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ABBREVIATION LIST 

°C celcius  

α-SMA Alpha Smooth Muscle Actin 

µg microgram 

µL microliter 

µm micrometer 

acLDL acetylated LDL 

Akt protein kinase B 

AMPK  AMP-activated protein kinase 

Arg-1 Arginase 1 

ATF activating transcription factor 

bp base pairs 
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BM bone marrow 

BMP bone morphogenetic protein 

BSA bovine serum albumin 

CCL chemokine (C-C motif) ligand 
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CD cluster of differentiation 
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COAD colon adenocarcinoma 

CRIF1 Cytokine response 6 (CR6)-interacting factor 1 

CRP C reactive protein 

CSF  Colony-stimulating factor  

CXCL C-X-C motif chemokine ligand 

DAPI 4′,6-diamidino-2-phenylindole  

DDIT3  DNA damage-inducible transcript 3 

DEG Differential gene expression 

Dex  dexamethasone  

DNA deoxyribonucleic acid 

ECM    extracellular matrix  

EDTA ethylene diamine tetra acetic acid 

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

EGR1 early growth response 1 

ELISA enzyme-linked immunosorbent assay 

ERK  extracellular-signal-regulated kinase 

Fc fragment crystallisable 

FPKM fragments per kilobase per million 

g gram / relative centrifugal force 

GDF growth differentiation factor 

GDNF glial cell-derived neurotrophic factor  

GFRAL GDNF family receptor α-like 

GO gene ontology 
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h hour(s) 

HIF  hypoxia-inducible factor  

HRP horseradish peroxidase 

IgG immunoglobulin G 

IL interleukin 

IL-1Ra Interleukin 1 receptor antagonist 

IL17RB Interleukin 17 receptor beta 

INF-γ interferon gamma 

kD kilodalton 

KEGG  kyoto encyclopedia of genes and genomes 

KIRC kidney renal cell carcinoma 

KLF Kruppel-like factor 

L liter 

LDL low-density lipoprotein 

LPS lipopolysaccharide 

LUAD lung adenocarcinoma 

LUSC lung squamous cell carcinoma 

M molar concentration 

M0 non-stimulated macrophages 

M1 macrophages activated with INF-γ 

M2 macrophages activated with IL-4 

MACS magnetic-activated cell sorting 

MAPK  mitogen-activated protein kinase 

M-CSF macrophage colony-stimulating factor 

MEM  minimal essential medium 

mg milligram 

MI myocardial infarction 

min minute(s) 

ml milliliter 

mm millimeter 

MMP matrix metalloproteinase 

mRNA messenger RNA 

NAG-1 NSAID-activated gene-1 

NAFLD non-alcoholic fatty liver disease 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

ng nanogram  

NK natural killer 

nm nanometer 

NOS2 nitric oxide synthase 2 

oxLDL Oxidized LDL 

padj adjusted p-value 

PBMC peripheral blood mononuclear cell 

PBS phosphate buffered saline 

PC principal component 

PCR polymerase chain reaction 

PDF prostate-derived factor 

PFA paraformaldehyde 

pg picogram 

PI3K  phosphatidylinositol 3-kinase 
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PPAR  proliferator-activated receptor 

ppm parts per million 

PRAD prostate adenocarcinoma 

PTGF-β placental transforming growth factor-β 

RET receptor tyrosine-protein kinase 

Retnla Resistin-like alpha 

RNA ribonucleic acid 

ROS reactive oxygen species 

RPKM reads per kilobase million 

rpm revolutions per minute 

RT room temperature 

RT-qPCR/RT-PCR reverse transcription real-time polymerase chain reaction 

s second(s) 

SAT subcutaneous adipose tissue 

SFM  serum-free medium 

Sp Specificity protein 

SPARC secreted protein acidic and rich in cysteine 

STAD stomach adenocarcinoma. 

STAT  signal transducer and activator of transcription 

TAMs  tumor-associated macrophages  

TGF transforming growth factor  

TGFβR transforming growth factor, beta receptor  

TFEB transcription factor EB 

Th2 T helper cell type 2 

THP-1  human acute monocytic leukemia cell line 

TiNPs titanium nanoparticles 

TNF  tumor necrosis factor 

UV ultraviolet 

VEGF vascular endothelial growth factor 

vs versus 

YAP Yes-associated protein 
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1 INTRODUCTION 

1.1 Healing, pro-fibrotic and tolerogenic functions of macrophages 

Macrophages are fascinating innate immune cells that act as key players in both 

inflammatory and healing processes, playing a pivotal role in maintaining tissue 

balance. These versatile cells are classically described in two distinct phenotypes, 

namely pro-inflammatory (M1) and regulatory (M2) macrophages, each with a unique 

set of functions. M1 differentiation is achieved by stimulating macrophages with 

interferon gamma (INF-γ) or with lipopolysaccharide (LPS). On the other hand, M2 are 

induced by exposure to IL-4 or IL-13. M1 produce cytokines such as IL-1β and tumor 

necrosis factor α (TNF-α), which induce a rapid inflammatory and cytotoxic response. 

This includes the recruitment of neutrophils and lymphocytes, and the generation of 

reactive oxygen species (ROS). In contrast, M2 are known to facilitate healing 

responses by promoting collagen synthesis and extracellular matrix (ECM) remodeling. 

They also secrete cytokines such as IL-10, IL-1Ra, and transforming growth factor β 

(TGF-β), and express scavenger receptors, such as stabilin-1 and mannose 

receptors1-3. Additionally, M2 generate crucial components for ECM remodeling, 

including matrix metalloproteinases (MMPs), arginase 1 (Arg-1), and resistin-like alpha 

(Retnla) 4.  

 

Macrophages are ubiquitous present in almost all human tissues and exert a profound 

influence on the healing and restructuring of damaged tissue. At the core of their 

impressive versatility lies their ability to rapidly polarize in response to cytokines. They 

have the capacity to clear local debris via phagocytosis and secrete various factors 

that promote angiogenesis and scar formation through auto- and paracrine 

mechanisms5, 6. This dynamic adaptability to their environment has made 

macrophages an essential component of the body's natural healing and tissue 

maintenance mechanisms7.  

 

During injury, macrophage tissue infiltration increases, along with their production of 

pro-inflammatory cytokines, which induce the recruitment and proliferation of 

macrophage progenitor cells. A phenotypic transition to M2 favors the resolution of 

inflammation through the secretion of cytokines, such as IL-10, TGF-β and vascular 

endothelial growth factor (VEGF), which supports fibroblast proliferation and promotes 
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angiogenesis. The initial macrophage infiltration then diminishes until wound resolution 

progresses8, 9.  

 

The ontogeny of macrophages may influence their function during healing processes. 

Macrophage population in tissues can originate from resident cells that locally 

proliferate, from a spleen monocyte reservoir, or from blood peripheral circulating bone 

marrow(BM)-derived monocytes. The initial M1 response seems to be supported by 

spleen-derived monocytes that differentiate into macrophages, whereas the resolution-

like M2 phenotype appears to be derived from resident macrophages and circulating 

monocytes10. 

 

Although macrophages are considered less specialized than cells of the adaptive 

immune system, their response to various insults is quite specific and varies in different 

pathological contexts. For example, senescent macrophages with reduced polarization 

capacity, as well as, M1 are often found in impaired wound healing in diabetic 

patients11-13. 

 

On the opposite end of the healing spectrum lies fibrosis, a process resulting from 

excessive ECM accumulation and defective remodeling14. Macrophages contribute to 

fibrogenesis by recruiting and activating fibroblasts, secreting TGF-β1 and modulating 

the tissue microenvironment. Similarly, they contribute to the resolution of fibrosis by 

secreting MMPs that degrade the ECM, such as MMP2 and MMP13, and by 

participating in the clearance of senescent cells15. 

 

Given the impact of macrophages on healing, pro-fibrotic and tolerogenic functions in 

tissue homeostasis, it is not surprising that they play a significant role in the tumor 

microenvironment. Dysregulation within macrophage phenotypes has been linked to 

carcinogenesis15. One particular macrophage subtype, known as tumor-associated 

macrophages (TAMs), infiltrates tumor tissue and is implicated in tumorigenesis, 

angiogenesis, tumor invasion, and metastasis. TAMs can be derived from circulating 

monocytes, which are reprogrammed under the effect of CCL2, TGF-β and VEGF-A, 

which are increased in hypoxic conditions, typical of tumor microenvironment. TAMs 

secrete various proangiogenic factors such as TNF-α, TGF-β1, S100A proteins, 

semaphorins and chitinase-like proteins (CLP), contributing to ECM degradation, 
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endothelial cell migration, vessel maturation, and invasion16. TAMs also display high 

plasticity, having a role in both tumor progression and anti-tumor immune responses17. 

For example, their presence can contribute to chemotherapy resistance18.  

1.2 Stabilin-1 

Stabilin-1 (STAB1, FEEL-1, CLEVER-1, KIAA0246) is a multifunctional scavenger 

receptor that mediates the endocytic and phagocytic internalization of various 

unwanted-self ligands, thereby contributing to tissue homeostasis19. Stabilin-1 is 

expressed by sinusoidal endothelial cells in the spleen, liver and lymphatic vessels, 

and by resident macrophages, excluding Kupffer cells20. Its extracellular domain 

contains 7 fasciclin, 2 laminin-type epidermal growth factor (EGF)-like and 16 EGF-like 

domains. Stabilin-1 owns a single short intracellular C-terminal domain with a complex 

sorting function19, 21. 

Macrophages express stabilin-1 in response to IL-4 and dexamethasone, thus stabilin-

1 is considered a marker of M2 polarization20. Besides stabilin-1 is abundantly 

expressed on TAMs16, 22. In contrast, M1 polarization is associated with reduced 

stabilin-1 expression23.  

Some ligands known to interact with stabilin-1 extracellular domain include modified 

low-density lipoproteins (LDL) such as oxidized (oxLDL) and acetylated LDL (acLDL), 

and advanced glycation end products (AGEs) 24, 25. Stabilin-1 also binds to gram-

negative and gram-positive bacteria components, such as phosphatidylserine21, 26. 

Another ligand of stabilin-1 is secreted protein acidic and rich in cysteine (SPARC), a 

glycoprotein involved in tissue remodeling, wound healing, and inhibition of 

angiogenesis24, 25. Stabilin-1 also interacts with endogenous proteins such as stabilin 

interacting chitinase-like protein (SI-CLP), which is sorted from late Golgi to late 

endosomes for lysosomal degradation27. SI-CLP has been found in inflammatory 

diseases such as rheumatoid arthritis, liver cirrhosis and cancer25. Stabilin-1 is 

frequently found intracellularly due to rapid cycling between the plasma membrane and 

endosomal compartment. Nonetheless, its presence on the cell surface has also been 

demonstrated27. Functionally, stabilin-1 acts via a clathrin-dependent endocytosis 

pathway and mediates intracellular trafficking of the internalized ligands for their 

endosome sorting, and subsequent lysosomal degradation or storage in the trans Golgi 

network for recycling19. 
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Beyond its scavenging function, stabilin-1 expression has been linked to cellular 

adhesion. In non-continuous endothelial cells of lymphatic vessels, stabilin-1 mediates 

lymphocyte adhesion to the endothelium and subsequent transmigration28. 

Additionally, stabilin-1 exhibits high expression in various malignancies, including 

breast cancer, colorectal carcinoma, melanoma, urothelial cancer and leukemia, and 

its presence correlates with poor prognosis22, 29. It is hypothesized that stabilin-1 

actively contributes to an immunosuppressive environment that favors metastasis. 

Therefore, recent immunotherapy initiatives have focused on stabilin-1 as a potential 

therapeutic target29. Besides acting as the scavenger receptor for SPARC, a mediator 

of angiogenesis, stabilin-1 is also expressed on blood vessels during tumor 

vascularization, and its inhibition decreases cell-cell interactions, highlighting its role in 

tumor progression21. 

1.3 TGF-β superfamily 

The TGF-β superfamily has 58 members, with 17 belonging to the bone morphogenetic 

protein (BMP) group, 8 to the Activin and 33 to the TGF-β subfamily. This superfamily 

comprises secreted cytokines involved in various cellular processes, including growth, 

differentiation and immune regulation30. Among these, TGF-β is the best-studied and 

well-characterized member. TGF-β is strongly linked to fibrotic conditions such as 

defective scarring, cancer and atherosclerosis, as it contributes to ECM synthesis, 

remodeling and to the inhibition of matrix degradation. These effects are achieved 

through the secretion of factors such as tissue inhibitor of matrix metalloprotease 1 

(TIMP1), alpha smooth muscle actin (α-SMA), collagen I, and collagen II31. TGF-β 

exists in three isoforms (TGF-β 1-3) each of which binds to the tetrameric receptor 

complexes transforming growth factor beta receptor I and II (TGFβRI/TGFβRII). 

Activation of downstream mediators occurs through MAP kinases, PI3K/AKT, and 

AMPK signaling pathways32. One of the most notable properties of TGF-β is its 

paradoxical behavior in contexts such as cancer, where it acts both as a tumor 

suppressor and as a promoter of tumor growth and metastasis33. 

All members are synthesized as dimeric precursors held together by three disulfide 

bonds, which are cleaved during maturation, leaving a secreted form linked by a unique 

disulfide bond30. Members of the growth differentiation factors (GDFs), within the TGF-

β superfamily, share the similar rigid structure of the BMPs. Noteworthy members of 

this subgroup include the recently discovered GDF-11 and GDF-1534, 35. 
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1.4 GDF-15 

GDF-15, also known as MIC-1, PTGF-β, PDF, and NAG-1, is a multifunctional cytokine 

recognized as a distant member of the glial cell-derived neurotrophic factor (GDNF) 

family and the TGF-β superfamily36-38. Its discovery occurred in the late 1990s when it 

was identified as an autocrine cytokine capable of reducing the pro-inflammatory 

macrophage activation after LPS stimulation in the human myelomonocytic cell line 

U93737. In parallel, Lawton et al. discovered its expression in the placenta during early 

and late gestation39. Moreover, Paralkar et al. found elevated expression of this protein 

in the prostate and named it prostate-derived factor40. A few years later, Baek et al., 

observed that the treatment of HCT-116 colon cancer cells with NSAIDs induced GDF-

15 expression41. 

 

GDF-15 is present across the animal kingdom and is well-conserved within 

vertebrates, particularly in mammals42, 43. The GDF-15 gene is located in chromosome 

19p12-13.1 and consists of two exons (309 bp and 891 bp) separated by a 2,9 kb 

intron39. Analogous to other members of the TGF-β family, GDF-15 has a dimeric 

disulfide-bonded configuration and is synthesized as a proprotein. However, its 

disulfide bond configuration differs from that of the TGF-β family36. Its general structure 

encompasses a propeptide, followed by an RXXR furine-like site and the mature 

protein. GDF-15 conserves the seven cysteine domains, typical of the TGF-β family, 

sharing a 20% amino acid identity, that gives rise to its cysteine knot crystal motif 

(Figure 1A and C) 37. Besides its proximity to the TGF-β family, GDF-15 resembles the 

structure of the GDNF family ligands, sharing 16% amino acid identity (Figure 1B and 

C) 36. The immature form consists of 308 amino acids, including a 9-amino acid signal 

peptide, 167-amino acid propeptide, and 112-amino acid mature protein. As part of its 

post-translational modifications, the immature form undergoes proteolytic cleavage, 

leaving the mature (13 kD) and propeptide (30 kD) forms, which are later cleaved at 

the RXXR furine-like site37. This site is recognized and sliced by proprotein convertase 

subtilisin/kexin type (PCSK)-3, -5 ,and -6 or by MMPs, facilitating GDF-15 maturation44-

46. Upon dimerization, the mature form, consisting of 224 amino acids (25 kD), and the 

propeptide, are secreted. In contrast to the general structure of the TGF-β family, GDF-

15's propeptide lacks cysteine residues37. Interestingly, the propeptide seems to 

function autonomously47. Latent stromal stores of this immature form of GDF-15 have 

been found in diverse tissues and pathologies. These stores serve as a reservoir for 
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GDF-1548. Moreover, the secretion of the propeptide is faster than that of mature GDF-

1549. 

 

Under physiological conditions, GDF-15 is produced at high levels in the terminal villi 

of the placenta (up to 54000 pg/mL) 50. In contrast, other human tissues produce lower 

levels of GDF-15, including skeletal muscle51, subcutaneous adipose tissue52, prostate 

epithelium53, bladder54, kidney55 and lung56. Furthermore, GDF-15 has been found in 

most human fluids, including blood, amniotic fluid50, bronchoalveolar fluid, and 

cerebrospinal fluid57 (Figure 2).  

 

A diverse array of cell types, such as fibroblasts, adipocytes, macrophages, epithelial 

and endothelial cells contribute to the production of GDF-15 (Table 1). However, most 

of them express GDF-15 mainly under stress conditions, such as exposure to LPS, 

bleomycin, oligomycin, and tunicamycin58-60. Among the blood cells, the myeloid 

population exhibits higher expression levels of GDF-15 compared to the lymphoid 

population. Following clodronate-induced depletion of myeloid cells in mice, GDF-15 

mRNA levels significantly dropped, highlighting a major myeloid contribution to 

systemic GDF-15 levels61. Ramirez et al., studied the expression of GDF-15 during the 

hematopoietic differentiation of CD34+ progenitors, revealing higher levels of GDF-15 

expression and production within the erythroid cell lineage. In contrast, the myeloid cell 

lineage expressed marginal levels of GDF-15 during maturation62. During erythroblast 

maturation, GDF-15 levels are found up to 74000 ± 2580 pg/mL63. Recently, it was 

shown that the megakaryocytes are key cells expressing GDF-15 in the BM64. 
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Figure 1. GDF-15 crystal protein structure and phylogenetic associations. A) Crystal 
structure of GDF-15 protein. Obtained from InterPro: 
https://www.ebi.ac.uk/interpro/structure/PDB/5vt2/#table65. B) Phylogenetic tree illustrating 
relationships among GDF-15, TGF-β, and GDNF superfamily members. Generated using 
TaxOnTree. (bioinfo.icb.ufmg.br/taxontree/#x). C) Protein sequence alignment of GDF-15 in 
comparison to TGF-β and GDNF superfamily members. Sequence alignment was performed 
using Protein BLAST (blast.ncbi.nlm.nih.gov). cov: percentage of coverage, piv: percentage of 
identity.  

 

https://www.ebi.ac.uk/interpro/structure/PDB/5vt2/#table
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Figure 2. GDF-15 RNA and protein expression in the human body. GDF-15 expression is 
elevated in various tissues, including kidney, bladder, brain, and female and male tissues. RNA 
expression levels are represented using normalized transcript expression values (nTPM). 
Adapted from: Human Protein Atlas https://www.proteinatlas.org/ENSG00000130513-
GDF15/tissue 

 
 
 
 
 
 

https://www.proteinatlas.org/ENSG00000130513-GDF15/tissue
https://www.proteinatlas.org/ENSG00000130513-GDF15/tissue
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Table 1. GDF-15 producing cells 
Cells Species Conditions Measurement Reference 

Macrophages Human Rosiglitazone-treated Microarray 66 

Human – 
THP-1, 
RAW264.7 

LPS RT-PCR 67 

Endothelial colony-forming 
cells generated from adult 
blood 

Human 7 d RT-PCR 68 

Human 7 d ELISA 68 

Alveolar basal epithelial 
cells (A549) 

Human Bleomycin treatment RT-PCR 59 

Lung fibroblasts Mouse Bleomycin treatment RT-PCR 69 

Erythroid cells (increasing 
expression in higher 
differentiation states) 

Human Maturation RT-PCR 70 

Primary erythroblasts Human 7 and 14 d RT-PCR 63 

Human 7 and 14 d ELISA 63 

Cardiomyocytes Rat Stretch conditions RT-PCR 71 

Adipocytes Human Differentiated from SAT RT-PCR 60 

Human Differentiated from SAT ELISA 60 

Human Oligomycin treated ELISA 60 

Mouse Recombinant IL-4 and 
IL-13 

RT-PCR, ELISA 72 

Trophoblastic cells (BeWo) Human 24 h ELISA 50 

Trophoblastic cells (BeWo) Human 7 d ELISA 50 

Human aortic endothelial 
cells 

Human Purified human 
recombinant 
C-reactive protein 

RT-PCR, ELISA 73 

Colorectal cancer cells 
(HCT-116) 

Human NSAID, Indometacyn Northern and Western Analysis 41 

Adipose tissue 
macrophages 

Human Obesity RT-PCR 61 
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Prostate cancer cells 
(LNCaP-C81 cell line) 

Human Prostate cancer Western blot analysis 74 

Androgen-sensitive (LNCaP-
C33 cell line) 

Human Prostate cancer Western blot analysis 74 

C2C12 (myoblasts) Mouse . RT-PCR and Western blot 
analyze 

75 

Mouse embryonic fibroblast 
cells 

Mouse CRIF1 deficient muscle 
cells in mice 

RT-PCR and Western blot 
analyze 

75 

Hypopharyngeal carcinoma 
cells (FaDu cells) 

Human Head and neck cancer Western blot analysis 76 

Human epithelial carcinoma 
cells (KB cell line) 

Human Head and neck cancer Western blot analysis 76 

Human nasal epithelial cell Human LPS treatment RT-PCR 11 

Hepatocytes Mouse Metformin treatment RT-PCR 77 

Embryonic adipocyte-like 
cell line (3T3-L1) 

Mouse Tunicamycin treatment RT-PCR 58 

Adenocarcinoma alveolar 
basal epithelial cells (A549) 

Human C5a treatment RT-PCR 78 

                       See list of abbreviations 
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1.4.1 Regulators of GDF-15 expression 

Several transcription factors that induce GDF-15 expression have been identified (see 

Table 2). For example, upon exposure to C-reactive protein (CRP), p53 binds to the 

GDF-15 promoter and induces GDF-15 transcription in human aortic endothelial 

cells73. This highlights an association between the two biomarkers, GDF-15 and CRP, 

which are co-elevated in acute inflammatory conditions. However, its expression is not 

exclusively dependent on the presence of CRP. p53 has also been shown to increase 

GDF-15 expression following damage induced in enterocytes. In this context, GDF-15 

functions as a pro-apoptotic factor and triggers the expression of activating 

transcription factor 3 (ATF3), a pro-survival protein induced during cellular stress79. 

