or
M2-like (anti-inflammatory) phenotype. All genes exhibited
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Figure 4. Adipose tissue gene expression using RT-gPCR at all time-points of the dietary intervention. The mRNA levels of CCL3, CD68, LIPA, GDF15,
and SPP1 were measured in abdominal subcutaneous adipose tissue (n = 219-351) at baseline (CID1), after an 8-week low calorie diet (CID2), and
after 6 months of weight maintenance diet (CID3). CID, clinical investigation day. ***P < .001 from Friedman and Dunn’s multiple comparison tests.
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Figure 5. Adipose tissue gene expression in human adipose tissue cells. The mRNA level of CCL3, CD68, LIPA, GDF15, and SPP1 were measured in
abdominal subcutaneous adipose tissue freshly isolated adipocytes (Adipo), preadipocytes (Preadipo), lymphocytes (Lympho) and macrophages
(Macro)(n =5). *P < .05; **P < .01; ***P < .001 from Kruskal-Wallis and Dunn’s multiple comparison vs adipocytes tests.

differential expression between M1 and M2 THP-1 cells,
with CD68, GDF135, and LIPA having higher expression in
M2 than M1 macrophages, while CCL3 and SPP1 mRNA
levels were higher in M1 cells (Fig. 6).

Analyses of GDF15 Protein

Next, we sought to confirm the observed AT GDF15 mRNA
levels at the protein levels in AT and blood. The secretion
of GDF15 by AT was assessed using subcutaneous AT ex-
plants from 11 overweight women. GDF15 concentration
in the media from the AT explants was 440.9 = 114.2 pg/
mL (mean = SD, data not shown). Changes in circulating
GDF15 was investigated in a subset of 28 individuals with
both plasma samples, clinical and AT RT-qPCR data avail-
able at all CIDs. At baseline plasma GDF15 was 473.5 =
184.9 pg/mL. No significant change in plasma GDF15 was
found across all phases of the DI (P = .4908, Figure S9A
(19)). A positive association between plasma GDF15 and
GDF135 gene expression in AT was observed at baseline
(Figure S9B (19)), but no correlation between change in
AT GDF135 expression and variations in plasma concentra-
tions was found (P > .5). The negative association between
change in plasma GDF15 and change in BMI during the
LCD was previously reported (33), but no significant as-
sociation was found during weight follow-up or across the
whole DI (P > .4) (data not shown).

Discussion

In this study, we investigated gene expression changes in
AT, during a 2-phase DI in overweight/obese, non-diabetic

subjects. Our systems biology approach enables to relate
such changes with changes in different clinical parameters
associated with obesity or comorbidities (BMI, waist cir-
cumference, total lipid levels, and HOMA-IR). In a dis-
covery phase, we implemented the QuantSeq technology
(34) that enables to substantially reduce the sequencing
costs (by about 5x only in term of reagent costs), while
keeping high-quality transcriptomic profiling for all human
protein-coding genes. This allowed us to assess a large
RNA collection (>1000 samples stemming from a clin-
ical intervention). Re-analysis with nearly 400 samples
using Illumina RNASeq demonstrated a 90% replication
rate. Also, our validation phase, using RT-qPCR in >1000
samples further reproduced our initial findings, thereby
validating the QuantSeq technology.

As a major finding of our network-based approach, we
identified BMI as a central node, indicating that this specific
clinical outcome has a major link with AT gene expression.
In particular, there was 1 transcriptomic cluster including
the GDF135 gene, whose expression change during weight
loss was linked with BMI change. This is of particular
interest because GDF15 was not identified in previous dif-
ferential gene expression analyses following LCD-induced
weight loss (7). GDF15 (growth differentiation factor
15)/MIC-1 (macrophage inhibitory cytokine-1)/NAG-1
(nonsteroidal anti-inflammatory drug-activated gene) is
a member of the transforming growth factor § (TGF-B)
superfamily, that was first identified as a blocker of macro-
phage activation (35). Its expression is ubiquitous and cir-
culating concentration range is high (36). Recently, GDF15
has generated considerable attention in the field of obesity
and weight control. Notably, targeting GDF15 for the
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Figure 6. Adipose tissue gene expression in pro- and anti-inflammatory macrophages. The THP-1 cell were induced to MO macrophages, then polar-
ized to M1-like (pro-inflammatory) or M2-like (anti-inflammatory) phenotype.The mRNA levels of CCL3, CD68, LIPA, GDF15, and SPP1were measured
in M0, M1 and M2 macrophages. The data are presented normalized to MO phenotype (n = 11). ¥*P < .05; **P < .01; ***P < .001; ****P < .0001 from

