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Abstract

Introduction

Macrophages are implicated in the initiation and regulation of pulmonary fibrosis, where anti-
inflammatory macrophages promote fibrosis. Interleukin-4 (IL-4) and Transforming Growth Factor (TGF)-
B stimulation of naive macrophages results in the polarization to anti-inflammatory macrophages which
are often used for mechanistic in vitro studies of fibrotic properties of these cells.

Aims

To assess the effect of IL-4- and TGF-B-polarized macrophages on fibrotic responses of normal human
lung fibroblasts (NHLFs) in order to identify the most appropriate anti-inflammatory macrophage subset
for use in in vitro model systems.

Methods

Peripheral blood mononuclear cells, human THP-1 monocytes and B-cell precursor leukemia cells were
stimulated with IL-4 or TGF-B to induce anti-inflammatory macrophage polarization. Naive macrophages
were used as control. Whole-genome transcriptomes were analysed using RNA-sequencing. NHLFs were
cocultured with polarized macrophages derived from THP-1, and conditioned medium transfer
experiments were performed. Fibrotic responses were assessed by immunofluorescence. Size exclusion
columns were used to separate the conditioned medium on molecular weight. TGF-f3 receptor kinase
inhibitor RepSox was used to block TGF- pathway signaling in NHLFs.

Results

Coculture with TGF-B-, but not IL-4-polarized macrophages, induced a-smooth muscle actin (aSMA)
levels in NHLFs. Conditioned medium from TGF-B-, but not IL-4-, polarized macrophages induced aSMA,
collagen and fibronectin protein levels in NHLFs. Size exclusion experiments revealed that the profibrotic
effect remained intact in the conditioned medium fraction containing proteins larger than 100kD.
Subsequent RNA-sequencing analysis showed increased expression of several potential high molecular
weight profibrotic proteins related to TGF-B signaling pathway activation in TGF-B polarized
macrophages. Pretreatment of NHLFs with RepSox blocked the profibrotic response of NHLFs induced
by conditioned medium from TGF-B-polarized macrophages.

Conclusion

TGF-B-polarized macrophages promoted fibrotic responses of NHLFs, whereas IL-4-polarized
macrophages did not; the profibrotic activity of TGF-B-polarized macrophages is mediated through
activation of TGF-B signaling pathway in NHLFs.

Introduction
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive disease characterized by disruption of
normal lung architecture, excessive deposition of extracellular matrix (ECM) proteins and subsequent
impairment of respiratory function. Despite available anti-fibrotic drugs, which are only able to slow
down disease progression, median survival remains poor, varying between 2.8 and 4.5 years after
diagnosis (1-3). The current paradigm about the mechanism underlying the pathophysiology of IPF is
repetitive injury of the alveolar epithelial cells lining the alveoli in an aging environment (4). Repetitive
microinjuries of the epithelium lead to a derailed wound repair response leading to the accumulation of
ECM proteins and scarring of the interstitium. Following infection, inhalation of environmental
pollutants/toxic compounds or mechanical injury to the lung, a complex inflammatory response is
triggered, involving recruitment, proliferation and activation of multiple cell types that coordinate tissue
repair. When this wound healing response becomes uncontrolled or dysregulated, pathological and
aberrant fibrosis may develop, ultimately leading to impaired lung function (5). Among the diverse cell
populations involved in the repair process, macrophages seem to play a central regulatory role
throughout all stages of tissue remodeling and fibrosis (6—8).