The interaction between ATF3 and GDF-15 in human colorectal cancer cells was also 

reported by Lee et al80. 

 

Recently, Kim et al found that the transcription factor EB (TFEB), a regulator of energy 

expenditure and an inducer of autophagy, binds to the GDF-15 promotor. This binding 

leads to increased GDF-15 expression following exposure to lysosomal stressors in 

adipose tissue macrophages. This mechanism mediates a reduction in metabolic 

inflammation during high-fat-induced obesity in mice61. In adipocytes, another 

transcription factor, STAT6, was also identified as an inducer of GDF-15 expression in 

response to IL-13 treatment. This mechanism appears to favor glucose tolerance72. In 

addition, under mitochondrial stress, C/EBP homologous protein (CHOP) promotes 

GDF-15 expression in murine myoblasts and hepatocytes75. Another recognized 

transcription factor is early growth response 1 (EGR1), which forms a positive feedback 

loop with GDF-15, serving itself as a promotor for EGR176. For a comprehensive list of 

other transcription factors, Table 2 highlights the diverse range of GDF-15 inducers. 

 

Table 2. Known transcription factors of GDF-15 expression 

Transcription 
factors 

Cells Conditions Reference 

ATF4 human nasal epithelial cells LPS treatment 11 

murine hepatocytes Metformin treatment 77 

mouse embryonic 3T3-L1 
adipocyte-like cell line 

tunicamycin 
treatment 

58 

CHOP PMA-differentiated THP-1, PBMCs SFAs treatment 81 

murine C2C12 myoblasts CRIF1 deficiency 75 
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murine hepatocytes Metformin treatment 77 

DDIT3 mouse embryonic 3T3-L1 
adipocyte-like cell line 

tunicamycin 
treatment 

58 

EGR1 FaDu cells (a hypopharyngeal 
carcinoma cell line), KB cell line 
(human epithelial carcinoma cells) 

. 76 

KLF5 A549 (adenocarcinoma alveolar 
basal epithelial cells) 

C5a treatment 78 

p53 human aortic endothelial cells CRP 
supplementation 

73 

Sp1 HCT-116 (colorectal cancer cells) . 41 

Sp3 HCT-116 (colorectal cancer cells) . 41 

STAT6 Murine adipocytes IL-13 treatment 72 

TFEB human and murine adipose tissue 
macrophages 

Obesity 61 

YAP* breast cancer cells and 
cytotrophoblast 

. 82 

*YAP has been shown to act as a negative regulator of GDF-15 expression. See list of 
abbreviations 

1.4.2 Known receptors of GDF-15  

In 2017, GDNF family receptor α-like (GFRAL), a member of the GDNF receptor α 

family, was identified as a receptor for GDF-15. This receptor is highly expressed in 

the area postrema and nucleus of the solitary tract of the hindbrain in mice, non-human 

primates, and humans83-85. Using an unbiased ligand-receptor coupling approach, 

Mullican et al. and Yang et al. found that GDF-15 binds exclusively to GFRAL, 

excluding high-affinity binding to other receptors including those of the TGF-β receptor 

family84, 85. Other potential ligands for GFRAL, such as TGF-β and GDNF-similar 

ligands (GFLs), were also discarded, highlighting an exclusive partnership between 

GDF-15 and GFRAL85. Together with Emerson et al, these three research groups 

dissected the mechanism of GDF-15-GFRAL binding and its effect on appetite 

regulation84. Moreover, the receptor tyrosine-protein kinase (RET) was found to be a 

co-receptor necessary for the metabolic actions of GDF-15 through GFRAL83, 84. Upon 

its binding, GDF-15 promotes the physical interaction between GFRAL and RE, and 

mediates the activation of RET phosphorylation and the intracellular phosphorylation 

cascade of extracellular-signal-regulated kinase (ERK), Akt, and phospholipase C83, 85. 

RET expression, like GFRAL, was shown to be particularly abundant in the area 

postrema and nucleus of solitary tract in the hindbrain of both mice and non-human 

primates. Beyond this, GFRAL expression was also found in the human spleen, 

thymus, testis, and adipose tissue, as well as in isolated adipocytes, but not in 
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macrophages51, 59. RET is expressed in most mouse tissues except liver, kidney and 

adrenal gland85. Recently, Siddiqui et al., found presence of GFRAL/RET in 

osteoblasts, using a mouse model of prostate cancer bone metastasis74. Furthermore, 

Moon et al., demonstrated GFRAL expression by Treg lymphocytes treated with 

recombinant human GDF-15 (rGDF-15) 86. These findings highlight the GFRAL 

expression beyond the boundaries of the central nervous system, possibly arising in 

response to pathological stimuli and varying across different cell types or tissues. 

To date, several other receptors have been investigated as possible peripheral 

mediators of GDF-15 actions. For instance, Takenouchi et al., found that rGDF-15 

increases the phosphorylation of downstream components of the TGF-β I receptor 

cascade, namely Smad2/3, in fibroblasts. This effect could be reversed by inhibiting 

the TGF-β I receptor59. Other researchers demonstrated that GDF-15 binds to the 

TGF-β I receptor through the use of inhibitors, effectively blocking the phosphorylation 

cascade triggered by the cytokine in human colorectal carcinoma and THP-1 cell 

lines87, 88. Nevertheless, concerns arose regarding the veracity of these findings due 

to the reported TGF-β contamination in rGDF-1589. Other alternative mechanisms 

could explain GDF-15 peripheral effects, such as the existence of a soluble GFRAL 

that would form a complex with GDF-15 and facilitate its recognition and internalization 

in further tissues90. Another consideration is that GDF-15 may bind to other receptors 

depending on the cell type and underlying pathological condition. Therefore, the 

involvement of TGF-β or other receptors in the response of cells to GDF-15 is still 

controversial. 

GDF-15 is also recognized as a common endocytic ligand for both stabilin-1 and 2. 

Schledzewski et al. found an impaired clearance of GDF-15 in STAB-1-/-STAB-2-/-

mice, which subsequently developed severe glomerular fibrosis and mild 

perisinusoidal hepatic fibrosis. They described for the first time the interaction between 

the extracellular fasciclin domains from stabilin-1 and -2, and GDF-15 by using GST 

pull-down assays. The functional endocytosis assay further validated the uptake of 

GDF-15 by stabilin-1 and stabilin-291. The fate of GDF-15 after internalization by these 

receptors has not been investigated.  

1.4.3 GDF-15 physiological activities 

GDF-15 basal plasmatic levels range from 337 to 1060 pg/mL. These levels may 

increase during certain physiologic changes, such as muscle contraction and exercise, 
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and under the pathological conditions reviewed in the following sections71, 85. 

Circulating GDF-15 levels increase with age and are not influenced by gender51, 60, 92. 

Notably, GDF-15 is significantly elevated at birth and during the first 4 months of life, 

reaching around threefold the average adult concentrations93. Its levels also 

progressively rise during pregnancy, correlating with gestational week and peaking in 

the third trimester50. 

Under physiological conditions, GDF-15 expression positively correlates with higher 

maturation states in the erythroid line and its supplementation in erythroid cells reduces 

their metabolic activity and proliferation52. Moon et al., found that rGDF-15 accentuates 

the regulatory effect of Treg cells on activated T cells. Moreover, rs7226, a single 

nucleotide polymorphism associated with increased production of GDF-15 in humans, 

has been associated with an increased count of lymphocytes and monocytes and with 

a decreased concentration of innate immune cells and granulocytes86. 

1.4.4 GDF-15 and macrophages 

In murine and human bone marrow-derived macrophages, as well as, in THP-1 and 

RAW264.7 cells, GDF-15 expression is increased under stimulation of pro- and anti-

inflammatory mediators including IL-4, IL-1β, TNF-α, IL-2 and M-CSF66, 67.  At the same 

time, GDF-15 has been widely associated with M2 differentiation and inhibition of M1 

polarization59, 67, 72. Pence et al. studied the relationship between human GDF-15 

serum levels and different parameters of monocyte immunosenescence. They found 

that GDF-15 levels were significantly higher in the elderly population as compared to 

the young individuals. Also, circulating GDF-15 levels exhibited a negative correlation 

with maximal monocyte respiratory capacity94. 

GDF-15 production in macrophages has also been investigated in specific pathological 

contexts. For instance, in vitro LPS stimulation increases GDF-15 expression and 

secretion in THP-1 and RAW264.7 macrophages in a dose- and time-dependent 

fashion67. Likewise, in vivo LPS injection increases plasmatic GDF-15 concentrations 

in mice, rats and humans (in humans LPS was given in a 1 ng/kg doses) 52, 95. 

 

In the context of atherosclerosis, treatment of THP-1 with rGDF-15 was linked to lipid 

accumulation, whereas GDF-15 knockdown resulted in reduced lipid burden. In 

addition, rGDF-15 increased the levels of autophagy-related proteins, suggesting a 

possible role for GDF-15 in autophagosome formation in foam cells96. GDF-15 also 
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appears to improve the phagocytic and bactericidal function of macrophages in the 

THP-1 and RAW264.7 cell lines67. 

 
Jung et al. investigated the effect of reduced mitochondrial oxidative function on insulin 

resistance in mice. They found that adipose tissue macrophages express low GDF-15 

levels and show a shift toward M1 polarization. Further experiments demonstrated that 

treatment with rGDF-15 decreased the expression of IL-6, nitric oxide synthase 2 

(NOS2) and TNF-α, and promoted M2 polarization by increasing the production of Arg-

1, Retnla and CLP366. Campderrós et al. found that GDF-15 produced by murine brown 

adipocytes suppressed the expression of TNF-α, CCL2 and IL-6 in M1-polarized 

RAW264.7. In contrast, M2 gene expression was unaffected by GDF-1597. A study by 

Takenouchi et al. examined GDF-15 expression in a mouse model of bleomycin-

induced lung fibrosis. They found increased GDF-15 expression and protein levels in 

lung tissue, bronchoalveolar fluid, and plasma of mice with pulmonary fibrosis. Within 

the lung tissue, the highest GDF-15 positivity was found in epithelial cells and 

macrophages (see Table 3) 59. 

1.4.5 Effects of rGDF-15 

In vitro studies have explored the effects of GDF-15 using its recombinant form mainly 

by assessing its effect on transcriptome using RT-PCR. An overview of the main effects 

of rGDF-15 is given in Table 3. Besides studying the effect of rGDF-15 on the 

macrophage system, as reviewed above, Takenochi et al. also studied it on the 

fibroblast system, showing that rGDF-15 supplementation increases fibroblast 

activation measured by increased secretion of α-SMA, an effect that was not mediated 

by GFRAL/RET activation pathway59. Other myeloid cells strongly affected by rGDF-

15 treatment are erythrocytes. rGDF-15 supplementation leads to decreased erythroid 

colony formation and decreased transcription of erythroid differentiation factors70. In 

vitro rGDF-15 supplementation has also been linked to increased angiogenesis and 

increased VEGFA expression in glioblastoma cells98. 

The parenteral supplementation of GDF-15 in in vivo models has also been evaluated 

in animal models including mice and primates, showing an impact in several metabolic 

parameters such as reduction of body weight, increased glucose tolerance and 

decreased appetite, which is reviewed in the following section83-85. 

To date, no study has assessed the effects of rGDF-15 on the transcriptome using 

RNA-Seq. However, Deng et al evaluated the transcriptomic changes due to GDF-15 
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KO in the lung of mice exposed to ricin toxin. Mice deficient in GDF-15 showed an 

increased inflammatory response in lung tissue99.  
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Table 3. Effects of rGDF-15 

Effects  Evidence Species Cells Conditions Method Pathology Product Concentrat
ion 

Reference 

Increased M2 
and decreased 
M1 polarization 

Increased Arg-1 
expression 

Mouse Periton
eal 
macro
phage
s 

IL-4, IL-13 ± 
rGDF15 for 48 
h 

RT-PCR Pulmonary 
fibrosis 

CHO-
derived 
GDF-15; 
E. coli-
expressed 

100 ng/mL 59 

Decreased IL-6, 
TNF-α, MCP-1, 
and IL-10 
secretion, 
decreased CD80 
mRNA levels, 
increased CD163 
mRNA levels 

Human THP-1 
and 
RAW2
64.7  

 rGDF15 for 48 
h 

RT-PCR, 
Flow 
cytometry 

Inflammatio
n 

      

Fibroblast 
activation 

Increased α-SMA 
protein expression 

Human WI-38 
(fibrobl
asts 
from 
lung 
tissue) 

Preincubation 
for 48 h; 
rGDF15 for 72 
h 

Western blot . CHO-
derived 
GDF-15; 
E. coli-
expressed 

0-100 
ng/mL 

59 

Increased 
Smad2/3 
phosphorylation 
through TGF-β I 
receptor 

Human WI-38 
(fibrobl
asts 
from 
lung 
tissue) 

Preincubation 
for 48 h; 
rGDF15 for 20 
min-1 h 

Western blot . CHO-
derived 
GDF-15; 
E. coli-
expressed 

100 ng/mL 59 

Reduced 
metabolic 
activity in 

erythroid cells 

Decreased optical 
density with 
increasing GDF-
15 concentration 
in MTT assay 

Human K562 
(lymph
oblast 
BM) 

Treatment with 
β-thalassemia 
serum 
containing 48 
ng/mL of GDF-

RT-PCR, 
Flow 
cytometry, 
MTT assay 

. CHO-
derived 
GDF-15 

2-50 ng/mL 70 
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15 or GDF-15  
for 24h, 48h 
and 72h 

Reduced 
proliferation in 
erythroid cells 

Decreased optical 
density with 
increasing GDF-
15 concentration 
in MTT assay 

Human K562 
(lymph
oblast 
BM) 

GDF-15  for 5 
d 

CFSE 
proliferation 
assay 

. CHO-
derived 
GDF-15 

10-50 
ng/mL 

70 

Decreased food 
intake 

Reduction of meal 
size and 24-h food 
intake reduction 

Lean male 
mice; Mice 
with diet-
induced 
obesity; 
cynomolgus 
monkeys 
with 
spontaneou
s obesity 

. human or 
murine GDF-
15 single  

BioDAQ 
food-intake 
monitoring 
system 

. Self-
purified 

0,75 – 12 
nmol/kg, 8 
nmol/kg, 3 
nmol/kg and 
10 nmol/kg 

83 

Reduction of 
body weight 

For 6 to 28 d Lean male 
mice; Mice 
with diet-
induced 
obesity; 
cynomolgus 
monkeys 
with 
spontaneou
s obesity 

. human or 
murine GDF-
15 

Weight Obesity Self-
purified 

8 nmol/kg, 3 
nmol/kg and 
10 nmol/kg 

83 

Improvement of 
glucose 

homeostasis 

Decreased blood 
glucose, OGTT 
For 13 d 

Mice under a 
normal chow 
diet 

. i.p every other 
d 

Blood 
glucose, 
OGTT 

. Fc-GDF-
15 

0.1 mg/kg 
i.p 

84 

Decreased blood 
glucose, OGTT 
For 13 d 

Mice on a 
high-fat diet 
for 16 weeks 

. i.p once every 
3 d 

Blood 
glucose, 
OGTT 

Obesity Fc-GDF-
15 

0.1 mg/kg 
i.p 

84 
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Reduced plasma 
leptin and insulin 

Mice on a 
high-fat diet 
for 16 weeks 

. s.c daily Blood leptin 
and insulin 

Obesity Saccharo
myces 
cerevisiae-
derived 
GDF-15 

8 nmol in 4 
ml/kg 

85 

Increased 
angiogenesis 

Increased VEGFA 
expression 

Human U373 
(gliobla
stoma 
cells), 
HBMV
EC 

3 d in culture Tube 
formation 
assay, RT-
PCR 

Glioblasto
ma  

CHO-
derived 
GDF-15 

100 ng/mL 98 

CFSE: carboxyfluorescein succinimidyl ester; CHO: chinese hamster ovary; HBMVEC: human brain microvascular endothelial cells; MTT: (3-(4, 5-
Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide); OGTT: oral glucose tolerance test. See list of abbreviations
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1.4.6 GDF-15 in pathology 

The molecular mechanism and signaling pathway of GDF-15 have not been completely 

established. In general, GDF-15 is overexpressed in cellular stress states and its 

function seems to be protective. Several pathological conditions show elevated plasma 

GDF-15 levels, including metabolic, cardiovascular, hematological diseases and 

cancer, reaching concentrations up to one hundred times the physiological value (see 

Table 4) 92. 

Table 4. GDF-15 serum levels in pathology 

Condition Concentration 
(pg/mL) 

Reference 

α-thalassemia syndrome 5900 ± 1200 63 

Benign prostate hyperplasia 731 ± 500 100 

Beta-thalassemia major 66000 ± 9600 63 

Chronic pancreatitis 2368 ± 2431 101 

Colorectal carcinoma 783 ± 491 102 

COVID-19 in ICU 12400 103 

Endometrial cancer 1077 104 

Exercise 200 -1000 51 

Heart failure 2705 105 

Hereditary hemochromatosis 720 ± 50 63 

Mitochondrial myopathy 2711 ± 2459 106 

Ovarian cancer 96 - 1876 107 

Pancreatic cancer 5388 ± 3720 101 

Pregnancy 6300-15300 50 

Prostate cancer 860 ± 850 100 

Renal cell carcinoma 1100 ± 150 63 

Sepsis 4900 67 

Sickle cell anemia 880 ± 160 63 

Smoking 1835 59 

Stable coronary heart disease 915 - 1827 108 

Systemic sclerosis 1367 59 

 

The most studied role of GDF-15 is its anorexigenic effect, mediating weight loss 

through reduced energy intake, an effect that is directly a consequence of GDF-15-

GFRAL binding90. Its circulating levels have been consistently found elevated in 

obesity and its supplementation improves the metabolic profile in high-fat diet-induced 

obese mice, showing a significant reduction in body weight, food intake and glycemia. 

These effects may be a result of taste aversion rather than reduced energy expenditure 

or gastric motility109, 110. This anorexic effect is effectively abolished by blocking with a 
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monoclonal antibody directed against GDF-15 and by GDF-15 or GFRAL knock-out85, 

109. 

High GDF-15 levels are also found in the context of impaired glucose tolerance, insulin 

resistance, diabetes, and diabetes-related complications, but its role in glucose 

homeostasis is unclear. Other references provide a detailed review of this matter111, 

112.  

GDF-15 has also been proposed as a biomarker for elevated mortality risk and 

recurrent myocardial infarction (MI) after acute coronary syndrome and in heart failure, 

a common complication in patients with coronary heart disease108, 113. Indeed, GDF-

15 positively correlates to cardiovascular mortality and all-cause mortality114. Kempf et 

al. also showed that mice deficient in GDF-15 have higher mortality after induced MI. 

They found that GDF-15 deficient mice display an increased recruitment of 

polymorphonuclear leukocytes, monocytes and macrophages in the myocardial tissue 

as compared to controls. Additionally, this recruitment was reduced upon treatment 

with rGDF-15, which decreased leukocyte adhesion, arrest and transmigration on the 

endothelium115. These data show that GDF-15 elevated levels after MI may exert a 

protective function by decreasing immune cell recruitment and, thereby, MI 

complications, such as cardiac remodeling and heart failure. 

GDF-15 has also been associated with fibrotic diseases. Govaere et al found that 

hepatic tissue GDF-15 expression positively correlates to fibrosis progression in non-

alcoholic fatty liver disease (NAFLD) 116. Also, GDF-15 deficient mice expressed a 

NAFLD-like phenotype, which resolves with rGDF-15 treatment73. This effect may be 

a result of decreased M1 polarization and reduced pro-inflammatory cytokine 

expression within the liver117. 

Serum GDF-15 levels have been found to be elevated in sepsis, regardless of the 

pathogen involved, and have been correlated with prognosis, severity, and survival67, 

118-120. Li et al. assessed the diagnostic value of GDF-15 in sepsis, highlighting its role 

as a biomarker of sepsis severity, including septic shock. They found that GDF-15 

positively correlates with procalcitonin, IL-6 and IL-1067. Santos et al. showed that 

GDF-15 knockout mice were protected against cecal ligation and puncture-induced 

sepsis, showing fewer severity symptoms, lower markers of inflammation and lower 

bacterial load120. Several other studies have proposed GDF-15 as a protector rather 

than a detractor in sepsis52, 121. Luan et al, showed that the increase in GDF-15 during 

bacterial inflammation stimulates beta-adrenergic sympathetic outflow and increases 
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hepatic triglyceride production, mediating cardiac protection, improving thermal 

homeostasis and promoting survival, which was shown to provide tolerance to 

inflammation121. Supporting this mechanism, Kim et al found elevated catecholamine-

synthesis related gene expression and an increased thermogenesis in mice 

overexpressing GDF-1561. Recently, Wang et al. also proved that GDF-15 treated mice 

showed increased skeletal muscle noradrenaline and oxygen consumption, which is 

associated with an increased maintenance of energy expenditure122. 