Mann-Whitney test.

treatment of obesity and anorexia is the subject of several
studies (37-41).

Preclinical studies in mice showed that GDF15 sup-
presses food intake (42) and recombinant GDF15 adminis-
tration lowers body weight (43). Also, GDF15 can directly
increase thermogenesis and improve insulin sensitivity (44).
In human, a rise in blood levels was reported with acute
exercise (33, 45) and exercise training (46). Regarding
weight loss, during or after termination of calorie restric-
tion, an increase was observed in obese individuals upon
bariatric surgery (47) and 2 weeks of metformin-induced
weight loss (48). Small-scale dietary studies also showed
no or only slight increase in plasma GDF15 following light
or drastic calorie restriction, for 48 hours or over 28 days
(31, 49). This was also confirmed in serum upon very-
low-calorie diet (50). In addition, patients with type 2 dia-
betes exhibited lower GDF15 plasma levels 6 months after
the termination of an 8-week very-low-calorie diet (51).
Hence, in contrast to leptin which is, like GDF135, appetite
suppressant but circulating levels mainly reflects fat stores
(6), circulating GDF135 is considered as a nutritional stress
marker (31).

Only few studies investigated the ATs (52, 53). In our
study, we found that GDF135 is released by AT and GDF135
gene expression in AT was upregulated upon an 8-week
low-calorie diet, in association with change in BMI and in-
dependently of change in plasma lipid profile or IR. The
baseline plasma level was in range with other studies (38).
No significant change was found in plasma (P > .4). This
might be due to the low power of the plasma study (only
28 individuals were investigated), or a low contribution of
AT to circulating GDF15 compared to other tissues, as sug-
gested by the lack of association between changes in AT
GDF1S5 expression and variations in circulating GDF15.
In AT, we noticed that the GDF135 up-regulation was only
transient, as GDF15 gene expression levels were signifi-
cantly reduced in the 6-month following the acute weight
loss phase despite sustained weight loss, compared to base-
line. Importantly, AT GDF15 mRNA levels were signifi-
cantly reduced at study termination compared to baseline.
However, plasma GDF15 remained steady. This indicates
that AT GDF15 upregulation is induced by a negative

energy balance. Also, it tends to suggest that this is linked
to AT remodeling during LCD, and that upon the acute
weight loss phase, the metabolic improvements (both in
term of weight loss and insulin sensitivity) relate to gen-
erally higher GDF15 levels. It is to be noticed that GDF15
induces lipolysis as recently reported (33).