Macrophages exhibit substantial phenotypic plasticity, but are generally broadly categorized into two
major subtypes; pro-inflammatory versus anti-inflammatory macrophages. Pro-inflammatory
macrophages contribute to pathogen clearance, but also can cause tissue damage and are often
considered anti-fibrotic. In contrast, anti-inflammatory macrophages are associated with wound healing,
tissue repair and the promotion of fibrosis (5, 9, 10). Macrophage phenotypes are dictated by sensing
signaling molecules in the surrounding environment. In vitro, pro-inflammatory macrophages are typically
generated by stimulation with interferon (IFN)-y and/or lipopolysaccharide (LPS), and anti-inflammatory
macrophages by stimulation with Interleukin (IL)-4, IL-13, IL-10 or transforming growth factor B (TGF-B)
or a combination of different cytokines/growth factors. The different stimuli each lead to distinct gene
expression profiles and functional characteristics that have been extensively characterized (11). More
recently, four anti-inflammatory subsets —previously denoted as M2a, M2b, M2c and M2d— have been
identified, each induced by different environmental cues (12, 13). In human monocytes, IL-4 stimulation
induces anti-inflammatory macrophage differentiation, characterized by high expression of CD206,
CD209, early growth response 2 (EGR2) and Dectin-1 (12-14). Stimulation with IL-10 or TGF-B induces
anti-inflammatory macrophage differentiation, characterized by elevated CD163, Mer tyrosine kinase
(MerTK) expression, along with low to intermediated CD206 levels (12, 13). Currently, to polarize distinct
subsets, macrophages are named after the stimulus used for polarization (e.g., M(IL-4), M(IL-10) or
M(TGF-B)).

Persistent activation and recruitment of anti-inflammatory macrophages have been proposed to drive
pathological fibrosis. Global depletion of lung macrophages during the progressive fibrotic phase of
bleomycin-induced lung fibrosis in mice markedly reduced fibrotic severity, accompanied by decreased
Ym1 protein levels and reduced arginase1 activity —two hallmark markers of murine M(IL-4) (15). It was
further reported that CD163, a human M(TGF-B) marker, was expressed on more than 90% of lung
macrophages from IPF patients, but was absent on lung macrophages from age-matched healthy
individuals, underscoring the importance of anti-inflammatory polarization in fibrotic disease (15). In
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addition, myeloid-specific deletion of IL-4Ra attenuated progressive parenchymal liver fibrosis, yet
inhibited fibrosis resolution during the reversal phase, owing to a reduction in fibrolytic matrix
metallopeptidase 12 (MMP12) levels (16). Moreover, anti-inflammatory macrophages were shown to be
the predominant macrophage population recruited in the lung during bleomycin-induced fibrosis, and
M(IL-4) induced myofibroblast differentiation of lung-resident mesenchymal stem cells through Wnt/pB-
catenin signaling. Consistent with these findings, lung tissue from IPF patients exhibited increased
infiltration of CD206 + macrophages and activation of Wnt/B-catenin signaling pathway (17). Collectively,
these studies suggest that IL-4 polarized anti-inflammatory macrophages may play a prominent
profibrotic role in the development of fibrosis, although they also may contribute to fibrosis resolution.

TGF-B is widely recognized as a central mediator in the pathogenesis of fibrosis. Although its profibrotic
effects are classically attributed to direct actions on fibroblasts, several studies indicate that TGF-8 may
activate other cell types, including macrophages (18). In a mouse model of acute kidney injury, deletion
of TGF-B receptor Il (TGF-BRII) specifically in monocytes/macrophages reduced macrophage infiltration
and significantly attenuated subsequent tubulointerstitial fibrosis, demonstrating that TGF-§3 signaling
within macrophages enhances their profibrotic activity (19). Several mechanisms through which M(TGF-
B) may promote fibrogenesis have been proposed: Increasing macrophage accumulation in injured
tissues through chemotaxis, upregulating profibrotic cytokine production, stimulating synthesis of
matricellular proteins, enhancing TGF-B activation via secretion of TGF-f activating factors, and
undergoing phenotypic conversion towards fibroblast-like cells (18). However, despite these insights, the
specific role of M(TGF-B) in pulmonary fibrosis and the underlying mechanisms remain to be fully
elucidated.