 

Elevated levels of GDF-15 have been observed in several hematologic disorders, 

including thalassemia, hemochromatosis, and refractory anemia with ring sideroblasts. 

The highest plasmatic levels of GDF-15 are reported in these conditions, reaching 

66000 pg/mL beta-thalassemia major (see Table 4). 

 

GDF-15 has been recognized as a potential diagnostic and prognostic biomarker for 

several gastrointestinal tumors including pancreas, colon, esophagus, hepatocellular 

and gastric carcinomas123. Additionally, other cancers such as glioblastoma, breast, 

lung, cervical, ovarian, endometrial, prostate, renal, urothelial, thyroid and melanoma 

have also shown elevated levels of GDF-1546, 124-126. As in the case of TGF-β, the 

experimental results reveal a dualistic function of GDF-15 in the process of 

carcinogenesis. It shows an inhibitory effect on tumor growth in the early stages and 

subsequently facilitates progression and metastasis in the advanced stages127. 

However, different results have been documented in different cancer types and stages. 

For example, GDF-15 promotes cell proliferation through the activation of downstream 

factors such as AKT and ERK, while acting as an inhibitor of cell proliferation through 

SMAD2/3 activation126. 

1.5 Aims and specific objectives 

Although much has been investigated regarding the production of GDF-15 by 

macrophages and other cell types, less is known about the specific effect of GDF-15 

in the macrophage system. The aim of the thesis project was to analyze the 

transcriptomic effects of rGDF-15 on primary human macrophages. 

 

Specific aims: 

1. To develop a model system to study the effect of rGDF-15 on macrophages, 

including dosing and incubation time 
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2. To identify the effects of rGDF-15 on pro-inflammatory cytokine expression in 

macrophages exposed to LPS 

3. To analyze the changes induced by rGDF-15 alone and by rGDF-15 along with 

LPS in the transcriptional program from macrophages using Total-RNA-

Sequencing (RNA-Seq), and to validate selected differentially expressed genes 

using RT-PCR 

4. To analyze the implications of expression levels of GDF-15 in most relevant 

cancers 

5. To assess the implications of expression changes in GDF-15-induced validated 

genes and its scavenger receptor stabilin-1 in kidney renal clear cell carcinoma 

(KIRC) 
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2 MATERIALS AND METHODS 

2.1 Equipment 

Table 5. Equipment 

Equipment Company 

Accu-Chek Aviva Roche 

Balance Kern 

CasyTon Cell Counter Schärfe Sytem – OLS 

Cell culture incubator - Heracell™ 150 Thermo Fisher Scientific 

Centrifuge ROTINA 420R Hettich 

Centrifuge 5415 C Eppendorf 

Centrifuge 5415 R Eppendorf 

Centrifuge 5804 R Eppendorf 

Cytospin 4 Thermo Scientific 

Cytofunnel chamber Thermo Scientific 

Deep freezer (-80°C) Thermo Fisher Scientific 

Freezer (-20°C) Liebherr 

Fridge (4°C)  Liebherr 

HydroFlex™ microplate washer TECAN 

Ice machine AF100 Scotsman 

Laminar flow hood HERA safe Thermo Fisher Scientific 

Light sheet Microscope TCS SP8 DLS Leica 

inverted Microscope DMi9 CS Bino DLS 

Leica Microsystems 

MACS MultiStand Miltenyi 

Micropipettes Set (10ul, 20ul, 100ul and 

1000ul) 

Eppendorf 

Microscope Azxiovert 40 C ZEISS 

Millipore Milli-Q Merck 

Mini-plate centrifuge NG040 NIPPON GENETICS EUROPE 

Multichannel pipet (10 raw)   Brand 

Orbital Shaker DOS-10L neoLab 

Real-time PCR-device LighCycler 96 Roche 

Rotator TRM 50 IDL 

Staining dish Neolab  

Staining rack Neolab 

Tecan Infinite M200 TECAN 

Thermomixer C Eppendorf 
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Vacusafe™ Comfort Integra Biosciences 

Vortex Mixer Modell Vortex-Genie® Scientific Industries 

2.2 Chemicals and reagents 

Table 6. Chemicals and reagents 

Chemicals and reagents Company 

10x Earle´s balanced salt solution Sigma 

22x22 mm coverslips Marienfeld 

24x60mm coverslips Marienfeld 

acLDL–Alexa Fluor 488 Invitrogen 

Aluminum foil Roth 

Bovine Serum Albumin (BSA) Sigma Aldrich 

CD14 MicroBeads Miltenyi Biotec 

CasyTON solution OLS 

D-(+)-Glucose solution 100 g/L SIGMA 

Dako Pen DakoCytomation, Hamburg, Germany 

DakoCytomation Fluorescent Mounting 

Medium 

DakoCytomation, Hamburg, Germany 

DEPC Water Thermo Fisher Scientific 

Dexamethasone-Water Soluble Sigma Aldrich, #D2915 

Dulbecco´s Phosphate Buffered Saline 

(DPBS) 

Gibco 

Ethanol Roth 

FcR Blocking Reagent, human Miltenyi Biotec 

Ficoll GE Healthcare 

LPS Sigma Aldrich 

MEM medium (Minimum essential medium 

Eagle) 

Sigma 

Nuclease free water Omega Bio-tek 

Paraformaldehyde (PFA) Sigma-Aldrich 

Percoll  GE Healthcare 

Recombinant Human GDF-15/MIC-1 #120-

28C 

Peprotech 

Recombinant Human IFN-γ  # 300-02 Peprotech 

Recombinant Human IL-4 # 200-04 Peprotech 

Recombinant Human M-CSF #A300-25 Peprotech 

Serum-free medium (SFM) Gibco 
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Substrate reagent R&D systems 

Sulfuric acid (2N H2SO4) Roth 

Titanium nanoparticles NanoAmor Europe 

Triton X-100 Thermo Fisher Scientific 

TGS (Tris/Glycine/SDS) buffer Bio-Rad 

Tween 20 Sigma Aldrich 

 

2.3 Consumables 

Table 7. Consumables 

Consumables Company 

22 μm filter Fisherbrand 

CASY cups Omni Life Sciences 

Cell culture flasks Greiner Bio-One 

Cell culture 6- and 12-well plates Thermofisher 

Cell scrapes 25 cm Roth 

Disposable hypodermic needle Braun 

Elisa plate sealers R&D systems 

Elisa Plates R&D systems 

Falcon tubes (15ml, 50ml) Cellstar Greiner Bio-One 

Filter card (Cytospin) Thermo Fisher 

Inject syringe  Braun 

LS columns Miltenyi Biotec 

Parafilm American National Can 

Pipettes tips (10/20μL, 200μL, 1000μL) Eppendorf 

qPCR plates Axon Labortechnik 

qPCR plate sealers Axon Labortechnik 

Safe-Lock Eppendorf Tubes, 1.5 ml Eppendorf 

Scalpel Feather 

Serological pipettes Star Labs 

Sterile pipette tips Star Labs, Nerbeplus 

Transfer pipettes SARSTEDT 

 

2.4 Kits 

Table 8. Kits  

Kits Company 

DuoSet® ELISA Human GDF-15 CAT # R&D Systems 
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DY957 

E.Z.N.A. Total RNA kit I Omega Bio-tek 

MACS manual cell separator Miltenyi Biotec 

RNeasy mini kit Qiagen 

SensiFAST cDNA Synthesis Kit  BIOLINE 

SensiMix II Probe Kit BIOLINE 

2.5 Buffers and solutions 

Table 9. Buffers and solutions 

Wash buffer for ELISA 
500 µl of Tween 20 was pipetted into 1 L of PBS. The beaker 
was stirred on a magnetic stirrer for 30 min and the solution 
was stored at RT 

MACS buffer  500 ml of PBS, 2,5 g of BSA and 2 ml of 0,5M EDTA  

Solution for blocking (3% 
BSA) 

50 ml of PBS and 1,5 g BSA 

2.6 Cellular techniques 

2.6.1 Monocyte isolation 

Buffy coats were obtained from healthy blood donors out of the German Red Cross 

Blood Service Baden-Württemberg – Hessen after informed consent. The following 

procedure was carried out under sterile conditions under a hood (HERA safe from 

Thermo Scientific) and exemplifies the protocol per each donor:   

1 First gradient: One 50 mL falcon tube was filled with 15 mL Ficoll (GE 

Healthcare) at RT.   

2 The protective bag of the buffy coat was opened with a sterile scalpel and a T-

75 cell culture flask was filled with the blood (~ 30 mL per donor). The blood 

was diluted 1:1 with sterile DPBS (Dulbecco´s Phosphate Buffered Saline from 

Gibco) and mixed by rotating.  

3 25 mL of the cell suspension was slowly added to the Ficoll without mixing.  

4 The falcon tube was centrifuged for 30 minutes at 420 rcf and 20°C without 

brake.  

5 The second layer (white ring portion) was collected, which corresponds to 

peripheral blood mononuclear cells (PBMCs), with a sterile plastic Pasteur pipet 

and pipetted into a fresh 50 mL falcon tube. The resting portion was discarded. 

The falcon tube was filled with DPBS up to 50 mL. 

6 The tube was centrifuged for 10 minutes at 420 rcf and 20°C with brake.  
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7 The supernatant was collected (~ 45 mL) into a new 50 mL falcon tube and the 

pellet was resuspended with 5 mL of DPBS.   

8 The tubes containing the supernatants and the resuspended pellets were 

centrifuged for 10 minutes at 420 rcf and 20°C with brake.  

9 The supernatant (~ 45 mL) was discarded and the pellet from all the tubes was 

resuspended with 3 mL of DPBS and combined.  

10  Second gradient: Percoll gradient solution was prepared by mixing 13,5 mL 

Percoll (GE Healthcare), 15 mL MEM medium (Minimum essential medium 

Eagle from Sigma) and 1,5 mL 10x Earle´s balanced salt solution (Sigma) for a 

final volume of 30 mL in a 50 mL falcon tube. The resuspended pellets were 

slowly added to the Percoll solution without mixing them for further purification 

of PBMCs.  

11  The falcon tube was centrifuged for 30 minutes at 420 rcf and 20°C without 

brake. 

12  The white ring portion was collected with a sterile plastic Pasteur pipet and 

pipetted into a fresh 50 mL falcon tube. The resting portion was discarded. The 

falcon tube was filled with DPBS up to 50 mL.  

13  Centrifugation was done for 10 minutes at 420 rcf and 20°C with brake. 

14  The supernatant was aspirated and discarded. The pellet was resuspended in 

2 mL of PBS. The content was transferred into a 15 mL falcon tube and filled till 

10 mL. 

15  Pre-count step: 10 µL aliquot was taken for cell counting from the 10 mL 

suspension and mixed with 10 mL of CasyTon (from OLS) solution. The 

CasyTon Cell Counter (Schärfe System – OLS) was used for quantification. The 

cell count was considered for calculations, as follows:  

MACS (µL) = (Cell Count*10) * 95   

     MicroBeads (µL) = (Cell Count*10) * 7,5  

16  Centrifugation of the 15 mL falcon tube was done for 10 minutes at 420 rcf and 

20°C with brake.  

17  The supernatant was aspirated and discarded. The cell pellet was resuspended 

in 95 µL of MACS buffer (0.5% BSA, 2 mM EDTA dissolved in DPBS) + 5 µL 

CD14 MACs MicroBeads (Miltenyi Biotec) per 107 cells.  

18  The mixture was incubated for 20 minutes on a rotator at 4°C. 

19  The sample was filled to 10 mL with MACS buffer.  
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20  Centrifugation was done for 10 minutes at 420 rcf and 20°C with brake.  

21  The cell pellet was resuspended in 1000 µL of MACS buffer.  

22  Monocyte CD14 magnetic positive selection: One LS column (MACS® Column 

Technology) was placed in the magnetic separation unit (Miltenyi Biotec) and 

washed with 3 mL MACS buffer. The cell pellet suspension was applied to the 

column.   

23  The column was washed with 3 mL of MACS buffer and the flow-through was 

collected in a fresh 15 mL falcon tube. This wash step was repeated twice. 

24  The LS column was removed from the magnetic separation unit and placed into 

a fresh 15 mL falcon tube. 5 mL MACS buffer were added and the flow-through 

was collected. The liquid was pressed through the column with a piston. 

Additional 5 mL were added for a final volume of 10 mL.  

25  Final count step: 10 µL aliquot were taken for cell counting and mixed with 10 

mL of CasyTon solution.  

26  Centrifugation of the sample was done for 10 minutes at 420 rcf and 20°C with 

brake.  

27  The supernatant was aspirated and discarded.  

28  The cell pellet was resuspended with SFM (serum-free medium from Gibco) 

supplemented with 5 mM glucose at a concentration of 1x106cells/mL, following 

the final count measurement in the CasyTon. Glucose concentration was 

controlled by Accu-Chek glucose monitor. 

29  The cells were seeded into cell culture dishes. Different stimulation factors were 

added according to the Macrophage stimulation model. 

30  5 million monocytes were transferred to fresh tubes, 350 µL of TRK lysis (for 

E.Z.N.A. Total RNA kit I) or 350 µL of RLT lysis buffer (for RNeasy Mini Kit) were 

added and the tubes were frozen at -80°C freezer until further use. 

2.6.2 Macrophage stimulation model 

Macrophages were differentiated in the presence of M-CSF at 5 ng/mL (Peprotech; 

#A300-25B) and Dex 10-8 M (Sigma, #D2915). For M1 polarization IFN-𝛾 was used at 

the concentration of 100 ng/mL (Peprotech; # 300-02), and for M2 polarization, IL-4 

was used at the concentration of 10 ng/mL (Peprotech; #200-04). No cytokines were 

added for M0 differentiation.  
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2.6.2.1 Stimulation with titanium nanoparticles 
For immunofluorescence analysis, the model included the differential culturing in the 

presence or absence of titanium nanoparticles (TiNPs). TiNPs were purchased from 

NanoAmor Europe, France. The stock solution was initially diluted to 1:4 in DPBS, 

followed by another 10-fold dilution in 5 mM glucose SFM media to achieve the final 

dilution factor (1:4000). The TiNPs were added for a final concentration of 0,0100% 

(100ppm). The dilution was sterilized via UV-light for 1 hour. 

 

The conditions were maintained for 6 days with 7,5% CO2 at 37°C in the incubator 

(Hera cell 150 Thermo Scientific). A daily microscopic check-up was performed to 

evaluate the health status of the cells. The following table illustrates the stimulation 

model: 

Table 10. Stimulation model with TiNPs 

M0 

 

IFN-𝛾 (M1) 

 

 

IL-4 (M2) 

 

M0 

100ppm TiNPs 

IFN-𝛾 (M1) 

100ppm TiNPs 

IL-4 (M2) 

100ppm TiNPs 

2.6.2.2 Stimulation with rGDF-15 and LPS 
Monocytes were cultured in the presence or absence of rGDF15 (Peprotech) at 

different concentrations, according to the experimental design (Table 11). Three 

different incubation times were used. One of them was a 48 hour-incubation under 

cytokine stimulation in the presence or absence of rGDF15 (Model 1). Another 

incubation time was done under cytokine stimulation in the presence or absence of 

rGDF15 for 6 days (Model 2). Finally, model 3 included a 6-day incubation under 

cytokine stimulation, and 1 hour-treatment with or without rGDF-15 (Figure 4, Results). 

After this, the differentiated macrophages from the 3 incubation times were treated with 

LPS 100 ng/mL and further incubated for 6 hours. 

Table 11. Experimental design with rGDF-15 and LPS 

M0 ± LPS 100 ng/mL M1 ± LPS 100 ng/mL M2 ± LPS 100 ng/mL 

M0 + rGDF-15 10 ng/mL ± 

LPS 100 ng/mL 

M1 + rGDF-15 10 ng/mL ± 

LPS 100 ng/mL 

M2 + rGDF-15 10 ng/mL ± 

LPS 100 ng/mL 

M0 + rGDF-15 25 ng/mL ± 

LPS 100 ng/mL 

M1 + rGDF-15 25 ng/mL ± 

LPS 100 ng/mL 

M2 + rGDF-15 25 ng/mL ± 

LPS 100 ng/mL 

M0 + rGDF-15 50 ng/mL ± 

LPS 100 ng/mL 

M1 + rGDF-15 50 ng/mL ± 

LPS 100 ng/mL 

M2 + rGDF-15 50 ng/mL ± 

LPS 100 ng/mL 
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M0 + rGDF-15 100 ng/mL ± 

LPS 100 ng/mL 

M1 + rGDF-15 100 ng/mL ± 

LPS 100 ng/mL 

M2 + rGDF-15 100 ng/mL ± 

LPS 100 ng/mL 

 

2.6.3 Collection of conditioned medium  

1 After respective stimulation, the conditioned medium was collected into 1,5 mL 

Eppendorf tubes and was centrifuged for 10 minutes at 2000 rpm at RT.  

2 The supernatants were transferred to fresh tubes. 

3 350 µL of TRK lysis (for E.Z.N.A. Total RNA kit I) or 350 µL of RLT lysis buffer 

(for RNeasy Mini Kit) was added to wells and the cells were harvested in ice. 

4 The cell suspension was added and resuspended on the remaining the cell 

pellet from the centrifugation. 

5 The samples were frozen at -80°C freezer until further use (see Protein 

techniques).  

2.7 Molecular biology methods 

2.7.1 RNA isolation  

2.7.1.1 RNA isolation using E.Z.N.A. Total RNA kit 
E.Z.N.A. Total RNA kit I from Omega Bio-tek was used for RNA isolation for the 

samples in which TNF-α and IL-1β were assessed with RT-PCR. 

1 An equal volume of 70% ethanol was added to the cell lysate previously mixed 

with TRK lysis (see Monocyte isolation) and the sample was mixed thoroughly 

by vortexing. The suspension was applied to a HiBind RNA spin column and 

placed into a 2 mL Eppendorf collection tube.  

2 The column was centrifuged at 10000 rpm for 60 seconds at 4 ⁰C. The flow-

through was discarded and the tube was reused. 

3 500 µL of RNA Wash Buffer I was added to the column and was centrifuged at 

10000 rpm for 60 seconds at 4 ⁰C. 

4 The flow-through was discarded and the tube was reused.  

5 500µL of RNA Wash Buffer II was added to the column and the column was 

centrifuged at 10000 rpm for 60 seconds at 4 ⁰C. The flow-through was 

discarded and the tube was reused. 

6 500µL of RNA Wash Buffer II was added to the column and the column was 

centrifuged at 10000 rpm for 60 seconds at 4 ⁰C. The collection tube was 

discarded and replaced with a new one. 

7 The column was centrifuged at maximum speed at 4 ⁰C for 2 minutes.  
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8 The column was transferred into a new 1,5mL RNAse-free Eppendorf tube. 

40µL of Nuclease-free water were added to the column and left to incubate for 

1 minute at RT. The RNA was eluted by centrifuging at maximum speed for 1 

minute at 4 ⁰C. 

9 The concentration of isolated RNA was determined by spectrophotometry 

TECAN (Tecan Infinite® 200). Samples with RNA concentrations of lower than 

10 ng/µL or with RNA/DNA ratios of lower than 1,8 were discarded. Isolated 

samples were stored at -80°C until use. 

2.7.1.2 RNA isolation using RNeasy Mini Kit 
RNeasy Mini Kit from Qiagen was used for the samples in which RNA-Seq was 

performed.  

1 An equal volume of 70% ethanol was added to the cell lysate previously mixed 

with TRK lysis (see Monocyte isolation) and the sample was mixed thoroughly 

by vortexing.  

2 The suspension was applied to an RNeasy mini column, placed in a 2 mL 

collection tube and centrifuged at 10000 rpm for 15 seconds.  

3 The flow-through was discarded, the column was reused and 700 µL of RW1 

buffer were added to the column and centrifuged at 10000 rpm for 15 seconds. 

4 The flow-through was discarded, the column was reused and was washed with 

500 µL of RPE buffer followed by a 15 seconds centrifugation at 10000 rpm. 

5 The flow-through was discarded, the column was reused and was washed with 

500 µL of RPE buffer followed by a 2 minute-centrifugation at 10000 rpm. 

6 The column was placed in a new collection tube and was centrifuged at 

maximum speed for 2 minutes. 

7 The columns were placed in a fresh 1,5 RNase-free Eppendorf tube, 35 µL of 

Nuclease-free water was added directly to the column membrane, followed by 

a 1 minute-centrifugation at 10000 rpm for RNA elution.  

8 The concentration of isolated RNA was determined by spectrophotometry 

TECAN (Tecan Infinite® 200). Isolated samples were stored at -80°C until use. 

2.7.2  cDNA synthesis 

cDNA was synthesized using the SensiFAST cDNA Synthesis Kit from Bioline 

according to the manufacturer’s instructions.  
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1 The master mix was prepared on ice including 4 µL of 5x TransAmp Buffer and 

1 µL of Reverse Transcriptase per tube. The amount of RNA was calculated 

according to the concentration and filled with DNase/RNase-free water up to 20 

µL per tube. All the components were mixed in a single tube. 

2 The tubes went through the following heating cycles for primer annealing and 

transcription: 

- 25 °C for 10 min (primer annealing) 

- 42 °C for 15 min (reverse transcription)  

- 85 °C for 5 min (inactivation)  

3 cDNA sample was diluted 10 times with DNase/RNase free-water and stored at 

-20 °C until use.  

2.7.3 Real-time polymerase chain reaction (RT-PCR) 

Diluted cDNA was amplified using RT-PCR. 18S was used as an endogenous control. 

Duplicates were performed per each sample. Water was used for negative control. 