The identification of GDF15 as a factor released
by the AT led to the observation that this adipokine is
produced by both adipocytes and stromal cells, with
higher GDF15 expression in subcutaneous than visceral
AT and expression negatively associated with body fat
mass in both fat depots (54). In human AT, GDF15 ex-
pression was reported as a marker of oxidative stress
negatively associated with lipogenic gene markers (55).
In the present study, changes in GDF15 mRNA levels
are positively associated with changes in expression of
macrophages markers (CCL3, CD68, LIPA, SPP1) in
all contrasts. We show that GDFI15 expression arises
from 2 human AT cell types, preadipocytes and macro-
phages, while expression of the 4 genes (CCL3, CD68,
LIPA and SPP1), all coexpressed with GDF135, only dis-
played macrophage-specific profiles. Macrophages ex-
hibit phenotypic heterogeneity and plasticity, depending
on their microenvironment. These cells originate from
circulating monocytes and infiltrate tissues where they
play various functions including tissue cleanup and re-
pair. The M1 and M2 classification is an oversimplifica-
tion of a continuum in activation states, and individual
markers may fail to specify such polarization phenotype
(56). M1-like macrophages promote AT inflammation
and IR; while M2 macrophages have an anti-inflamma-
tory role (57). We found that GDF15 was more expressed
in M2-like macrophages. This is consistent with a mice
study showing that GDF15 expression was previously re-
ported suppressed in M1-like macrophages (58). GDF15
also enhances the oxidative function of macrophages,
leading to polarization into an M2-like phenotype (58).
Interestingly our data show that preadipocytes which are
part of the SVF cells, and not differentiated adipocytes,
also express GDF15 at similar level than macrophages.
While preadipocytes GDF15 expression studies remain
scarce (55, 59), these cells can be reprogrammed through
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dietary-induced weight loss and contribute to improve-
ment of the metabolic syndrome (60). Further studies
are needed to elucidate the potential contribution of
preadipocytes to weight loss and related metabolic dys-
function improvements through GDF135 expression.

We also report different expression profiles of the macro-
phage markers associated with GDF15. SPP1 and CCL3
expression levels were higher in M1-like macrophages.
Osteopontin, encoded by SPP1, is an important compo-
nent of immune response and inflammation (61). SPP1
expression is positively associated with AT macrophages
accumulation (62), and osteopontin plays a role in the de-
velopment of IR (63). CCL3 encodes MIP-1a, a member
of the CC chemokine family that is produced by a variety
of cells, including resident and recruited macrophages (64).
Conversely, LIPA and CD68 expression levels were higher
in M2-like macrophages. LIPA, encodes the lysosomal
acid lipase protein that breaks down cholesteryl esters and
triglycerides in human macrophages. Its expression and
activity have been reported to be decreased in the meta-
bolic syndrome (65). CD68 encodes a membrane protein
marker and in our analyses, we observed its expression in
both M1 and M2 macrophages (with slightly higher levels
in the latter population). This is consistent with previous
reports on CD68, that document it as a general marker of
macrophages, whose expression is directly linked with the
number of macrophages, and that associates with both pro-
and anti-inflammatory markers (66).

In obese individuals, weight loss induces a decrease in
pro-inflammatory and an increase in anti-inflammatory
factors (67). The up-regulation of these 5 genes during
LCD may be a hallmark of the beneficial effect of cal-
orie restriction-induced weight loss on AT inflammation.
Lending support to this hypothesis, a recent study showed
that treatment of obese mice with GDF15 improves the oxi-
dative function of AT macrophages and reverses IR (58).
As no significant change in circulating GDF15 was found,
the present study indicates a paracrine/autocrine role of
GDF15 within AT. The study cannot provide evidence on
whether the enhanced GDF15 expression during LCD ori-
ginates from preadipocytes or macrophages, however, a
strong co-regulation of both M1 and M2 macrophages
markers was found. GDF15 appears as an anti-inflamma-
tory marker. In addition to the decrease in the anti-lipolytic
insulin, the prolipolytic GDF15 locally produced within AT
may contribute to LCD-induced weight loss (33). The fatty
acids produced by adipocytes could thereby induce tran-
sient local inflammation.

In summary, we identified an AT signature as a cluster
of macrophage-related genes, through a transcriptome-
wide systems biology approach. Specifically, a module
including GDF135 was identified; while GDF15 is currently
the focus of targeted studies, it demonstrates the validity of

our approach to identify potentially relevant biomarkers
of clinical improvements during DI. And indeed, our ap-
proach highlighted a novel macrophage signature com-
posed of genes co-regulated with GDF15.
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OGENES para el control del peso. La dieta personalizada inteligente’
(Editorial Evergra ficas; Léon, Spain) and in English as “World’s Best
Diet’ (Penguin, Australia). The other authors have nothing to disclose.
Data Availability: Some or all datasets generated during and/or
analyzed during the current study are not publicly available but are
available from the corresponding authors on reasonable request.
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