In this study, we aimed to identify the most appropriate anti-inflammatory macrophage model for
studying macrophage-driven fibrosis in vitro and to determine how M(IL-4) and M(TGF-B) influence the
fibrotic responses of normal human lung fibroblasts (NHLFs). In addition, we performed whole-genome
transcriptome profiling by RNA sequencing to compare M(IL-4) and M(TGF-B)phenotypes to elucidate
the molecular mechanisms underlying the profibrotic properties induced in lung fibroblasts.

Materials and Methods
2.1 Cells and Culture Conditions

Human leukemia monocytic cell line THP-1 (obtained from ATCC, #TIB-202), human embryonic kidney
(HEK) 293T cells (obtained from ATCC, #CRL-3216) and NHLFs (obtained from Lonza Bioscience, #CC-
2512) were cultured in RPMI (THP-1, #31870-025, Gibco) or DMEM (HEK293T and NHLFs, #11995-073,
Gibco) supplemented with 10% fetal bovine serum (FBS, #F9665, Sigma-Aldrich), 2 mM L-glutamine
(#25030-024, Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin (#15140-122, Gibco). All cells
were incubated at 37°C in a humidified atmosphere with 5% CO,.
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Human B cell leukemia C/EBPalphaER clone 1 (BLaER1) GFP™/~ cells were kindly provided by Prof.
Holger Heine (Research Centre Borstel, Leibniz Lung Centre). BLaER1 cells were cultured at 37°C, 5%
CO,, in RPMI 1640 without phenol red (#11835-030, Gibco) supplemented with 2 mM L-glutamine, T mM

sodium pyruvate (#11360-070, Gibco), 100 U/mL penicillin, 100 ug/mL streptomycin, and 10% FBS
(#A5256801, Gibco).

Buffy coats of healthy anonymous blood donors were obtained from Sanquin blood bank in Amsterdam,
the Netherlands. These experiments were approved by the ethical board of the Amsterdam UMC under
contract number NVT0639.02 and all subjects provided written informed consent. All procedures were
conform the Declaration of Helsinki and Dutch regulations. Peripheral blood mononuclear cells (PBMCs)
were isolated from buffy coats using Ficoll density gradient separation with Lymphoprep (#AXI-114545,
Axis Shield supplied by Lucron) and washed with PBS without calcium and magnesium. CD14*
monocytes were subsequently isolated from the PBMCs by immunomagnetic separation using MACS
CD14 beads (#130-050-201; Miltenyi Biotec) in MACS buffer (filtered and supplemented with 1% FBS,
2mM EDTA in PBS). Isolated CD14* monocytes were resuspended and cultured in IMDM (#21056023,
Gibco) supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 ug/mL streptomycin, and 10%
FBS.

2.2 Macrophage polarization and conditioned medium
collection

2.2.1 Trans-differentiation and stimulation of THP-1 cells

3 x 10° THP-1 cells were seeded into 6-well plates and treated with 20 ng/ml phorbol 12-myristate 13-
acetate (PMA, #P8139, Sigma-Aldrich) for 24 hours (h) to differentiate them into macrophage-like cells
(naive). After 24h, cells were washed once with PBS and incubated in complete RPMI medium without
PMA for an additional 24h. For polarization, cells were stimulated with either 20 ng/ml IL-4 (#200-04,
PeproTech) or 10 ng/ml recombinant human TGF-B (#100 - 21, Thermo Fisher scientific) for 72h.

2.2.2 Trans-differentiation and stimulation of BLaER1 cells

BLaER1 cells were seeded in 10 cm cell culture-dishes at a density of 4 x 10° cells per 12 ml of trans-
differentiation medium, consisting of complete RPMI medium supplemented with 100 nM B-estradiol
(#E2758, Sigma-Aldrich), 10 ng/ml human IL-3 (#AF-200- 03, PeproTech), and 10 ng/ml human M-CSF
(#130-096-493, Miltenyi Biotec). The cells were incubated for 5 days at 37°C and 5% CO, to induce trans-
differentiation into macrophages. On day 3, the trans-differentiation medium was doubled to 24 ml
considering the cells have typically divided twice by the end of day 5. On day 5 of differentiation, cells
were detached using TrypleE Express without phenol red (#12604039, Gibco) at 37°C for 2—3 minutes
(mins), counted and reseeded in trans-differentiation medium at densities appropriate for downstream
experiments. After allowing the cells to attach for at least 3h, macrophages were polarized by
stimulation with 50 ng/mL IL-4 or 10 ng/ml recombinant human TGF-B for 24h.
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2.2.3 Trans-differentiation and stimulation of CD14 +
monocytes