TaqMan primer mix from Eurofins (Germany) for each gene was prepared according 

to Table 12. Primer sequences are shown from the 5’ end to 3’ end direction. 

Table 12. List of primers designed in the lab. F: forward, R: reverse, Pr: probe. All primers 
and probes were ordered from Eurofins 

Target Gene Primer name Sequence (5'-3' direction) 

 
18srRNA 

FP2242 CCATTCGAACGTCTGCCCTAT 

RP2242 TCACCCGTGGTCACCATG 

Pr2242 ACTTTCGATGGTAGTCGCCGTGCCT 

 
ID3 

FP1259 ACATGAACCACTGCTACTCC 

RP1259 AGGTCGAGAATGTAGTCGATG 

Pr1259 ACTCAGCTTAGCCAGGTGGAAATCCTACAGCG 

 
IL-1beta 

FP2150 ACAGATGAAGTGCTCCTTCCA 

RP2150 GTCGGAGATTCGTAGCTGGAT 

Pr2150 CTCTGCCCTCTGGATGGCGG 

 
TNF-α 

F896 TCTTCTCGAACCCCGAGTGA 

F896 AGCTGCCCCTCAGCTTGA 

Pr896 AAGCCTGTAGCCCATGTTGTAGCAAACC 

 
Table 13. List of Taqman ready-made mixes. All ready-made mixes were ordered from 
Thermo Fisher 

Target Gene Assay code 

BCL2L14 (BCLG) Hs00373302_m1 

CCL15 (HCC-2, HMRP-2B, LKN-1, LKN1, MIP-1 delta, MIP-
1D, MIP-5, MRP-2B, NCC-3, NCC3, SCYA15, SCYL3, SY15) 

Hs01929667_s1 

CLEC12A (CD371, CLL-1, CLL1, DCAL-2, MICL) Hs00370621_m1 

GAS7 (MLL/GAS7) Hs00243470_m1 

GDF-15 (GDF-15, MIC-1, MIC1, NAG-1, PDF, PLAB, PTGF-
Β) 

Hs00171132_m1 

IL17RB (CRL4, EVI27, IL17BR, IL17RH1) Hs00218889_m1 

KLF2 (LKLF) Hs00360439_g1 
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PALD1 (KIAA1274, PALD) Hs01012869_m1 

PMEPA1 (STAG1, TMEPAI) Hs00375306_m1 

PROC (APC, PC, PROC1, THPH3, THPH4) Hs00165584_m1 

PTP4A3 (PRL-3, PRL-R, PRL3) Hs02341135_m1 

SERPINB2 (HsT1201, PAI, PAI-2, PAI2, PLANH2) Hs01010736_m1 

SMAD6 (AOVD2, HsT17432, MADH6, MADH7) Hs00178579_m1 

 

For the gene analysis, each well contained the following reagents:  

Table 14. Reaction set-up for RT-PCR 

Reagents Per well 

SensiMix II BIOLINE 5 µL 

Assay Primer Mix (Target 
Gene or Reference Gene) 

0.5 µl 

H2O 3.5 µL 

cDNA or H2O for negative 
control 

1 µL 

Total 10    µL 

 
The experiment was performed as follows: 

1 Two master mixes for duplicate were prepared without cDNA, one for each 

primer of interest, according to Tables 12 and 13, for the planned amount of 

reactions (~ 40 reactions). After that, each one was vortexed and spun down 

briefly. 

2 The master mixes were distributed into 1.5 mL nuclease-free labeled Eppendorf 

tubes for each condition of interest (see Table 14). 

3 2 µL of cDNA were added into each tube, according to the labeling. Each one 

was vortexed and spun down briefly. 

4 9.5 µL of the solution was added to each RT-PCR plate well per duplicate. The 

plate was sealed and centrifuged for 1 minute. 

5 Amplification was performed using a LightCycler 480 instrument owned by the 

Institute of Transfusion Medicine and Immunology. The protocol for the RT-PCR 

was adapted from the host laboratory and the program was repeated for 50 

cycles as follows: 

Table 15. RT-PCR program 

PCR program Temperature Time 

Initial denaturation 95°C 3 minutes 

Denature 95°C 10 seconds 

Anneal and extension 60°C 30 seconds 

 
One final cycle of cooling (35°C) finalized the RT-PCR program. 
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2.8 Protein analysis and immunology methods 

2.8.1 Enzyme-linked Immunosorbent Assay (ELISA) 

Serum concentration of GDF-15 from healthy controls was measured according to the 

recommendation of the manufacturer using ELISA Human GDF-15 from R&D 

Systems. 

1 A 96-well plate was coated with Capture Antibody provided in the kit, previously 

diluted in PBS 1:180 without carrier protein. Each well was coated with 100 µL, 

covered with a plastic strip and the plate was incubated overnight.  

2 The next day the wells were washed 3 times with 200 µL Wash Buffer (0.05% 

Tween® 20 in PBS pH: 7,2-7,4) using an automatic microplate washer 

(HydroFlex™ from TECAN) and incubated with 300 µL Reagent Diluent (1% 

BSA/PBS pH: 7,2-7,4) for 1 hour for blocking.  

3 After blocking, the 96-well plate was washed 3 times with 200 µL Wash. 50 μL 

of Reagent Diluent were added to each well for the sample wells and 100 μL 

were added for the standard wells. 

4 Additional 50 μL of the supernatants for the sample wells. The standard was 

added according to the manufacturer’s instructions and incubated for 2 hours. 

5 After incubation, the plate was washed 3 times with Wash Buffer, as described 

above.  

6 100 μL of detection antibody (1:180) was added according to the manufacturer’s 

instructions and incubated for 2 hours.  

7 100 μL of working dilution from Streptavidin-HRP (1:200) were added to each 

well. The plate was covered and incubated for 20 minutes in dark conditions.  

8 The plate was washed 3 times with Wash Buffer, as described above.  

9 100µl Substrate Solution was added to each well. The plate was covered and 

incubated for 20 minutes in dark conditions.  

10  50 μL of Sulfuric acid (2N H2SO4) was added to stop the reaction and the plate 

was gently mixed to ensure thorough mixing.  

11  The optical density was determined in a Tecan Infinite 200 at 450 nm, according 

to the manufacturer’s instructions.  

12  Concentration was calculated by regression analysis of a standard curve. 
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2.9 Preparation of cells for immunofluorescence 

2.9.1 Endocytosis assay 

1 M0, M1 and M2 macrophages were grown on coverslips and cultured for 6 days 

in the presence of 7,5% CO2 at 37°C as described in Table 11. 

2 At day 6, culture medium was removed, leaving minimum 200 µL per well (for a 

24-well plate).  

3 acLDL-Alexa488 was added at a final concentration of 5 µg/mL. 

4 The cells were incubated in the presence of 7,5% CO2 at 37°C for 30 minutes.  

5 Cessation by immediate fixation with PFA, as described below, for M1, M1 and 

M2 treated with TiNPs, and for M1 non-treated with TiNPs.  

2.9.2 Cytospin sample preparation 

Since M1 and M2 non-treated with TiNPs were almost completely suspensional, 

sample preparation for these cells was performed using a Cytospin™ 4 centrifuge 

(Thermo Fisher Scientific), as follows: 

1 The well content was transferred to fresh 1,5 mL Eppendorf tubes. 

2 Centrifugation was done for 10 minutes at 2,0 rcf and RT.  

3 The supernatant was discarded. 

4 The cells were resuspended with 750 µL PBS. 

5 Microscope slides were washed with 100% ethanol and attached to a filter card 

and a Cytofunnel. 

6 100 µL of the cell dilution was added to each Cytofunnel chamber. 

7 Centrifugation was done for 4 minutes at 700 rpm.  

8 The chambers were disassembled and the microscope slides with the cellular 

monolayer were left to dry at RT. 

2.9.3 Cell Fixation 

Cells prepared with Cytospin were fixated at RT as follows: 

1 The microscope slides were submerged in a tray containing 2% PFA for 10 

minutes. 

2 The tray was submerged in a 0,5% Triton X-100/1X PBS solution for 15 minutes. 

3 The tray was submerged in 4% PFA for 10 minutes. 

4 The tray was shortly washed with PBS. 
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5 The tray was submerged in PBS for 10 minutes under shaking. This sted was 

repeated two times. 

6 The microscope slides were left to dry under the laminar flow. 

7 The slides were stored at -80°C until further use. 

For M1, M1 and M2 treated with TiNPs and for M1 non-treated with TiNPs, fixation was 

done directly in the 24-well plates. The following steps were performed at RT. 

1 1400 µL of supernatant were aspirated and discarded, resting 100 µL per well. 

2 2 mL 2% PFA per well were added and incubated for 10 minutes. The content 

was aspirated and discarded. 

3 2 mL 0,5% Triton X-100/1X PBS followed by 15-minute incubation. The content 

was aspirated and discarded. 

4 2 mL 4% PFA per well were added and incubated for 10 minutes. The content 

was aspirated and discarded. 

5 The wells were washed with PBS for 10 minutes under shaking. This step was 

repeated 3 times. 

6 The content was aspirated and 2 mL PBS were added to each well. 

7 The plates were sealed and stored under 4 °C until further use. 

2.9.4 Immunofluorescence staining 

The following steps describe the immunofluorescence staining for the samples 

prepared with Cytospin and were done at RT. From step 7 on, the experiment was 

performed under dark conditions. 

1 The microscope slides were taken out of -80 °C and left to dry. 

2 The cell monolayer was encircled using a Dako Pen and was left to dry for 1 

minute. 

3 The microscope slides were submerged in a tray containing PBS for 5 minutes 

under shaking. This step was repeated once. 

4 The tray was submerged in a 0,1% Tween® 20 in 1xPBS solution for 30 

seconds. 

5 100 µL of 3% BSA was added to each monolayer and left to incubate for 1 hour 

in a humidity chamber. 

6 The antibodies used are shown in Tables 16 and 17. 

7 The primary antibodies were diluted accordingly in 1% BSA. 

8 100 µL of the dilution was applied to the cell monolayer and incubated for 1,5 

hours. 
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9 After incubation, the slides were washed three times with 1xPBS for 5 minutes 

under shaking. 

10 An additional wash with 0,1% Tween® 20 in PBS was done for 30 seconds. 

11  The secondary antibodies and nuclear staining were diluted accordingly in 1% 

BSA. 

12  100 µL of the dilution was applied to the cell monolayer and incubated for 45 

minutes. 

13  The slides were washed four times with 1xPBS for 5 minutes under shaking. 

14  One drop of Dako fluorescent mounting media was pipetted onto the cell 

monolayer and was covered with cover slips. 

15  The slides were stored at 4°C until further use. 

For the cells grown on glass coverslips, the following staining steps were performed 

under RT. Upon step 6, the experiment was performed under dark conditions. 

1 The plates were taken out of 4°C. 

2 The content of the 24 well-plate was aspirated and the wells were washed with 

2 mL of 0,1% Tween® 20 in 1xPBS for 30 seconds. 

3 The content was aspirated and 1 mL of 3% BSA was added to each well, 

followed by a 1-hour incubation. 

4 The wells were washed with 2 mL of 0,1% Tween® 20 in 1xPBS for 30 seconds. 

5 The antibodies used are shown in Tables 16 and 11. 

6 The primary antibodies were diluted accordingly in 1% BSA. 

7 100 µL of the dilution was applied to each cover slip and incubated for 1,5 hours. 

8 After incubation, the wells were washed three times with 1 mL of 1xPBS for 5 

minutes under shaking. 

9 An additional wash with 1 mL of 0,1% Tween® 20 in PBS was done for 30 

seconds. 

10  The secondary antibodies and nuclear staining were diluted accordingly in 1% 

BSA. 

11  100 µL of the dilution was applied to each well and incubated for 45 minutes. 

12  The wells were washed four times with 1xPBS for 5 minutes under shaking. 

13  Microscope slides were labeled and washed with 100% ethanol and left to dry. 

14  One drop of Dako fluorescent mounting media was pipetted onto the 

microscope slides. 
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15  The glass coverslips from the wells were transferred with a scalpel and small 

tweezers and mounted upside down on the microscope slide. The slides were 

covered with coverslips. 

16  The slides were stored at 4°C until further use. 

Table 16. Primary antibodies 

Antibody Concentration 

in stock 

Dilution Species Company 

anti-hstabilin-

1 polyclonal 

serum RS1 

 1:800 Rabbit Self-produced 

(Politz et al., 

2002) 

monoclonal 

anti–EEA-1 

250 μg/ml 1:500 Mouse BD Biosciences 

Preimmune 

Serum to 

N2RS1 

isotype 

control 

 1:800 Rabbit Self-produced 

(Politz et al., 

2002) 

Purified 

Mouse IgG1, 

κ Isotype 

Control 

0,5 mg/mL 1:1000 Mouse BD 

Pharmingen™ 

 
Table 17. Secondary antibodies and labelling agents 

Antibody/labelling 

agent 

Dilution Species Company 

Cy3-conjugated 

anti–rabbit IgG 

1:400 Donkey Dianova 

Alexa647-

conjugated anti–

mouse IgG 

1:400 Donkey Dianova 

DAPI (nuclear 

staining) 

1:1000 N/A Roche 

2.9.5 Confocal microscopy  

Confocal microscopy was performed using a Leica laser scanning spectral confocal 

microscope, model DM IRE2, equipped with an HCX PL Apo 63 ×/1.32 numeric 

aperture oil objective (Leica Microsystems, Wetzlar, Germany) from the Live Cell 

Imaging Mannheim (LIMa). Excitation was achieved with an argon laser emitting at 488 

nm, a krypton laser emitting at 568 nm, and a helium/neon laser emitting at 633 nm. 

Images were acquired using a TCS SP2 scanner and Leica Confocal software, version 

2.5 (Leica Microsystems). Images were acquired using a sequential scan mode. For 

panel assembly, Adobe Photoshop version 6.0 (Adobe Systems, San Jose, CA) was 

used. 
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2.10 Human sample preparation 

Blood samples were obtained from healthy plasma donors participating in the CORE 

(COVID-19 Reconvalescent) trial conducted at the German Red Cross Blood Service 

Baden-Württemberg – Hessen and the Institute of Transfusion Medicine and 

Immunology in Mannheim. The Medical Faculty of Mannheim's Ethical Committee 

approved the conduct of the study (Ref: 2020-643N). All donors provided the CORE 

trial written informed consent. The participants were included if they had no persistent 

serious organ dysfunction, no fever at the time of blood sampling, and were between 

18 to 68 years old. The baseline characteristics of the participants were self-reported 

using an online questionnaire. Venous blood samples were collected into tubes and 

centrifuged at 3500 rpm for 15 minutes at 25°C. Plasma and serum were separated 

and stored at -80°C until analysis.  ELISA Human GDF-15 from R&D Systems was 

used to measure the plasma concentration of GDF-15 in accordance with the 

manufacturer's instructions, as described above. 

2.11 Transcriptomic analysis 

Total RNA was extracted following the steps previously described for RNA isolation. 

The concentration of the purified samples was quantified using a NanoDrop® 

spectrometer, while the quality was assessed using agarose gel electrophoresis. Total 

RNA samples with a concentration exceeding 300 ng were selected for RNA-Seq. 

RNA-Seq was performed by the company Novogene (Cambridge, United Kingdom). 

Briefly, mRNA was purified using poly-T oligo-attached magnetic beads. The first 

strand of cDNA was synthesized with random hexamer primers, followed by the 

second strand of cDNA synthesis using dUTP. The double-stranded cDNA libraries 

were achieved using the SMARTTM PCR cDNA Synthesis Kit. Sequencing was 

performed on the Illumina HiScanSQ based on the mechanism SBS (sequencing by 

synthesis) platform. The raw data generated by the sequencer was provided in FASTQ 

format.  

Because of failure during library preparation and uncertainty of RNA integrity, 2 of the 

45 samples were discarded (M0121424 from the M0 + rGDF-15 + LPS group and 

M2121424 from the M2 + rGDF-15 + LPS group), leaving 43 samples for the 

sequencing (Table 18). The maximal acceptable error rate was 6%. All the samples 

had an error rate of a maximum of 3%. Additionally, to assess the potential of AT/GC 

separation, GC content distribution was evaluated. To avoid low-quality reads, a 
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filtering process was conducted on the raw sequencing data, which included removing 

reads containing adaptors, more than 10% uncertain nucleotides and those containing 

low-quality nucleotides.  

Table 18. List of the sequenced samples. In red are the samples that failed the library 
preparation 

Group Name Sample ID Group Name Sample ID Group Name Sample ID 

M0 M0121421 M2 M2121421 Monocytes Mo12142 

M0121431 M2121431 Mo12143 

M0121441 M2121441 Mo12144 

M0121721 M2121721 Mo12172 

M0121731 M2121731 Mo12173 

M0 + rGDF-15 M0121422 M2 + rGDF-15 M2121422 
  

M0121432 M2121432 
  

M0121442 M2121442 
  

M0121722 M2121722 
  

M0121732 M2121732 
  

M0 + LPS M0121423 M2 + LPS M2121423 
  

M0121433 M2121433 
  

M0121443 M2121443 
  

M0121723 M2121723 
  

M0121733 M2121733 
  

M0 + rGDF-15 + 
LPS 

M0121424 M2 + rGDF-15 + 
LPS 

M2121424 
  

M0121434 M2121434 
  

M0121444 M2121444 
  

M0121724 M2121724 
  

M0121734 M2121734 
  

 
Alignment of the sequences was performed by HISAT2. Mapped regions were 

classified in exon, intron or intergenic region. The most abundant reads were exons, 

which supported the high-quality mRNA isolation. Gene expression quantification was 

normalized to the sequencing depth and length of the genes (RPKM). The logarithm 

to base 2 of the quotients of the RPKM values was given as a log2 fold change. The 

p-value and padj (adjusted for multiple comparisons using the Benjamini-Hochberg 

procedure) indicate the probability of error.  

2.11.1 Correlation analysis and a principal component (PC) analysis 

Correlation analysis and a PC analysis were performed using the normalized RNA-

Seq data accounted for total reads sequenced for each sample, to examine the 

reproducibility of the samples and the grouping of the comparison groups. Data was 

provided by Novogene. 
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2.11.2 Differential gene expression (DEG) analysis 

The DEG was analyzed using the DESeq2 R package and the normalized method 

DESeq. A gene was considered differentially expressed if it differed more than twice 

in expression between two sets of samples. To correct for false positive results, a padj 

was calculated. Among differentially expressed genes, relevant genes were selected 

if they had a |log2(FoldChange)| ≥ 1 and a padj ≤ 0.05. To visualize the output, volcano 

plots were generated using GraphPad Prism9.  

2.11.3 Functional enrichment analysis 

Functional enrichment analysis was used to categorize genes into relevant functional 

gene ontology (GO) terms to elucidate their biological roles and associations. To 

visualize the transcriptomic changes in the biological system, KEGG pathways were 

also analyzed. GO and KEGG analysis were performed using the clusterProfiler R 

package. Data was provided by Novogene. 

2.12 In-silico analysis 

The gene expression patterns of pan-cancer samples obtained from the TCGA 

database were evaluated utilizing Xena and Tumor Immune Estimation Resource 2.0 

(TIMER 2.0) platforms. These platforms offer comprehensive bioinformatics analysis 

tools for RNA-Seq data and clinical information about various tumors encompassed in 

the TCGA database. The dataset comprises gene expression profiles derived from 

both cancerous and healthy tissue samples, along with details regarding tumor stages, 

subtypes, and other clinicopathological characteristics. The association between 

mRNA levels of CCL15, CLEC12A, GAS7, GDF15, ID3, IL17RB, PMEPA1, PTP4A3, 

SMAD6, and STAB1 and the clinical information specifically related to KIRC was 

investigated. Immune tumor infiltration was assessed using TIMER2.0 and 

CIBERSORT performing a partial Spearman’s correlation adjusted by tumor purity. 

2.13 Data analysis 

The significance of the differential gene expression data was determined using the 

Wilcoxon matched-pairs rank test for non-normally distributed data or the Student’s 

paired t-test for normally distributed data, according to the test for normal distribution 

(Shapiro-Wilk test). ANOVA Kruskal-Wallis test was used for multiple comparison 

analysis and an unpaired t-test was performed for the analysis of gene expression 

within tumor tissue and clinical correlates. The survival analysis was performed using 
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the Log-rank (Mantel-Cox) test. Simple linear regressions were performed for the 

clinical characteristics and GDF-15 plasmatic level association in healthy donors. All 

statistical analyses were generated using GraphPad Prism 9. The significance of the 

data of correlation was analyzed using the Spearman test for non-normal distribution. 

A two-tailed p-value of less than 0.05 was considered to indicate statistical significance 

(confidence level 95%). ns = non-significant, p < 0.05, p ≤ 0.05**, p ≤ 0.01, ***p ≤ 0.001 

and ****p ≤ 0.001. A p-value of <0.05 was considered to be statistically significant. 
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3 RESULTS 

3.1 GDF-15 levels in cultured macrophages and in serum of healthy human 
population  

To assess the levels of GDF-15 secreted by macrophages, the samples of conditioned 

medium from macrophages cultured for 6 days were collected. The experimental 

groups included non-stimulated M0 macrophages, as well as M1 macrophages 

differentiated under stimulation with IFN-γ, and M2 macrophages differentiated under 

stimulation with IL-4. The GDF-15 concentration was assessed by ELISA. No statistical 

difference in GDF-15 levels was observed between the macrophage phenotypes 

(Figure 3).  

To determine the physiological levels of GDF-15, peripheral blood was collected from 

a group of healthy plasma donors, ranging in age from 19 to 68 years. Subsequently, 

serum was isolated from the collected blood samples. Detailed information on the 

characteristics of the participants can be found in Supplementary Table 1. 

Quantification of GDF-15 in the serum samples was conducted using ELISA. 

Spearman analysis between plasma GDF-15 levels and age, as well as with 

erythrocyte count showed a significant positive correlation (Supplementary Figure 1). 

The mean serum GDF-15 concentration in healthy donors was 382,7 pg/mL (85,3-

1830). Compared to the culture concentration, the serum concentration was 

significantly higher (for M0, M1 and M2 vs. serum p<0,0001) (Figure 3). 
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Figure 3. GDF-15 levels in cultured M0, M1 and M2 macrophages after 6 days (M0 n=6, M1 
n=10, M2 n=10) and in serum from healthy donors (n=68). Data are presented as mean ± 
SEM.  
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3.2 Analysis of macrophage pro-inflammatory cytokine expression induced by rGDF-
15 after LPS stimulation  

To evaluate the effect of rGDF-15 on the inflammatory response of macrophages to 

LPS, macrophages were primed with varying concentrations of rGDF-15 at different 

time points, and were subsequently challenged with LPS, according to the 

experimental design (Table 19 and Figure 4). In all models, macrophages were 

harvested after 6 hours of LPS co-culture. RNA was then isolated and cDNA was 

synthesized. The relative expression of the pro-inflammatory cytokines TNF-α and IL-

1β was measured by RT-PCR. 

Table 19. Experimental design  

M0 ± LPS 100 ng/mL M1 ± LPS 100 ng/mL M2 ± LPS 100 ng/mL 

M0 + rGDF-15 10 ng/mL ± 
LPS 100 ng/mL 

M1 + rGDF-15 10 ng/mL ± 
LPS 100 ng/mL 

M2 + rGDF-15 10 ng/mL ± 
LPS 100 ng/mL 

M0 + rGDF-15 25 ng/mL ± 
LPS 100 ng/mL 

M1 + rGDF-15 25 ng/mL ± 
LPS 100 ng/mL 

M2 + rGDF-15 25 ng/mL ± 
LPS 100 ng/mL 

M0 + rGDF-15 50 ng/mL ± 
LPS 100 ng/mL 

M1 + rGDF-15 50 ng/mL ± 
LPS 100 ng/mL 

M2 + rGDF-15 50 ng/mL ± 
LPS 100 ng/mL 

M0 + rGDF-15 100 ng/mL ± 
LPS 100 ng/mL 

M1 + rGDF-15 100 ng/mL ± 
LPS 100 ng/mL 

M2 + rGDF-15 100 ng/mL ± 
LPS 100 ng/mL 

 

 
Figure 4. Schematic representation of the different model systems. After CD14 isolation, 
monocytes were differentiated into macrophages in culture medium for 6 days. In model 1, 
rGDF-15 was added on day 6 of incubation for 48 hours, followed by the LPS challenge for 6 
hours. In model 2, rGDF-15 was added after monocyte isolation. LPS challenge was performed 
on day 6. In model 3, rGDF-15 was added for 1 hour on day 6 of incubation, followed by the 
LPS challenge for 6 hours. Created with Biorender.com. 

3.2.1 rGDF-15 priming for 48 hours suppresses TNF-α expression in response to LPS 
in macrophages  

To investigate the influence of rGDF-15 priming on macrophages, model 1 was 

performed in which rGDF-15 treatment occurred 48 hours before the cells were 

challenged with LPS. The expression levels of TNF-α in macrophages from this 
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particular model are depicted in Figure 5. Macrophages treated with rGDF-15 alone 

showed no significant difference in TNF-α expression compared to control, regardless 

of rGDF-15 concentration. In contrast, LPS treatment significantly increased TNF-α 

expression in macrophages compared to those treated with rGDF-15 alone and 

control. Finally, TNF-α expression was significantly downregulated in M0 and M1 

primed with high doses of rGDF-15 for 48 hours before the LPS challenge (p=0,0313 

for M0 and p=0,0156 for M1). A similar trend was evident in M2 without reaching 

statistical significance. Although not statistically significant, a dose-response trend is 

evident, particularly in M0 and M1.  

 

 

Figure 5. Effect of rGDF-15 pretreatment for 48 hours on TNF-α expression in M0, M1 
and M2 macrophages challenged with LPS. mRNA expression was analyzed by RT-PCR 
in macrophages cultured for 6 days, primed with rGDF-15 at increasing concentrations (10, 
25, 50 or 100 ng/mL) for 48 hours and challenged with LPS (100 ng/mL) for 6 hours. n=6 for 
M0, n=4 for rGDF15 10 ng/mL, 25, 50, 10 + LPS, 25 + LPS, 50 + LPS, n=7 for 100, LPS and 
100 + LPS, n=7 for M1, rGDF15 100 ng/mL and LPS, 100 + LPS, n=4 for 10, 25, 50, 10 + LPS, 
25 + LPS, 50 + LPS, n=6 for M2, rGDF15 100 ng/mL, n=4 for 10, 25, 50,10 + LPS, 25 + LPS, 
50 + LPS, n=7 for LPS, n=5 for 100 + LPS. Data are presented as mean ± SEM normalized to 
18SrRNA expression levels. *p<0.05. 
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3.2.2 Macrophage co-differentiation with rGDF-15 suppresses TNF-α expression in 
response to LPS  

The effect of rGDF-15 on the monocyte-to-macrophage differentiation was assessed 

in model 2, in which rGDF-15 was added after monocyte isolation for 6 days, followed 

by a 6-hour challenge with LPS. There was a decreasing trend in TNF-α expression in 

M0 and M1 macrophages with increasing concentrations of rGDF-15. However, this 

was not statistically significant. This trend was not observed in M2 (Figure 6).  

 

 

Figure 6. Effect of rGDF-15 co-culture on the gene expression of TNF-α in M0, M1 and 
M2 macrophages challenged with LPS. mRNA expression was analyzed by RT-PCR in 
macrophages cultured with rGDF-15 at increasing concentrations (10, 25, 50 or 100 ng/mL) 
for 6 days and challenged with LPS (100 ng/mL) for 6 hours. M0 n=4, M1 n=4, M2 n=4, n=2 
for rGDF15 10 ng/mL + LPS, 50 + LPS and 100. Data are presented as mean ± SEM 
normalized to 18SrRNA expression levels.  

3.2.3 rGDF-15 priming for 1 hour suppresses TNF-α and IL-1β expression in 
response to LPS in macrophages  

In order to assess the effect of shortened exposition time to GDF-15, rGDF-15 was 

added to the culture media for only 1 hour on day 6 in model 3. TNF-α expression was 

significantly reduced in response to LPS in M0 and M2 macrophages primed with 
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rGDF-15. A dose-dependent trend with increasing rGDF-15 concentration was 

observed in M2 (Figure 7).  

 

 

Figure 7. Effect of rGDF-15 priming on the gene expression of TNF-α in M0, M1 and M2 
macrophages challenged with LPS. mRNA expression was analyzed by RT-PCR in 
macrophages cultured for 6 days, primed for 1 hour with rGDF-15 at increasing concentrations 
(10, 25, 50 or 100 ng/mL) and challenged with LPS (100 ng/mL) for 6 hours. n=9 for M0, 
rGDF15 50 ng/mL, LPS and 50 + LPS. n=3 for 10, 25, 100, 10 + LPS, 25 + LPS, 100 + LPS, 
M1 n=4, n=10 for M2, 50, LPS and 50 + LPS. n=4 for 10, 25, 100, 10 + LPS, 25 + LPS, 100 + 
LPS. Data are presented as mean ± SEM normalized to 18SrRNA expression levels. *p<0.05, 
**p<0.01. 

 

IL-1β expression was assessed in M0 and M2 macrophages primed with 50 ng/dL 

rGDF-15. A decrease in IL-1β expression was evident in macrophages treated with 

rGDF-15 and challenged with LPS compared to those challenged with LPS alone in 

both M0 and M2. In M0, an increased IL-1β expression was found in macrophages 

treated with rGDF-15 compared to control (Figure 8).  
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Figure 8. Effect of rGDF-15 priming on IL-1β gene expression in M0 and M2 
macrophages challenged with LPS. mRNA expression was analyzed by RT-PCR in 
macrophages cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour, and challenged 
with LPS (100 ng/mL) for 6 hours. M0 n=8, M2 n=7. Data are presented as mean ± SEM 
normalized to 18SrRNA expression levels. *p<0.05. 

 
All three models successfully confirmed the well-established inhibitory effect of rGDF-

15 on TNF-α expression. Nevertheless, model 3 was selected to advance with 

transcriptomic analysis via Total-RNA-Sequencing (RNA-Seq) because it 

demonstrated significant TNF-α suppression even at low doses of rGDF-15 and after 

a shortened exposure time. Furthermore, this model revealed a dose-dependent effect 

within M2 macrophages. In addition, RNA-Seq analysis was conducted specifically on 

M0 and M2 phenotypes, while M1 was excluded due to the lack of any observable 

significant effect on TNF-α expression following rGDF-15 treatment in model 3.  

3.3 Transcriptomic analysis in macrophages primed with rGDF-15 and challenged 
with LPS 

To analyze the effect of rGDF-15 priming on the global differential mRNA expression 

in macrophages challenged with LPS, RNA-Seq was performed. Total RNA was 

isolated from monocytes and from macrophages under cytokine stimulation to achieve 

M0 and M2 phenotypes for 6 days, according to the experimental design (Figure 4). 

On day 6, rGDF-15 was added to the culture media and incubated for 1 hour, followed 

by a 6 hours LPS challenge. Macrophages were immediately harvested and RNA was 

isolated for RNA-Seq. RNA quality was assessed by agarose gel electrophoresis. 

RNA-Seq was performed by Novogene (Cambridge, UK) using Illumina HiScanSQ 

based on the sequencing by synthesis (SBS) mechanism. RNA-Seq data consisted of 
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four to five replicates for 9 conditions. In total, the available RNA-Seq transcriptomes 

consisted of 43 samples, as shown in Methods (Table 18).  

 

The transcriptomic analysis involved a number of key steps. First, correlation analysis 

and a principal component analysis were performed to examine the reproducibility of 

the samples and the grouping of the comparison groups. Next, DEG and kyoto 

encyclopedia of genes and genomes (KEGG) analyses were performed to identify 

genes with significant changes in expression. Finally, functional enrichment analysis 

was used to categorize genes into relevant functional GO terms to elucidate their 

biological roles and associations. 

3.3.1 Correlation analysis 

In order to evaluate the reproducibility within samples, a Pearson correlation analysis 

was performed on the normalized RNA-Seq data to account for the total number of 

reads sequenced for each sample. Figure 9 illustrates the inter- and intragroup 

variability of macrophage and monocyte samples. Intergroup similarity is high within 

macrophage conditions, showing a R2 greater than 0,8, consistent with each group 

belonging to an activated phenotype. Monocytes from different donors show high 

intragroup similarity but lower intergroup similarity, which is also an expected result 

considering their undifferentiated state.  

The two-dimensional PC plot (Figure 10) depicts the grouping of replicates within 

conditions and across samples. This plot shows all 43 samples along PC1 and PC2, 

which describe 33.09% and 24.09% of the variability within the expression data set, 

respectively. Conditions including LPS are grouped in the negative portion of the X- 

and Y-axis, regardless of macrophage phenotype or additional pretreatment with GDF-

15, highlighting the strong effect of this treatment on the transcriptome. Conditions 

without LPS are grouped in the negative X-axis and positive Y-axis, supporting that 

although M0 and M2 are different macrophage phenotypes, they share most of their 

transcriptome and there is no major shift of it in the presence of rGDF-15. 
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Figure 9. Intersample correlation heat map. Individual sample ID clarification is shown in 
Methods. R2 indicates the square of the Pearson coefficient. 
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Figure 10. PC analysis of biological replicates. Percentages indicate the relative 
contribution of the 2 principal components (PC1–PC2). Clarification of individual sample IDs is 
provided in Methods. 

3.3.2 Transcript quantification and DEG analysis 

To elucidate the impact of rGDF-15 in activated macrophages, the following 

comparisons were made: M0 vs. M0 + rGDF-15 and M2 vs. M2 + rGDF-15. 

Furthermore, to evaluate the transcriptomic influence of rGDF-15 on macrophage 

response to LPS, the comparisons M0 + rGDF-15 + LPS vs. M0 + LPS and M2 + rGDF-

15 + LPS vs. M2 + LPS were focused on (Figure 11). RNA-Seq overall count of 

differentially up- and/or downregulated DEGs for the selected comparisons of interest 

is shown in Table 20. The gene expression level threshold was 1 for FPKM. DESeq2 

p-value ≤0.05 and |log2FoldChange| ≥0.0 were selected as screening criteria. The 

numbers of differentially expressed genes in the resting comparisons is shown in 

Supplementary Figure 2. 
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Figure 11. Schematic representation of the comparison of interest in the model system.  

 
Table 20. Differences in DEG counts between the comparison groups   

M0 M2  
rGDF-15 rGDF-15+LPS vs. LPS rGDF-15 rGDF-15+LPS vs. LPS 

downregulated 674 266 461 227 

upregulated 526 462 342 211 

 

To get an overview of the expression profile, Volcano plots were generated, plotting 

the log2 fold change against the 2log10 p-value for pairwise comparisons in M0 and 

M2, respectively (Figure 12). The set of genes that were selected for further RT-PCR 

validation are displayed in green, as mentioned below. 
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Figure 12. Volcano plot for differential gene expression in M0 and M2. A) Gene expression 
changes between M0 primed with rGDF-15 and non-primed M0 and between M0 primed with 
rGDF-15 and challenged with LPS and M0 after LPS challenge, as well as, B) between M2 
primed with rGDF-15 and non-primed M2 and between M2 primed with rGDF-15 and 
challenged with LPS and M2 after LPS challenge The X-axis is the log2 fold change of gene 
expression levels and the Y-axis is padj based on -log10. Up- and downregulated differentially 
expressed genes with a false discovery rate less than 0.05 are shown in red. The black dots 
indicate genes with no statistically significant difference. The grey line is showing the threshold 
for differential gene screening. The green dots represent the genes selected for validation. 
 
A total of 328 and 512 genes were differentially expressed after rGDF-15 priming for 1 

hour in M0 and M2, respectively (Figure 13A and 13B). Overlap within and between 

macrophage phenotypes was considered. For the comparison groups, 1055 genes 

were differentially expressed in M0 and M2 after rGDF-15 priming for 1 hour followed 

by LPS challenge vs. LPS challenge alone. In this comparison, 616 genes were 

differentially expressed in M0 and 326 in M2, sharing a total of 113 differentially 

expressed genes (Figure 13C). A total of 822 genes were differentially expressed in 

M0 in all three conditions: control; challenged with LPS alone, and primed with rGDF-

15 and challenged with LPS (Figure 13D). Figure 13E shows the total differential 

expression between M2 conditions. 
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Figure 13. Significant overlapping genes for the different culture conditions. A) Venn’s 
diagram of the number of genes that are uniquely expressed by M0 + rGDF-15 vs. M0, as well 
as the overlapping gene expression within groups. B) Venn’s diagram of the number of genes 
that are uniquely expressed by M2 + rGDF-15 vs. M2, as well as the overlapping gene 
expression within groups. C) Differential gene expression for the condition of interest rGDF-15 
priming vs. LPS challenge and rGDF-15 priming in M0 and M2. D) Venn’s diagram of 
differential gene expression in M0 in rGDF-15 priming, in LPS challenge and in rGDF-15 
priming and LPS challenge. E) Venn’s diagram of differential gene expression in M2 in rGDF-
15 priming, in LPS challenge and in rGDF-15 priming and LPS challenge. 

3.3.3 Functional enrichment analysis 

To better understand the spectrum of the DEGs, GO and KEGG analysis was 

performed. DEGs were categorized by cellular component (CC), molecular function 

(MF), and biological process (BP) based on their GO annotations. Figure 14A and B 

show the top 30 significant GO terms for the M0 vs. M0 + rGDF-15 comparison and 

their corresponding biological category. 464 GO terms showed significant changes in 
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the M0+rGDF-15 vs. M0 comparison. Within this comparison group, the upregulated 

DEGs identified were mainly associated with blood vessel morphogenesis, 

development and angiogenesis. The top downregulated GO terms were platelet 

activation, adaptive immune response and leukocyte cell-cell adhesion. KEGG 

analysis showed that most of the DEGs are involved in Transcriptional dysregulation 

in cancer, Leishmaniasis, Pathways in cancer and Cytokine-cytokine receptor 

interaction (Figure 14C). 

A) 
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B) 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

67 
 

C)  

Figure 14. GO and pathway analysis of DEGs for M0 vs. M0 + rGDF-15 comparison. A) 
Dot plot of the top 30 significant GO terms. The Y-axis shows the GO categories, and the X-
axis represents the -log2 (p-value) of the significant GO terms. B) Histogram of the top 30 
significant GO terms classified by GO functional category. C) Dot plot of the top 30 KEGG 
pathways. The size of the dots is proportional to the fold enrichment. 

 

The results of GO analysis showed that 14 GO terms were related to M0+rGDF-

15+LPS vs. M0+LPS. The top downregulated GO terms were mainly involved in rRNA 

metabolism and ribosome biogenesis, whereas the upregulated ones were related to 

TGF-β receptor signaling pathway and receptor complex formation (Figure 15A and 

B). KEGG analysis revealed no statistically significant pathway for this comparison 

group.  
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A) 
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B) 

 

Figure 15. GO and pathway analysis of DEGs for M0 + rGDF-15 + LPS vs. M0 + LPS 
comparison. A) Dot plot of the top 30 significant GO terms. The Y-axis shows the GO 
categories, and the X-axis represents the −log2 (p-value) of the significant GO terms. B) 
Histogram of the top 30 significant GO terms classified by GO functional categories.  

 

A total of 119 GO terms were significantly altered in M2 macrophages treated with 

rGDF-15 compared to control. Similar to M0 treated with rGDF-15, genes were 

enriched in processes related to angiogenesis and leukocyte migration. Other 

important pathways that were significantly changed in the model involved the response 

to transforming growth factor beta. KEGG pathway analysis showed that a large 

number of genes in the “Calcium signaling pathway” and “Pathways in cancer” were 

upregulated in this comparison group. 
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C) 

 

Figure 16. GO and pathway analysis of DEGs for M2 vs. M2 + rGDF-15 comparison. A) 
Dot plot of the top 30 significant GO terms. The Y-axis shows the GO categories, and the X-
axis represents the -log2 (p-value) of the significant GO terms. B) Histogram of the top 30 
significant GO terms classified by GO functional categories. C) Dot plot of the top 30 KEGG 
pathways. The size of the dots is proportional to the fold enrichment. 

 

Lastly, within the M2+rGDF-15 vs. M2+rGDF-15+LPS comparison, genes were 

enriched for molecular function GO terms such as cytokine binding and transforming 

growth factor beta binding. Downregulated GO terms included metal ion homeostasis 

and zinc ion homeostasis. KEGG analysis did not reveal any statistically significant 

pathways for this comparison group. 
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A) 
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B) 

 

 

Figure 17. GO and pathway analysis of DEGs for M2 + rGDF-15 + LPS vs. M2 + LPS 
comparison. A) Dot plot of the top 30 significant GO terms. The Y-axis shows the GO 
categories, and the X-axis represents the -log2 (p-value) of the significant GO terms. B) 
Histogram of the top 30 significant GO terms classified by GO functional categories.  

3.3.4 Selection of candidate reference genes 

To achieve biological reproducibility and following the GO and KEGG analysis, 13 

candidate genes were selected further validation, which were among the top 

significantly up- and downregulated DEGs for the different comparison groups of 

interest: BCL2L14, CCL15, CLEC12A, GAS7, ID3, IL17RB, KLF2, PALD1, PMEPA1, 

PROC, PTP4A3, SERPINB2, and SMAD6. All of these genes had FPKM log2-

transformed fold changes either greater than 0 or less than 0 within their respective 
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comparison groups. Table 21 illustrates the top 15 GO terms that were enriched across 

the conditions of interest, highlighting the DEGs that were selected for further 

validation. Among them, KLF2 and SMAD6 were shown to be involved in angiogenesis 

and blood vessel development pathway in the GO analysis (Table 21). KLF2 was 

significantly altered in macrophages primed with rGDF-15 and then challenged with 

LPS compared to those challenged with LPS alone. SMAD6 showed significant 

upregulation in the M2 + rGDF-15 vs. M2 comparison. Other important pathways that 

were significantly altered involving SMAD6 include “response to transforming growth 

factor beta” (padj=0,014, for the comparison M2 + rGDF-15 vs. M2) and “cellular 

response to transforming growth factor beta stimulus” (padj=0,04, and padj=0,02, for 

the comparison M0 + rGDF-15 vs. M0 and M2 + rGDF-15 vs. M2, respectively), among 

several others. Similarly, PMEPA1, upregulated in M0 treated with rGDF-15, belongs 

to pathways involved in the response to TGF-β. 
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Table 21. Top 15 GO terms that were enriched for genes differentially expressed across conditions of interest 

GO Term Description p-value Genes Comparison 

GO:0001568 blood vessel development 8,55E-06 SMAD6, KLF2 M2+GDFvsM2/M0+GDFvsM0 

GO:0071559 response to transforming growth factor beta 6,92E-07 PMEPA1, SMAD6 M2+GDFvsM2/M0+GDFvsM0 

GO:0009611 response to wounding 2,17E-08 
PROC, 
SERPINB2, ID3 

M2+GDFvsM2/M0+GDFvsM0 

GO:0050878 regulation of body fluid levels 2,61E-08 
SERPINB2, 
PROC 

M2+GDFvsM2/M0+GDFvsM0 

GO:0042060 wound healing 5,87E-08 
SERPINB2, 
PROC 

M2+GDFvsM2/M0+GDFvsM0 

GO:0061041 regulation of wound healing 2,03E-09 
SERPINB2, 
PROC 

M2+GDFvsM2/M0+GDFvsM0 

GO:0050900 leukocyte migration 3,44E-09 
SERPINB2, 
PROC, CCL15 

M2+GDFvsM2/M0+GDFvsM0/ 

M0+GDF+LPSvsM0+LPS 

GO:1903034 regulation of response to wounding 7,79E-09 
SERPINB2, 
PROC 

M2+GDFvsM2/M0+GDFvsM0 

GO:0045596 negative regulation of cell differentiation 0,0001 ID3 M0+GDFvsM0 

GO:0060840 artery development 0,0001 SMAD6 M2+GDFvsM2/M0+GDFvsM0 

GO:0031589 cell-substrate adhesion 0,0001 SMAD6 M2+GDFvsM2/M0+GDFvsM0 

GO:0090101 
negative regulation of transmembrane 
receptor protein serine/threonine kinase 
signaling pathway 

0,0001 PMEPA1, SMAD6 M2+GDFvsM2 

GO:0030510 regulation of BMP signaling pathway 0,0002 SMAD6 M0+GDFvsM0 

GO:0050729 
positive regulation of inflammatory 
response 

0,0002 IL17RB M2+GDFvsM2/M0+GDFvsM0 

GO:0007178 
transmembrane receptor protein 
serine/threonine kinase signaling pathway 

0,0002 PMEPA1, SMAD6 M2+GDFvsM2/M0+GDFvsM0 
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“Response to wounding” was another significantly changed pathway in the GO 

analysis in both comparisons M0+rGDF-15 vs. M0 and M2+rGDF-15 vs. M2 (padj were 

0,004 and 0,001, respectively). Within this pathway PROC, SERPINB2 and ID3 

expression was found to be significantly altered (Table 21). 

Another pathway significantly upregulated in the comparison M0+rGDF-15 vs. M0 and 

M2+rGDF-15 vs. M2 was “leukocyte migration”. PROC and CCL15 belong to this 

pathway and their expression was upregulated in the comparison M0 + rGDF-15 + LPS 

vs. M0 + LPS. Furthermore, IL17RB upregulated during rGDF-15 treatment in 

macrophages, belongs to the enriched GO terms involved in the regulation of 

inflammation and cytokine production.  

 

Finally, for the M0 + rGDF-15 + LPS vs. M0 + LPS and M2 + rGDF-15 + LPS vs. M2 + 

LPS groups, the top differentially expressed genes were included: PTP4A3, BCL2L14 

and PALD1 for M0, and GAS7 and CLEC12A for M2. The fold change for the 13 genes 

selected by RNA-Seq and their respective RT-PCR validation are shown in the Table 

22. The conditions validated by RT-PCR are marked in green as shown below. The 

functions of the validated genes are described in Table 23. 

 

Table 22. RT-PCR validation of RNA-Seq experiments 

    RNA-Seq RT-PCR 

Gene name Condition Fold change p-value 
Fold 

change 
p-value 

BCL2L14 

M0 - - na >0,9999 

M0 + LPS  -3,13 0,003 -0,24 0,164 

M2 - - 0,00 na 

M2 + LPS  -0,90 0,430 -0,34 0,426 

CCL15 

M0 - - -0,18 0,219 

M0 + LPS  -2,71 0,001 -0,70 0,040 

M2 - - -0,05 >0,9999 

M2 + LPS  -0,99 0,068 -0,56 0,059 

CLEC12A 

M0 0,39 0,524 -0,14 0,538 

M0 + LPS  1,62 0,0001 6,92 0,034 

M2 0,36 0,488 4,17 0,114 

M2 + LPS  2,14 9E-08 11,39 0,108 

GAS7 

M0 -0,69 3E-04 -0,21 0,244 

M0 + LPS  -1,01 0,041 -0,59 0,005 

M2 -0,56 0,013 0,22 0,607 

M2 + LPS  -1,27 4E-05 -0,85 0,127 

ID3 M0 1,47 1E-04 0,49 0,170 



Results 

78 
 

M0 + LPS  3,07 3E-04 0,05 0,901 

M2 0,96 0,190 1,03 0,035 

M2 + LPS  2,51 0,029 2,19 0,012 

IL17RB 

M0 2,02 0,001 3,25 0,002 

M0 + LPS  1,88 0,08 4,52 0,005 

M2 1,66 0,046 1,25 0,006 

M2 + LPS  1,33 0,212 18,32 0,0002 

KLF2 

M0 -1,26 4E-05 7,10 0,125 

M0 + LPS  -1,74 2E-08 -0,73 0,625 

M2 -0,76 0,061 -0,26 >0,9999 

M2 + LPS  -1,55 1E-05 -0,92 0,059 

PALD1 

M0 3,83 1E-09 21,96 0,063 

M0 + LPS  6,57 2E-04 0,39 0,438 

M2 4,23 2E-10 -0,15 0,813 

M2 + LPS  2,41 2,783 1,06 0,313 

PMEPA1 

M0 3,85 9E-16 28,63 0,005 

M0 + LPS  2,307 2E-02 46,68 0,016 

M2 3,30 2E-03 4,90 0,031 

M2 + LPS  1,99 1E-03 6,74 0,031 

PROC 

M0 3,17 2E-07 -0,10 0,625 

M0 + LPS  5,24 0,026 1,24 0,447 

M2 3,38 3E-05 4,90 0,375 

M2 + LPS  -1,48 NA 2,76 >0,9999 

PTP4A3 

M0 -2,52 0,301 -0,73 0,938 

M0 + LPS  -3,99 4E-09 -0,86 0,001 

M2 -0,57 0,753 1,69 0,516 

M2 + LPS  -2,55 2E-04 -0,95 0,007 

SERPINB2 

M0 -2,76 3E-13 -0,92 0,125 

M0 + LPS  -1,44 0,044 -0,86 0,155 

M2 -2,83 2E-12 -0,87 0,813 

M2 + LPS  -1,44 0,021 -0,75 0,063 

SMAD6 

M0 4,77 1E-18 17,53 0,004 

M0 + LPS  1,21 0,051 1,57 0,004 

M2 3,49 2E-08 2,64 0,029 

M2 + LPS  1,07 0,102 0,74 0,006 
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Table 23. Selected validated set of genes 

Gene annotation Abbreviation Function Condition 
Direction of 

the expression 

C-C motif chemokine ligand 15 CCL15 Chemoattractant for monocytes and neutrophils M0+ LPS  ↓ 

C-type lectin domain family 12 member  CLEC12A Death cells recognition and negative regulator of inflammation M0+ LPS  ↑ 

growth arrest specific 7 GAS7 Formation of the phagocytic cup  M0+ LPS  ↓ 

inhibitor of DNA binding 3, HLH protein ID3 Negative regulator transcription through non-functional dimers 
M2 ↑ 

M2+ LPS  ↑ 

interleukin 17 receptor B IL17RB Th2 response and anti-inflammatory mechanisms 

M0 ↑ 

M0+ LPS  ↑ 

M2 ↑ 

M2+ LPS  ↑ 

prostate transmembrane protein, androgen 
induced 1  

PMEPA1 Negative feedback mechanism which antagonizes TGF-β signaling  

M0 ↑ 

M0+ LPS  ↑ 

M2 ↑ 

M2+ LPS  ↑ 

protein tyrosine phosphatase type IVA, 
member 3 

PTP4A3 Cell growth, proliferation, migration and invasion 
M0+ LPS  ↓ 

M2+ LPS  ↓ 

SMAD family member 6 SMAD6 Anti-inflammatory signalling in macrophages  

M0 ↑ 

M0+ LPS  ↑ 

M2 ↑ 

M2+ LPS  ↑ 
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The expression of these genes was measured in M0, M1 and M2, cultured under the 

conditions described in the experimental design (Figure 11). The expression levels of 

the validated genes are shown in the following sections (Sections 3.3.4.1 to 3.3.4.8). 

The expression profile of the non-validated genes is shown in the Supplementary 

Material (Supplementary Figures 3 to 7). Moreover, the expression of GDF-15 in the 

model system was assessed. A significant increase in GDF-15 expression was 

observed solely in M0 macrophages treated with LPS, as compared to M0 treated with 

rGDF-15 alone. Furthermore, among M0 and M2 macrophages, those treated with 

rGDF-15 displayed the lowest GDF-15 expression levels (Supplementary Figure 8). 

3.3.4.1 Upregulated CCL15 expression in macrophages driven by LPS treatment is 
decreased after rGDF-15 priming  

CCL15 belongs to the CC chemokine subfamily, and binds to CCR1 and CCR3, and 

acts as a chemoattractant for monocytes and neutrophils. Its presence in tumor tissue 

is associated with TAMs infiltration, with angiogenesis, and with metastasis128. 

Increased expression of CCL15 was observed in M0 and M2 challenged by LPS, which 

was decreased by pre-stimulation with rGDF-15 (p=0,0475 and p=0,0591, 

respectively) (Figure 18).  

 

                                 

Figure 18. Effect of rGDF-15 on CCL15 gene expression of CCL15 in macrophages 
challenged with LPS. CCL15 mRNA expression was analyzed by RT-PCR in M0 and M2 
macrophages cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged 
with LPS 100 g/mL for 6 hours. n=7 for M0 and n=6 for M2. Data are presented as mean ± 
SEM normalized to 18SrRNA expression levels. *p<0.05. 
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3.3.4.2 CLEC12A expression is highest in macrophages primed with rGDF-15 and 
challenged with LPS 

C-type lectin domain family 12 member A (CLEC12A) is a receptor highly expressed 

on myeloid cells and on myeloblasts in patients with acute myeloid leukemia (AML) 129. 

CLEC12A recognizes dead cells and seems to be a negative regulator of 

inflammation130. CLEC12A was shown to be predominantly expressed in M0 and M1 

macrophages after rGDF-15 priming and LPS challenge compared to LPS challenge 

alone. In addition, there was a non-significant difference in expression levels in LPS 

challenged macrophages compared to control or rGDF-15 treated macrophages alone 

(Figure 19).  

   

 

Figure 19. Effect of rGDF-15 on CLEC12A gene expression in macrophages challenged 
with LPS. CLEC12A mRNA expression was analyzed by RT-PCR in M0, M1 and M2 
macrophages cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged 
with LPS 100 g/mL for 6 hours. n=5. Data are presented as mean ± SEM normalized to 
18SrRNA expression levels. *p<0.05, **p<0.01. 
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3.3.4.3 GAS7 expression is downregulated by rGDF-15 priming in LPS-challenged 
macrophages 

Growth Arrest-Specific 7 (GAS7) is a transmembrane protein expressed in 

phagocytes, including macrophages, which is a key factor in the formation of the 

phagocytic cup131. Its expression is induced in macrophages after LPS treatment132. In 

the present project, GAS7 was downregulated in rGDF-15 primed M0 macrophages 

compared to M0 challenged with LPS alone (Figure 20). The same trend was visible 

in M1 and M2 macrophages without reaching statistical significance (Figure 20). 

Interestingly, the lowest GAS7 gene expression was found in macrophages primed 

with rGDF-15 and challenged with LPS (Figure 20).   

  

 

Figure 20. Effect of rGDF-15 on the gene expression of GAS7 in macrophages 
challenged with LPS. GAS7 mRNA expression was analyzed by RT-PCR in M0, M1 and M2 
macrophages cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged 
with LPS 100 g/mL for 6 hours. n=4. Data are presented as mean ± SEM normalized to 
18SrRNA expression levels. *p<0.05, **p<0.01. 
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3.3.4.4 rGDF-15 upregulates ID3 expression in macrophages  
Inhibition of differentiation 3 (ID3) is a transcription factor that negatively regulates 

transcription through non-functional dimers. ID3 expression has been reported to be 

upregulated in M2 macrophages133. In this model, rGDF-15 treatment increased ID3 

expression in M1 and M2 macrophages. This increase was particularly evident rGDF-

15 treated M1 compared to LPS-challenged macrophages and within M2 + rGDF-15 

compared to control and LPS treated macrophages (Figure 21).  

  

 

Figure 21. Effect of rGDF-15 on ID3 gene expression in macrophages challenged with 
LPS. ID3 mRNA expression was analyzed by RT-PCR in M0, M1 and M2 macrophages 
cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 
g/mL for 6 hours. n=6. Data are presented as mean ± SEM normalized to 18SrRNA expression 
levels. *p<0.05. 

3.3.4.5 rGDF-15 upregulates expression of IL17RB in macrophages 
IL-17RB is the receptor for IL-17E, also known as IL-25, a member of the IL-17 cytokine 

family. This cytokine family is predominantly produced by T helper 17 (Th17) cells of 

the TCD4+ subset and contributes to the production of pro-inflammatory cytokines 

such as TNF-α and IL-6. Compared to the other members, IL-17E has a different 
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functionality, promoting Th2 responses and anti-inflammatory mechanisms. This 

cytokine is also secreted by macrophages, natural killer (NK) cells and mast cells134. 

The interaction between IL-17RB and its ligand has been implicated in tumor 

progression and poor prognosis in several cancers135. The effect of rGDF-15 on 

IL17RB expression in macrophages was analyzed in 12 donors in M0, 7 donors in M1 

and 13 donors in M2. Figure 22 illustrates a significant upregulation of IL17RB 

expression on M0 macrophages pretreated with rGDF-15, with and without LPS 

challenge, compared to those non-treated and those challenged with LPS. Likewise, 

M2 macrophages showed a significantly increased IL17RB expression with rGDF-15 

pre-treatment, which was maintained after LPS challenge. This increased expression 

was also evident when comparing non-treated M1 and rGDF-15-treated M1 

macrophages (p=0,0156), but did not reach statistical significance in M1 challenged 

with LPS.  

           

 

Figure 22. Effect of rGDF-15 on IL17RB gene expression in macrophages challenged 
with LPS. IL17RB mRNA expression was analyzed by RT-PCR in M0, M1 and M2 
macrophages cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged 
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with LPS 100 g/mL for 6 hours. n=12 for M0, n=7 for M1 and n=13 for M2 Data are presented 
as mean ± SEM normalized to 18SrRNA expression levels. *p<0.05, **p<0.01, ***p<0.001 

3.3.4.6 PMEPA1 expression is low in the activated macrophages and it is upregulated 
after rGDF-15 treatment 

Prostate transmembrane protein androgen induced 1 (PMEPA1) is a transmembrane 

protein with a recently discovered role in tumorigenesis in prostate, cervical, 

pancreatic, and colorectal cancers. It has also been shown that PMEPA1 activation 

results in a negative feedback mechanism that antagonizes TGF-β signaling136.  

Upregulated PMEPA1 expression was found in macrophages treated with rGDF-15 in 

M0 and M2 compared to control (p=0,0048 and p=0,0313, respectively). This 

upregulated expression was particularly pronounced in macrophages pretreated with 

rGDF-15 and then challenged with LPS. Interestingly, LPS alone did not upregulate 

PMEPA1 expression (Figure 23).  

 

Figure 23. Effect of rGDF-15 on PMEPA1 gene expression in macrophages challenged 
with LPS. PMEPA1 mRNA expression was analyzed by RT-PCR in M0 and M2 macrophages 
cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 
g/mL for 6 hours. M0 n=6 and M2 n=7. Data are presented as mean ± SEM normalized to 
18SrRNA expression levels. *p<0.05, **p<0.01. 

3.3.4.7 rGDF-15 suppresses PTP4A3 expression in macrophages 
Protein tyrosine phosphatase 4A3 (PTP4A3) is a plasma membrane and endosomal 

phosphatase, that belongs to the phosphatase of regenerative liver (PRL) PTP 

subfamily, and it is involved in many cellular processes, including cell growth, 

proliferation, migration and invasion137. High expression of this protease has been 

found in several cancer types including breast, ovarian, and renal cell carcinoma, and 

it is correlated with metastasis and poor prognosis138-140. PTP4A3 expression was 

evaluated in 11 donors for each macrophage phenotype, M0 and M2 (Figure 24). LPS 
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treatment significantly increased PTP4A3 expression in M0 and M2 macrophages. 

However, this increased expression was abolished by pretreatment with rGDF-15. In 

addition, PTP4A3 expression was almost undetectable in untreated macrophages and 

in those primed only with rGDF-15 without LPS challenge. 

  

Figure 24. Effect of rGDF-15 on the gene expression of PTP4A3 in macrophages 
challenged with LPS. PTP4A3 mRNA expression was analyzed by RT-PCR in M0 and M2 
macrophages cultured for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged 
with LPS 100 g/mL for 6 hours. n=11. Data are presented as mean ± SEM normalized to 
18SrRNA expression levels. **p<0.01, ***p<0.001 

3.3.4.8 rGDF-15 upregulates SMAD6 expression in M0 and M2 macrophages 
SMAD6 belongs to the SMAD family, a group of intracellular proteins involved in the 

TGF-β signaling pathway and transcriptional regulation. As inhibitory SMAD proteins, 

SMAD6 and SMAD7 contribute to repression of the TGF-β downstream pathway141. 

When methylated, SMAD6 promotes anti-inflammatory processes in macrophages142. 

Increased expression of SMAD6 was observed in macrophages treated with rGDF-15, 

as compared to the control. Furthermore, macrophage priming with rGDF-15 also led 

to an upregulation of SMAD6 expression following LPS challenge, in contrast to 

macrophages challenged with LPS alone. However, this trend was not apparent 

among M1 macrophages (Figure 25).  
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Figure 25. Effect of rGDF-15 on SMAD6 in macrophages challenged with LPS. SMAD6 
mRNA expression was analyzed by RT-PCR in M0, M1 and M2 macrophages cultured for 6 
days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 g/mL for 6 hours. 
n=9 for M0, n=3 for M1 and n=10. Data are presented as mean ± SEM normalized to 18SrRNA 
expression levels. *p<0.05, **p<0.01. 

 
In total, 8 of the 13 genes identified by RNA-Seq were successfully validated by RT-

PCR. This set of genes has been extensively referenced in the literature for their 

involvement in carcinogenesis and metastasis, as mentioned in the previous section. 

In particular, rGDF-15 showed a significant influence on gene expression related to 

angiogenesis, a hallmark of cancer. Finally, a bioinformatics analysis was performed 

using transcriptomic data from The Cancer Genome Atlas (TCGA). 

3.4 In-silico analysis based on TCGA 

For the assessment of gene expression levels in cancer and subsequent analysis, data 

from TCGA were analyzed using TIMER2.0 and the Xena platform. 
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3.4.1 Abnormal expression of GDF-15 in cancer 

The expression level of GDF-15 between tumor and normal tissues in bladder, breast, 

colon, kidney, lung, prostate and gastric cancer using TIMER2.0. Tumor tissues from 

breast, colon, lung, prostate and gastric cancer showed a significantly higher GDF-15 

expression compared to their adjacent normal counterparts. Interestingly, normal 

tissue patients with clear cell renal cancinoma (KIRC) showed higher GDF-15 

expression than the tumor tissue. In bladder cancer, there was no significant difference 

in GDF-15 expression between normal and tumor tissues (Figure 26). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 26. GDF-15 expression levels in human carcinomas based on pan-cancer 
analysis. GDF-15 mRNA expression levels were analyzed by TIMER2.0 using the TCGA 
database. ***p<0,001. BLCA: Bladder Urothelial Carcinoma, BRCA: Breast Invasive 
Carcinoma, COAD: Colon Adenocarcinoma, KIRC: Kidney Renal Cell Carcinoma, LUAD: Lung 
Adenocarcinoma, LUSC: Lung Squamous Cell Carcinoma, PRAD: Prostate Adenocarcinoma, 
STAD: Stomach Adenocarcinoma. 

 

A further analysis was chosen to investigate the influence of GDF-15 expression on 

KIRC. Using Xena, it was confirmed that GDF-15 expression levels are elevated in 

normal tissue as compared to tumor tissue in KIRC. Furthermore, within the tumor 

tissue itself, a significantly higher GDF-15 expression was observed in advanced 

pathological stages of KIRC (Figure 27A and B). There was no significant difference in 

GDF-15 levels in terms of Tumor-Node-Metastasis (TNM) staging or disease 

progression (data not shown). The expression level and prognostic value of GDF-15 

and its associations with tumor macrophage infiltration in KIRC were assessed on 

TIMER2.0 based on cell-type identification by estimating relative subsets of RNA 
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transcripts (CIBERSORT), as described in Methods. After purity adjustment, M1 

infiltration was negatively correlated with GDF-15 expression levels (Figure 27C).  
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Figure 27. GDF-15 expression levels in KIRC and its association to histologic stage and 
macrophage infiltration. A) GDF-15 mRNA level in KIRC and their paired normal tissues 
assessed by Xena. B) The level of GDF- in histologic stage. C) Correlation between GDF-15 
expression and the level of different macrophage subtypes infiltration in KIRC assessed by 
CIBERSORT, a bulk expression profile (TIMER 2.0). *<0,05, ****<0,0001. 

3.4.2 Abnormal expression of validated set of genes and its association with GDF15 
expression in KIRC 

Expression of the validated gene set was also evaluated in KIRC tissue compared to 

adjacent normal tissue using the Xena platform. CCL15, CLEC12A, GAS7, ID3, 

PMEPA1 and PTP4A3 were significantly higher in tumor tissue compared to normal 

tissue. In contrast, IL17RB and SMAD6 expression levels were higher in normal tissue 

compared to tumor tissue (Figure 28). 
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Figure 28. Tissue-specific gene expression levels in KIRC and adjacent normal tissues 
assessed by Xena based on TCGA. A) CCL15, B) CLEC12A, C) GAS7, D) ID3, E) IL17RB, F) 
PMEPA1, G) PTP4A3 and H) SMAD6. ***p<0.001, ****<0,0001. 

 

To assess the association between the validated gene set and GDF-15 expression in 

KIRC tissue, a correlation analysis was conducted using TIMER2.0. All genes showed 

a statistically significant correlation, except for ID3 and SMAD6 (Figure 29). Notably, 
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CCL15 and IL17RB showed a positive correlation with high tissue-specific GDF-15 

expression levels, whereas CLEC12A, GAS7, PMEPA1 and PTP4A3 displayed a 

negative correlation. The direction of the correlation was consistent with the effect of 

rGDF-15 on macrophage gene expression of GAS7, IL17RB, and PTP4A3. 

 

 

 

 

 

 

 

 

Figure 29. Heatmap showing the correlation 
between tissue expression of GDF-15 and the 
genes validated by RT-PCR. A negative 
correlation is indicated by the green color in the 
squares, while a positive correlation is indicated by 
red. The expression response to GDF-15 priming in 
macrophages, as assessed by RT-PCR, is 
represented by the direction of the arrow. The 
asterisks indicate genes where the GDF-15 tissue-
specific expression direction was opposite to the 
gene expression validated by RT-PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

Further Kaplan-Meier curve analysis suggested that a lower IL17RB and SMAD6 

expression was associated with poor survival outcomes (Figure 30A and C), whereas 

high PTP4A3 expression levels were indicative of poor overall survival and disease-
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specific survival in patients with KIRC (Figure 30B). The remaining genes in the set 

showed no association with KIRC outcome (data not shown). 

  

    

  

Figure 30. Kaplan-Meier curves for tissue-specific gene expression levels on overall 
survival and disease specific survival of KIRC patients. A) IL17RB, B) PTP4A3 and C) SMAD6. 

3.5 Association between GDF-15 and Stabilin-1 

Finally, the role of stabilin-1, a known scavenger receptor for GDF-15, on the 

macrophage system was evaluated. For this purpose, the disruptive effect of TiNPs 
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was used to visualize the endocytosis mediated by stabilin-1 using confocal 

microscopy. The localization of stabilin-1 and its endocytic prototype ligand acLDL-

Alexa488 was evaluated in M0, M1 and M2. EEA1-positive early/sorting endosomes is 

a major vesicular compartment, where stabilin-1 is localized27. Therefore, the 

intracellular localization of stabilin-1 using anti-EEA1 and anti-stabilin-1 rabbit 

polyclonal RS1 antibody was investigated. In the absence of TiNPs, macrophages 

expressed high levels of stabilin-1. Additionally, the majority of acLDL-Alexa488 was 

co-localized with stabilin-1 and was efficiently delivered to EEA1-positive early/sorting 

endosomes, while EEA1 marked irregularly shaped large endosomes (Figure 31). 

Treatment with TiNPs resulted in the disruption of endosomal compartment. Only a 

small amount of remaining EEA1+ endosomes was detected, and internalization of 

acLDL-Alexa488 was almost abrogated. After TiNPs treatment, stabilin-1 was 

expressed only in small percentage of macrophages, and only in stabilin-1+cells 

internalization of acLDL-Alexa488 was still detectable. The same treatment has 

previously been found in our laboratory to increase extracellular levels of GDF-15 in 

macrophages, partially due to the impaired ability of stablin-1 to internalize GDF-15143. 

3.5.1 Abnormal expression of STAB1 and its association with GDF-15 expression in 
KIRC 

Tissue expression of the stabiliin-1 encoding gene STAB1 was next examined in KIRC 

tissue. Its expression was higher in tumor tissue compared to normal tissue. 

Furthermore, a negative correlation between GDF-15 and STAB1 expression in KIRC 

tissue was found. Finally, high levels of STAB1 expression were associated with worse 

overall and disease-specific survival in patients with KIRC (Figure 32). 
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Figure 31. 
Immunofluorescence and 
confocal microscopy 
analysis of acLDL 
endocytosis in cultured M0, 
M1 and M2 after 6 days in 
absence or presence of 
TiNPs. Incubation with 
acLDL-Alexa488 at a 
concentration of 5 µg/mL was 
carried out for 30 minutes. 
Representative images of A) 
M0, B) M1 in and C) M2. 
Visualization of nuclei was 
performed using Dapi 
(shown in cyan). acLDL-
Alexa488 is shown in green. 
Stabilin-1 was detected by 
immunofluorecent staining 
using RS1 rabbit polyclonal 
primary antibody and Cy3-
conjugated anti-rabbit 
secondary antibody (shown 
in red). EEA was detected 
using anti-EEA mouse 
primary antibody and Alexa-
647 secondary antibody 
(shown in blue). 
Representative images of 
single cells are shown for 
M2. Scale bars: 10 µm. 
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Figure 32. Tissue-specific STAB1 expression in KIRC and adjacent normal tissues and 
survival analysis assessed by Xena based on TCGA. ****<0,0001. A) STAB1 tissue-specific 
expression. B) Kaplan-Meier curves for tissue-specific STAB1 expression levels on overall 
survival and disease specific survival of KIRC patients 
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4 DISCUSSION 

4.1 GDF-15 levels in human serum and in culture media from primary human 
macrophages 

GDF-15 has consistently emerged as a marker of disease progression in various 

pathologic conditions, including cancer46, 123, 124. Previous studies have investigated 

GDF-15 serum levels in healthy individuals144. In this research project, a positive 

correlation between GDF-15 serum levels and increasing age was observed, which 

has been reported elsewhere94. Likewise, a positive correlation between GDF-15 

levels and erythrocyte count was observed, in line with previous studies highlighting 

the role of GDF-15 in erythropoiesis and its increased expression in response to 

erythropoietin stimulation62. Moreover, GDF-15 secretion levels by differentiated 

primary human macrophages were assessed after 6 days of cytokine stimulation. The 

results revealed no significant difference in levels between the different macrophage 

phenotypes. These concentrations levels are consistent with those reported in the 

literature from other macrophage model systems, including PBMCs under M-CSF 

stimulation and TAMs145. However, it should be noted that the concentration of GDF-

15 in the macrophage conditioned medium was significantly lower than the average in 

human serum. Nevertheless, as with other cytokines, elevated serum levels of a 

protein do not necessarily correlate with increased activity in target tissues. In addition, 

cytokines often have higher levels in tissue than in serum and in culture, especially 

during inflammation or tissue damage146. For example, GDF-15 concentration in 

placenta can be as high as 54000 pg/mL50. Based on this understanding, a wide range 

of rGDF-15 concentrations, spanning from 10 to 100 ng/mL for the treatment of 

macrophages in culture, were selected as explained in the results section. 
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4.2 Effect of rGDF-15 on the macrophage response to LPS-mediated inflammation 

 
 
Figure 33. Schematic representation of the effects of rGDF-15 on the macrophage system 
and on macrophage response to inflammation. Created with Biorender.com. 

 
In this project, the impact of varying concentrations of rGDF-15 on M0 (non-stimulated), 

M1 (pro-inflammatory) and M2 (anti-inflammatory) macrophages was evaluated. In the 

initial phase of the study, the effect of rGDF-15 pre-stimulation at concentrations of 10, 

25, 50 and 100 ng/mL on the expression of the pro-inflammatory cytokines, specifically 

TNF-α and IL-1β, following exposure to LPS, was assessed using different 

experimental settings. In all models tested, rGDF-15 significantly reduced the 

expression of TNF-α after LPS challenge. This effect of GDF-15 has been well known 

since its discovery. However, this may be different in other macrophage settings, as 

shown by Li et al., who, in contrast, demonstrated high levels of IL-1β and IL-6 

expression after 48 hours of rGDF-15 supplementation in RAW264.7, indicating an 

induction of M1 polarization by rGDF-15147. 

Among the experimental models, only the model 3 exhibited a dose-dependent effect. 

For this reason, the following experiments were performed using this experimental 

setting. For the upcoming transcriptomic analysis, a concentration of 50 ng/mL rGDF-

15 was selected, which was previously shown not to promote an increase in apoptotic 
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activity in THP-1 cells after 72 hours of incubation70. Given the obtained RT-PCR 

results showing that rGDF-15 has a greater effect on the regulation of the M0 and M2 

responses to LPS, the focus was directed to these phenotypes, and M1 was excluded 

from the RNA-Seq. 

 

Unlike other reported stimulation models, the model used in this study included the 

identification of the primary effects of rGDF-15 on the pro-inflammatory transcriptome 

of macrophages after of rGDF-15 priming and without LPS exposure. A similar 

approach was used by Li et al., who used M2-polarized THP-1 cells and pretreated 

them with rGDF-15 for 30 minutes prior LPS challenge for 8 hours (2 µg/mL). They 

found increasing GDF-15 expression and secretion levels with the increasing LPS 

stimulation and concentration67. Conversely, in this project, no change in GDF-15 

expression was found after 6 hours of LPS exposure in the different macrophage 

phenotypes (Supplementary Figure 8). Consistent with the findings reported here, Li 

et al. also found that the pretreatment with rGDF-15 resulted in a dose-dependent 

decrease in the expression of pro-inflammatory cytokines, such as TNF-α, IL-6, MCP-

1 and IL-1067.This trend was also evident here, even at lower doses of rGDF-15 (10 

and 25 pg/mL) and lower LPS concentration (100 ng/mL). Similar experiments were 

conducted by Govaere et al., who showed decreased TNF-α and CCL2 secretion after 

treatment with rGDF-15 in THP-1 cells challenged with LPS116. Possible molecular 

pathways responsible for the decreased secretion of pro-inflammatory cytokines under 

GDF-15 exposure have been proposed. Zhang et al. found that rGDF-15 promoted 

PI3K/Akt phosphorylation in macrophages under LPS-induced inflammation. This 

effect was reduced by treatment with the PI3K/Akt inhibitor LY294002148. Other 

research groups proposed the decrease in phosphorylation of JAK1/STAT3 and 

nuclear translocation of NF-κB after rGDF-15 treatment as potential pathways for GDF-

15149. However, no specific receptor has been proposed to mediate this effect. 

 

To date, this study represents the first investigation of the impact of rGDF-15 on the 

transcriptome of human macrophages. The experimental model successfully revealed 

an appropriate clustering pattern among sample repetitions, highlighting the validity of 

the RNA-Seq. The RNA-Seq results demonstrated that rGDF-15 pretreatment of 

activated macrophages induces specific transcriptional responses that are distinct from 

those induced by LPS. Nevertheless, the effect of LPS on macrophage transcriptome 
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was strong enough that macrophages pretreated with rGDF-15 and subsequently 

challenge with LPS still clustered with macrophages only challenged with LPS in the 

PCA.  

The GO analysis provided a more detailed insight into the significant genes related to 

functional groups. The results of the thesis project revealed that the enriched GO terms 

in M0 and M2 pretreated with rGDF-15 were mainly associated to angiogenesis, 

immune regulation and cell adhesion. Interestingly, there was little difference in the 

altered GO terms between M0 and M2. In the groups challenged with LPS, the most 

upregulated GO terms were associated with TGF-β interaction and to receptor complex 

formation, whereas pathways associated with nucleic acid metabolism and 

inflammatory response were downregulated. Regarding the KEEG analysis, both M0 

and M2 exhibited “Pathways in cancer” as the most significant term after rGDF-15 

treatment. Taken together, the GO terms highlighted altered molecular processes 

relevant to cancer pathogenesis that contribute to cancer progression and metastasis. 

Therefore, the final steps of the project focused on assessing GDF-15 expression in 

the most prevalent cancer types, as elaborated in the following sections. 

A total of 13 genes that were differentially expressed and displayed maximum fold 

change in the comparison groups, were selected for further evaluation. All of the 

selected DEGs were found to be common to at least two of the comparison groups. 8 

genes, namely CCL15, CLEC12A, GAS7, ID3, IL17RB, PMEPA1, PTP4A3 and 

SMAD6, passed the validation analysis in at least one of the comparison groups (see 

Table 22). Figure 33 summarizes the results of the effects of rGDF-15 in the 

macrophage system and its possible implications. 

 

The transcriptomic analysis revealed for the first time, the significant upregulation of 

IL17RB as a downstream protein following rGDF-15 supplementation. IL17RB 

expression levels have been reported to rise in M2-activated macrophages and after 

the treatment with IL-4 and TGF-β150. IL17RB serves as a receptor for IL-25, also called 

IL-17E, a Th2 cell-derived cytokine. Interestingly, both IL-25 and GDF-15 have been 

associated with increased thermogenesis in adipose tissue and increased 

mitochondrial respiratory capacity in macrophages during high-fat diet-induced obesity 

in mouse models. In this context, IL-25 promotes M2 polarization, decreases pro-

inflammatory cytokine release by macrophages and increases catecholamine release 

in adipose tissue97, 151. 
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In the here presented model system, the supplementation with rGDF-15 leads to a 

significant increase in IL17RB expression across all macrophage phenotypes (Figure 

22). However, there was no significant difference in IL-25 expression after rGDF-15 

treatment on RNA-Seq results (data not shown). Nevertheless, an increased surface 

presence of IL17RB can potentially enhance the effect of IL-25 on macrophages, 

thereby contributing to increased macrophage activation and recruitment within 

tissues. Therefore, the effects of IL-25, such as increased thermogenesis, may be 

enhanced after rGDF-15 priming. To date, there are no reports available linking GDF-

15 and IL-25/IL17RB pathways. Although the effect of GDF-15 on metabolic pathways 

has been studied and explained by binding to its receptor GFRAL/RET in neurons in 

the area postrema and nucleus of the solitary tract, it remains uncertain whether GDF-

15-mediated effects on thermogenesis can result from heightened sensitivity to IL-25 

due to increased availability of IL-17RB83. This hypothesis may provide insight into the 

peripheral effects of GDF-15 observed during its supplementation in vitro, independent 

of GFRAL/RET activation. In addition, GDF-15 supplementation activates downstream 

pathways that are also activated by IL25/IL17RB binding, including NF-κB, MAPK, JAK 

and STAT346, 152. 

 

The increased IL17RB expression after rGDF-15 treatment aligns with the recognized 

effect of GDF-15 on macrophage polarization towards the M2 phenotype66. Regarding 

the influence of rGDF-15 after LPS challenge, increased IL17RB expression was 

observed in M0 and M2 primed with rGDF-15 and then challenged with LPS. In 

contrast, LPS challenge alone had little to no effect on IL17RB expression in 

macrophages. No other authors have investigated this scenario before, but since 

IL17RB is predominantly expressed by tolerogenic macrophages, it is reasonable to 

expect that its expression levels would remain low after LPS challenge. Supporting this 

perspective, IL17RB expression did not exhibit significant differences in M1 

macrophages primed with rGDF15 and challenged with LPS compared to those 

challenged with LPS alone. Contrastingly, studies involving other cell lines, such as 

human nasal epithelial cells and atopic dendritic cells, showed an increase in IL17RB 

protein expression after LPS treatment153, 154. Other authors have shown that the 

supplementation with rIL-25 after LPS treatment led to an increased tolerogenic 

response in adipocytes and M1 polarized macrophages, which showed decreased 

expression of IL-6, IL-23, TNF-α, IL-1β and CCL15155, 156. This mechanism may explain 
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the known anti-inflammatory effects of rGDF-15 on the macrophage system during 

LPS treatment. In this context, rGDF-15 may increase the availability of IL17RB, 

thereby facilitating the binding of IL-25, which may contribute to the anti-inflammatory 

effects during low-grade inflammation. The data presented here provide evidence for 

a sustained effect of rGDF-15 on IL17RB expression even after 6 hours of LPS 

challenge. 

 

Likewise, CLEC12A is highly expressed throughout the monocyte/macrophage 

system. It is well documented that CLEC12A expression is downregulated during 

inflammation. CLEC12A decreases neutrophil recruitment, ROS production and IL-8 

secretion, serving as a regulator of hyperinflammation157. This study demonstrated that 

CLEC12A is upregulated in rGDF-15-primed M0 and M1 macrophages following 

exposure to LPS. This finding strengthens the hypothesis that rGDF-15 has an anti-

inflammatory role during macrophage inflammation. Another noteworthy finding 

contributing to this hypothesis is the increased ID3 expression in M2 primed with rGDF-

15, regardless of LPS challenge. Previous research has shown that ID3 expression 

decreases after IFN/LPS treatment but increases after exposure to IL-10, 

dexamethasone, TGF-β, and CD5L, all of which are known drivers of M2 

polarization133, 158. SMAD6 is another downstream gene of TGF- β, and it is recognized 

that SMAD6 acts as an inhibitor of TGF-β in a negative feedback mechanism through 

various molecular pathways141. Here, it was reported that rGDF-15 treatment 

significantly increased SMAD6 expression levels in M0 and M2 phenotypes. This is 

consistent with the literature reporting an increase in SMAD6 levels upon TGF-β 

treatment159. Other researchers have also demonstrated that LPS treatment increases 

SMAD6 expression in murine macrophages, with SMAD6 playing a role in promoting 

M2 polarization and accelerating wound healing in mouse models160. 

 

Expression PMEPA1, a transmembrane protein that contains a Smad interacting motif, 

has been associated with the M2 phenotype and TAMs, particularly within a distinct 

macrophage subset expressing Arg-1B that has been found to be localized to the tumor 

periphery in cervical cancer mouse models161, 162. Here, PMEPA1 expression was 

found to be minimal in unstimulated macrophages, while the addition of rGDF-15 to 

culture in M0 and M2 phenotypes significantly promoted its upregulation. These results 

highlight PMEPA1 as a marker of M2 differentiation following rGDF-15 treatment. 
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Additionally, rGDF-15 was effective in maintaining increased PMEPA1 expression 

even after LPS challenge in both M0 and M2 phenotypes, emphasizing the acute and 

stable effect of rGDF-15 on the macrophage transcriptome. 

This analysis showed for the first time an increased PMEPA1 expression level in 

macrophages primed with rGDF-15 and challenged with LPS compared to those 

challenged with LPS alone. PMEPA1 expression levels in M0 were higher after LPS 

challenge compared to control, which was also previously unknown. These results 

suggest that the rGDF-15/PMEPA1 axis may be relevant in low-grade inflammation. 

 

PTP4A3 (protein-tyrosine phosphatase) and CCL15 (chemotactic factor for 

neutrophils, monocytes, and lymphocytes) expression levels were increased only after 

LPS challenge in the macrophage system and were almost undetectable in 

differentiated macrophages treated and non-treated with rGDF-15. Therefore, the 

inhibitory effect of rGDF-15 was only visible in macrophages challenged with LPS, 

highlighting that CCL15 and PTP4A3 expression may be only detectable in the 

macrophage system during low-grade inflammation. Interestingly, in triple-negative 

breast cancer cells, PTP4A3 expression was shown to be positively regulated by NF-

ĸB pathway, a pathway that is downregulated in macrophages upon exposure to rGDF-

15138, 149. This shared mechanism may explain the downregulatory effect of rGDF-15 

on PTP4A3 expression. In addition, PTP4A3 has been shown to promote 

dephosphorylation of p38 MAPK in LPS-treated macrophages, resulting in decreased 

expression of pro-inflammatory cytokines such as TNF-α and IL-1β163. In the presented 

setting, a decreased PTP4A3 expression upon rGDF-15 priming may help to explain 

the low levels of TNF-α and IL-1β evidenced in the first part of the project.  

Another candidate gene found to be downregulated upon rGDF-15 exposure was 

GAS7. This was particularly evident in M0 during LPS challenge. In the M1 setting, 

GAS7 expression was similar among the different M1-comparison groups, except in 

M1 primed with rGDF-15 and challenged with LPS, where its expression was 

decreased. It was already published that GAS7 expression increases during M1 

polarization, a process that depends on NF-κB activation. Additionally, its expression 

levels have been evidenced to be higher in M1 compared to M0 and M2132. 

Furthermore, the decreased expression of GAS7 could be translated into a decreased 

phagocytosis capacity, as it was demonstrated that GAS7 is involved in the membrane 

cup formation during phagocytosis in macrophages131. Among all macrophage 
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phenotypes, the condition with the lowest GAS7 levels was rGDF-15 + LPS. However, 

a statistical significance was not reached between all the comparison groups, probably 

due to the lack of sufficient replicates (n=4).  

4.3 GDF-15 expression patterns and implications in cancer: focus on kidney renal 
clear cell carcinoma (KIRC) and tumor microenvironment 

In this study, a differential expression of GDF-15 was observed in the most prevalent 

cancers. In most of them GDF-15 expression levels were elevated in tumor tissue 

compared to normal tissue, except for KIRC, in which GDF-15 levels were higher in 

normal tissue. KIRC is the most common type of renal cancer and the leading cause 

of death among renal cancers due to its high metastatic potential and late diagnosis. 

There is an urgent need to better understand the molecular mechanisms involved in 

KIRC progression and metastasis164. To date, the role of GDF-15 in KIRC has not been 

explored. However, KIRC is known to have an important immunogenic component and 

one of the main therapies against it is immunotherapy164. 

 

Collectively, GDF-15 has been reported to exert pleiotropic effects on carcinogenesis. 

Regarding primary tumor growth, rGDF-15 has been shown to promote proliferation of 

esophagus carcinoma cells145. In contrast, in bladder cancer, GDF-15 has been 

demonstrated to decrease cell proliferation and invasion54. Additionally, GDF-15 

promotes angiogenesis by activating the hypoxia-inducible factor-1α (HIF-1α)/VEGF 

signaling pathway in colorectal cancer124, 165. This is supported by the observation that 

rGDF-15 promotes p53 degradation, increased HIF-1α accumulation and vessel 

formation in human umbilical vein endothelial cells166. 

  

GDF-15 also plays a role in the tumor microenvironment. Recently, YKL-40 produced 

by macrophages was shown to promote GDF-15 expression in tumor cells167. The 

interaction of YKL-40 and GDF-15 leads to tumor invasion and suppression of the 

immune answer from CD8+ T lymphocytes through the induction of PD-L1 in 

gallbladder tumor cells167. This was also evidenced in glioblastoma cells168. In support 

of this observation, patients with low plasmatic levels of GDF-15 show better response 

rates to anti-PD-1/PD-L1 inhibitors in advanced non-small-cell lung cancer169. The use 

of GDF-15 as a marker for patients who would benefit from such therapy may be a 

valuable option in KIRC, where anti-PD-1/PD-L1 inhibitors are used as first-line therapy 

in intermediate- and poor-risk metastatic tumors164. 
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Elevated GDF-15 has been strongly associated with metastasis in prostate cancer, 

esophageal, hepatocellular colorectal cancer, pancreatic, gastric and endometrial 

cancers170. Esophageal, breast and colon cancer models show that GDF-15 correlates 

with the loss of E-cadherin and that the inhibition of GDF-15 expression decreases cell 

migration and invasion ability87, 171, 172. In contrast, in A549 lung cancer cells, an 

overexpression of GDF-15 reduces cell growth and migration and decreases the 

spread of lung and bone metastases173. The exact effects and mechanisms explaining 

GDF-15 behavior in cancer are still controversial and often paradoxical. This may be 

explained by epigenetic modifications. For example, in bladder cancer, 

hypermethylation of the GDF-15 promoter has been detected and the level of 

hypermethylation diminishes with tumor progression174. N-glycosylation of GDF-15, an 

additional epigenetic modification, has been evidenced during prolonged treatment 

with androgen receptor inhibitors in PRAD 175.  

A logical approach to understand the effects of GDF-15 in cancer, and in KIRC, is to 

examine its downstream activated genes in one of the most important members of the 

tumor microenvironment, macrophages. An overview of the effects of the GDF-15-

induced genes on carcinogenesis is shown in Figure 34. Among them, only IL17RB, 

PTP4A3 and SMAD6 showed a significant association with KIRC clinical outcomes in 

the bioinformatics analysis.  

 

Figure 34. Overview of the effect of GDF-15-induced genes in carcinogenesis. Genes in 
red represent those genes that were upregulated and in green those that were downregulated 
after the rGDF-15 treatment in the in vitro model. Created with Biorender.com. 
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A positive correlation was found between GDF-15 and IL17RB expression levels in 

KIRC. Accordingly, both genes showed low expression levels in KIRC compared to 

normal tissue. In addition, low IL17RB was associated with worse overall and disease-

specific survival in patients with KIRC. In contrast, in pancreatic cancer, IL17RB has 

been found to inversely correlate with progression-free survival, and its elevated 

expression levels were associated with metastasis176. Low expression of IL17RB may 

result in reduced availability of IL17RB on the cell surface and consequently reduced 

IL-25 binding. Some authors have suggested that IL-25 promotes metastasis and 

others have demonstrated anti-tumor properties by inducing tumor apoptosis177, 178. 

SMAD6 was also found to be upregulated in normal tissue compared to KIRC tissue 

and its high expression levels correlated with better overall and disease-specific 

survival in KIRC patients179. The same finding was previously reported in KIRC tissue 

and was associated with aberrant hypermethylation of promoter regions within the 

SMAD6 genes180. Accordingly, in the in vitro experiments presented here, rGDF-15 

treatment increased SMAD6 expression, which is consistent with the observation that 

GDF-15 and SMAD6 expression levels are also elevated in normal tissue compared to 

KIRC tissue. Although GDF-15 expression levels in KIRC were not associated with the 

clinical outcomes analyzed, SMAD6 and IL17RB expression levels were. This 

highlights a downstream mechanism by which GDF-15 may exert its effects in 

carcinogenesis and tumor progression. In contrast to the transcriptome signature of 

KIRC, other cancers, such as colon and lung cancer, show high levels of SMAD6 in 

tumor tissue, which is associated with poor prognosis181. 

 

PTP4A3 has been consistently implicated in increased tumor proliferation and 

metastasis through apoptosis prevention, angiogenesis, and genome instability in 

several cancer types182. PTP4A3 expression in the macrophage system is low in most 

body tissues, except for the kidney183. As reported here in KIRC, Song et al. showed 

increased PTP4A3 expression levels in papillary renal cell carcinoma tissue compared 

to normal tissue, which was also associated with poor prognosis and with proliferation, 

migration and invasion140. In the in vitro experiments, rGDF-15 priming significantly 

decreased PTP4A3 expression in macrophages challenged with LPS. This is 

consistent with the gene expression correlation in KIRC tissue showing that GDF-15 

negatively correlates with PTP4A3 expression. 
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In the bioinformatic analysis, CCL15, CLEC12A, GAS7, ID3 and PMEPA1 were 

significantly upregulated in KIRC tissue compared to normal tissue. However, their 

expression was not associated with the evaluated clinical outcomes. High expression 

of CCL15, ID3 and PMEPA1 has been associated with progression and invasion in 

several tumors128, 184, 185. CLEC12A is highly expressed in leukemic blasts and 

negatively correlated with survival and treatment response in acute myeloid 

leukemia186. As a modulator of the exuberant inflammatory response, CLEC12A may 

contribute to cancer progression, metastasis and immune escape157. However, this 

hypothesis has not yet been tested. GAS7 is predominantly expressed by 

macrophages in the kidney; this increased GAS7 expression may indicate a higher 

macrophage infiltration, particularly M1, for which GAS7 is a marker132, 183. GAS7 

negatively correlated with GDF-15 expression levels in tumor tissue, which is 

consistent with the in vitro results showing that rGDF-15 decreases GAS7 expression. 

This is also consistent with the negative correlation of GDF-15 and M1 infiltration in 

KIRC tissue found in the bioinformatics analysis. GAS7 has been proposed as a 

metastasis suppressor in breast cancer, non-small cell lung cancer and in 

neuroblastoma, and its increased expression has been associated with an increased 

sensitivity to therapy187-189.  

In conclusion, the bioinformatics approaches used here provide an essential tool to link 

the most relevant downstream GDF-15-regulated genes in the macrophage system to 

pathology. These genes were associated with angiogenesis, leukocyte migration, 

tissue remodeling and wound response, pathways that are implicated in 

carcinogenesis. Taken together, it is difficult to identify a single effect of GDF-15 in 

cancer, which, as explained above, is rather pleiotropic. However, GDF-15-induced 

genes with an impact on KIRC survival tend to show that supplementation with rGDF-

15 may have a beneficial effect on KIRC by increasing the expression of IL17RB and 

SMAD6 and by decreasing PTP4A3. Further studies are needed to further elucidate 

the role of GDF-15 in KIRC. 

4.3.1 Stabilin-1 expression in the macrophage system and its implications in GDF-15-
mediated processes with a focus on KIRC  

Our previous experiments have shown that macrophages exposed to TiNPs respond 

by increasing the expression and secretion of GDF-15. We also found that TiNPs 

decreased the expression of stabilin-1, a clearance receptor of GDF-15, in 

macrophages 143. Here, the effect of TiNPs on the presence of stabilin-1 in the different 
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macrophage phenotypes was evaluated using confocal microscopy. Overall, 

immunofluorescence analysis confirmed the suppressive effect of TiNPs on Stabilin-1 

expression at the protein level and stabilin-1 mediated endocytosis. This effect was 

particularly evident in M0 and M2, which were positive for stabilin-1 in the endocytic 

compartment. In contrast, M1 expressed stabilin-1 mainly peripherally on the plasma 

membrane. A decreased presence of stabilin-1 could further increase the local levels 

of GDF-15 and contribute to inadequate implant osseointegration and aseptic 

loosening, as it has been shown by others that GDF-15 can induce 

osteoclastogenesis-related genes expression in osteoclasts74. 

Stabilin-1 is highly expressed in TAMs and has pro-tumoral functions, including the 

clearance of anti-tumor factor SPARC and intracellular targeting for secretion of 

YKL39, which induces angiogenesis190-192. In overall, the presence of stabilin-1 in 

tumor tends to be associated to a poorer prognosis18. 

In the bioinformatics analysis, STAB1 was highly expressed in KIRC tissue compared 

to normal tissue and this elevation is inversely associated with GDF-15 expression. 

Interestingly, high STAB1 expression levels correlated with worse survival in KIRC 

patients. One intriguing possibility is that an increased presence of STAB1 might 

contribute to an increased clearance of GDF-15 in tumor tissues, resulting in 

decreased expression of GDF-15-induced genes in tumor tissues, such as IL17RB and 

SMAD6, while promoting an increased expression of PTP4A3, which is downregulated 

by rGDF-15 in the macrophage system, as demonstrated here. This hypothesis 

remains to be tested and could partially explain the transcriptomic signature of KIRC 

shown in this study. The combination of increased GDF-15 transcription and impaired 

clearance via stabilin-1 may represent a mechanism by which macrophages maintain 

their capacity to restrain tumor growth. 

 
The current study provides new insights to better understand GDF-15 function in the 

macrophage system. A limitation of this work is that the stimulation model used is 

inherently limited in examining the spectrum of macrophage activation beyond the M1 

and M2 states. Recent research has shown that macrophage plasticity extends beyond 

these two states to include a more diverse and complex spectrum of macrophages with 

overlapping functions6. Thus, the understanding of macrophage activation and function 

is far from complete, and future studies should consider exploring a broader range of 

activation states and their functions. Another limitation is that there are still 

inconsistencies in the literature regarding the mechanism by which GDF-15 mediates 
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its peripheral effects, in this case its effects on the macrophage system. In particular, 

no definitive rGDF-15 receptor has been identified on macrophages. It is likely that 

GDF-15 uses TGF-β receptors to be internalized by macrophages, as described 

above. Other authors have suggested an upregulation of GFRAL/RET under stress 

conditions and in tumors in osteoblast and prostate carcinoma cells, which could 

explain the effect of GDF-15 beyond the central nervous system74, 193. However, in the 

transcriptomic analysis, neither GFRAL nor RET expression was significantly altered 

in the different comparison groups (data not shown), making this hypothesis unlikely 

in this context. 
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5 SUMMARY 

 
GDF-15 is a multifunctional cytokine involved in immune tolerance that is elevated in 

stress conditions, correlating with disease severity and survival. GDF-15 is expressed 

by macrophages and can be endocytosed by the scavenger receptor stabilin-1. The 

role of GDF-15 in macrophages and its effects on the macrophage transcriptional 

program have been studied to only a limited extent. The aims of this study were: 1) to 

develop a model system to study the effect of recombinant human GDF-15 (rGDF-15) 

on macrophages; 2) to identify the transcriptional program induced by GDF-15 in 

macrophages by RNA-Seq and validate differentially expressed genes using RT-PCR; 

3) to bioinformatically analyze the role of GDF-15, stabilin-1, and GDF-15-mediated 

pathways in most relevant cancers, particularly in kidney renal clear cell carcinoma 

(KIRC). Human monocytes were isolated from buffy coats by CD14+ positive selection 

and differentiated into M0 (non-stimulated), M1 (IFN-γ stimulated) and M2 (IL-4 

stimulated) macrophages for 6 days. The selected protocol was as follows: on the day 

6 of macrophage differentiation, a pretreatment with 50 ng/mL rGDF15 was performed 

for 1 hour, followed by a 6 hour challenge with 100 ng/mL LPS. RNA was isolated and 

total RNA Seq was performed in M0 and M2, revealing that rGDF15 altered the 

expression of 210 genes in M0 and of 372 in M2. rGDF15 and LPS in M0 and M2 

exhibited changes in 230 and 295 genes, respectively. Top upregulated Gene 

Ontology (GO) terms, in both M0 and M2 treated with rGDF15 were associated with 

blood vessel morphogenesis and angiogenesis. In M0 and M2 under rGDF-15 and 

LPS, top upregulated GO terms belonged to TGF-β receptor and cytokine signaling 

pathways. Thirteen genes were selected for validation by RT-PCR. M1 phenotype was 

also included for validation. RT-PCR showed that rGDF-15 increased expression of 

CLEC12A in M0+LPS and M1+LPS, ID3 in M2 and M2+LPS, SMAD6 in M0, M2 ± LPS, 

and of IL17RB and PMEPA1 in all groups. rGDF-15 suppressed expression of CCL15 

in M0+LPS and M2+LPS, GAS7 in M0+LPS and PTP4A3 in M0 and M2 + LPS. This 

pattern of gene expression suggests an anti-inflammatory effect of rGDF-15 in 

macrophages. Based on the TCGA database and using TIMER2.0 and the Xena 

platform, GDF-15 expression in cancer tissues was investigated. Contrary to the 

pattern seen in other cancers, GDF-15 expression was found to be lower in KIRC 

compared to normal tissue. Genes induced by GDF-15 (IL17RB and SMAD6) exhibited 

low expression levels in KIRC compared to normal tissue. Conversely, PTP4A3, 
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downregulated by GDF-15, showed elevated levels in KIRC. High levels of IL17RB and 

SMAD6, along with the low levels of PTP4A3, correlated with better patient outcomes 

in KIRC. Stabilin-1 is the only known scavenger receptor for GDF-15. Functional 

endocytosis assay and confocal microscopy revealed that titanium nanoparticles, 

previously shown to enhance GDF-15 production by macrophages, can suppress the 

scavenging function of stabilin-1 encoded by the STAB1 gene. STAB1 expression was 

elevated in KIRC tissue and correlated with worse survival outcomes. Impairment of 

the stabilin-1 scavenging function may additionally increase the bioavailability of GDF-

15 in KIRC, influencing patient outcomes. In summary, GDF-15 can program human 

macrophages into a tolerogenic phenotype, support angiogenesis and modify TGF-β 

signaling. Increased GDF-15 transcription, together with impaired stabilin-1-mediated 

clearance, can be suggested as a mechanism by which macrophages retain their 

ability to limit tumor growth. 
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6 SUPPLEMENTARY DATA 

6.1 GDF-15 serum levels in healthy plasma donors 

Supplementary Table 1. Characteristics of participants  
n=68 

Age 36 (19-68) 

Weight (kg) 76,6 (25-143) 

Body-mass index (kg/m2) 25,7 (19,1-45,6) 

Systolic blood pressure 
(mmHg) 

130,6 (106-177) 

Diastolic blood pressure 
(mmHg) 

79 (55-99) 

Heart rate (bpm) 78,1 (53-105) 

Body temperature (°C) 36,3 (36-37) 

Leukocytes (109/L) 6 (3,6-12,7) 

RBCs (T/L) 4,7 (3,8-5,8) 

Hemoglobin (g/L) 140,1 (110-172) 

Haematocrit (%) 40,8 (31,9-48) 

MCV 86,3 (80,8-97,6) 

Platelets (109/L) 254,4 (142-430) 

Basal GDF-15 (pg/dL) 382,7 (85,3-
1830) 

 
Serum levels of GDF-15 were measured in healthy plasma donors. Sixty-five 

participants (49% men, 57% women), aged 19 to 68 years were included. The mean 

BMI was 25,7 kg/m2. The lost to follow-up rate was 24,6%. Mean GDF-15 levels were 

382,7 pg/mL (SD=11,94). Spearman correlation of different baseline characteristics 

showed a significant positive correlation between mean GDF-15 serum levels and age, 

as well as with red cell count (Supplementary Figure 1).  

A)                                                          B) 

Supplementary Figure 1. Correlation of serum GDF-15 levels with clinical 
characteristics. A) Spearman correlation of mean GDF-15 serum levels with age and B) red 
blood cell count. Lines show the linear regression and the dashed lines show the 95% 
confidence limits. 
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6.2  DEG count for all the comparison groups 

 
Supplementary Figure 2. Histogram of the number of DEGs statistics 

6.3 BCL2L14 expression is increased after LPS challenge in macrophages 

The expression of the apoptosis facilitator Bcl-2-like protein 14 (BCL2L14) was 

evaluated in the proposed macrophage model. BCL2L14 is a member of the Bcl-2 

family that has been shown to promote apoptosis in macrophages during LPS 

challenge194. Additionally, BCL2L14 is highly expressed in the gastrointestinal tract and 

it has been found to be mutated, amplified or deleted, in several cancers. Within 9 

donors, a low BCL2L14 expression was found in M0 and M2, and in rGDF-15 primed 

macrophages. In contrast, LPS-stimulated macrophages show a significantly 

increased expression of BCL2L14 compared to control and to rGDF-15 treated 
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macrophages. Moreover, rGDF-15 priming did not significantly alter the effect of LPS 

on BCL2L14 expression (Supplementary Figure 3).  

  

Supplementary Figure 3. Effect of rGDF-15 on BCL2L14 gene expression in macrophages 
challenged with LPS. mRNA expression was analyzed by RT-PCR in M0 and M2 cultured for 
6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 g/mL for 6 
hours. n=9. Data are presented as mean ± SEM normalized to 18SrRNA expression levels. 
**p<0.01. 

6.4 rGDF-15 treatment does not significantly change KLF2 expression in 
macrophages 

Kruppel-like transcription factor 2 (KLF2) is involved in cell differentiation, such as 

erythropoiesis and osteoblastogenesis, and regulatory processes in the immune and 

vascular systems. KLF2 has been shown to decrease the expression of 

proinflammatory genes such as TNF-α and IL-1β in LPS-treated macrophages. 

Conversely, TNF-α and IL-1β decrease KLF2 expression in endothelial cells195. In 

overall, an increased but not statistically significant KLF2 expression was found in M0 

and M2 macrophages challenged with LPS. This trend was less evident in the M1 

phenotype (Supplementary Figure 4). 
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Supplementary Figure 4. Effect of rGDF-15 on KLF2 expression of in macrophages 
challenged with LPS. mRNA expression was analyzed by RT-PCR in M0, M1 and M2 cultured 
for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 g/mL for 6 
hours. n=5. Data are presented as mean ± SEM normalized to 18SrRNA expression levels. 

6.5 PALD1 expression is not altered in activated macrophages  

Paladin is a vascular PI(4,5)P2 phosphatase encoded by the gene PALD1, which is 

involved in VEGFR2 endosomal signaling and angiogenesis. PALD1 has been shown 

to be involved in endosomal trafficking via VEGFR2 interaction in endothelial 

cells196.The role of paladin in inflammation and macrophage activation is unknown. No 

significant difference in PALD1 gene expression was observed among the different 

macrophage phenotypes within 5 donors. Notably, the lowest PALD1 expression levels 

were found in macrophages challenged with LPS with and without rGDF-15 priming 

(Supplementary Figure 5). 
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Supplementary Figure 5. Effect of rGDF-15 on PALD1 expression of in macrophages 
challenged with LPS. mRNA expression was analyzed by RT-PCR in M0, M1 and M2 cultured 
for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 g/mL for 6 
hours. n=5. Data are presented as mean ± SEM normalized to 18SrRNA expression levels. 

6.6 PROC expression does not change within activated macrophages challenged 
with LPS 

Protein C (PROC) is a well-known vitamin K-dependent anticoagulant factor that in its 

active form (activated protein C or APC), inactivates factors Va and VIIIa. In addition 

to its hemostatic function, protein C is also involved in the modulation of 

inflammation197. Specifically, PROC reduces inflammasome activity in LPS-treated198. 

Five donors were examined and no difference was found in PROC expression in M0, 

M1 and M2 under the conditions studied. PROC expression was nearly absent in all 

conditions, especially in LPS-challenged macrophages (Supplementary Figure 6). 
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Supplementary Figure 6. Effect of rGDF-15 on PROC expression in macrophages 
challenged with LPS. mRNA expression was analyzed by RT-PCR in M0, M1 and M2 cultured 
for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 g/mL for 6 
hours. n=5. Data are presented as mean ± SEM normalized to 18SrRNA expression levels. 

6.7 SERPINB2 expression levels remain unchanged in macrophages after rGDF-15 
treatment 

SERPINB2 is a member of the serine protease inhibitor (serpin) superfamily that 

mediates the inhibition of urokinase plasminogen formation, thereby preventing 

processes such as fibrinolysis, immune cell migration and extracellular matrix 

remodeling. In the macrophage system, SERPINB2 gene expression is upregulated 

during M1 polarization in response to LPS199. No statistical difference was observed 

between the different conditions. However, an upregulation of SERPIN2 in response 

to LPS challenge is evident, which was reduced in macrophages pretreated with rGDF-

15 (Supplementary Figure 7). 
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Supplementary Figure 7. Effect of rGDF-15 on SERPINB2 expression in macrophages 
challenged with LPS. mRNA expression was analyzed by RT-PCR in M0, M1 and M2 cultured 
for 6 days, primed with rGDF-15 50 ng/mL for 1 hour and challenged with LPS 100 g/mL for 6 
hours. n=5. Data are presented as mean ± SEM normalized to 18SrRNA expression levels. 
*p<0.05, **p<0.01. 
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6.8 rGDF-treatment does not change the GDF-15 expression in macrophages 

 
Supplementary Figure 8. Effect of rGDF-15 priming on GDF-15 expression of in M0, M1 and 
M2 challenged with LPS. mRNA expression was analyzed by RT-PCR in macrophages 
cultured for 6 days, primed for 1 hour with rGDF-15 50 ng/mL and challenged with LPS (100 
ng/mL) for 6 hours. n=5. Data are presented as mean ± SEM normalized to 18SrRNA 
expression levels. *p<0.05, **p<0.01. 
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