Monocytes were seeded at approximately 3 x 10° /mL in medium containing 50 ng/mL human M-CSF
(#130-096-493, Miltenyi Biotec). On day 6, differentiated cells were harvested using TrypleE Express and
seeded in IMDM with 10% FBS at a concentration of 1 x 10° /mL and incubated for at least 3h at 37°C,
5% CO,. For polarization, adherent macrophages were stimulated with 50 ng/mL IL-4 or 10ng/ml
recombinant human TGF-B, for 24h.

2.2.4 Collection of polarized macrophages or conditioned
medium

After differentiation, macrophages derived from THP-1 cells were washed using PBS, collected and
counted using a CASY Cell Counter and Analyzer System (Schéarfe System GmbH, Reutlingen, Germany).
Naive, M(IL-4) and M(TGF-B) were transferred to culture plates containing NHLFs (cell number ratio: 1 to
1) for coculture.

For all macrophages derived from different precursor cells, after polarization, the stimulus-containing
medium was washed off from the cells using PBS, and fresh DMEM supplemented with 1% FBS, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin was added. After 24h, conditioned medium
was collected and stored at — 80°C for subsequent fibroblast stimulation experiments.

2.3 Coculture of polarized macrophages and NHLFs or
conditioned medium transfer experiments

NHLFs were seeded at a density of 7,500 cells/well into a 96-well plate. On the following day, cells were
washed once with PBS and serum-starved for 6h in serum-free medium. For coculture experiments,
7,500 polarized macrophages derived from THP-1 cells were added to NHLFs. For conditioned medium
transfer experiments, conditioned medium (50 pl) derived from M(IL-4) or M(TGF-B), or fractionated
conditioned media obtained using size exclusion filters (see below), were added to NHLFs with 50 pl
serum-free medium (1:2 dilution). For experiments involving inhibition of TGF-B signaling, NHLFs were
pre-incubated with the TGF-B receptor kinase inhibitor RepSox (1uM; #616452, Sigma Aldrich) for 1h
prior to conditioned media stimulation.

After 48h of coculture or stimulation, NHLFs were fixed with ice cold 100% methanol for 2 mins at room
temperature, and subsequently blocked with 3% BSA for 1h. Following two PBS washes, cells were
incubated overnight at 4°C with primary antibodies against a-smooth muscle actin (aSMA; #sc-32251,
Santa Cruz), Collagen type | (Col1; #1310-01, Southern Biotech) and Fibronectin (FN; #sc-8422, Santa
Cruz). The following day, cells were incubated with the appropriate Alexa Fluor™ 647(#A21447, Thermo
fisher scientific) or Alexa Fluor™ 488 (#A11029, Thermo Fisher scientific) secondary antibodies for 1h at
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room temperature in the dark. After washing with PBS, cells were imaged with an IncuCyte imaging
system (Sartorius).

2.4 Conditioned medium fractioning by size-exclusion
centrifugal filters

Conditioned medium from M(TGF-B) was collected and processed using Amicon Ultra centrifugal filters
with molecular-weight cutoffs of 3,10, 50, and 100 kD respectively (#UFC200324, #UFC201024,
#UFC205024, #UFC210024, Merck Millipore), following the manufacturer’s instructions. Samples were
centrifuged at 1200 x g for 25 mins, resulting in separation into an upper retention fraction (containing
proteins > 3, >10, > 50 or > 100 kD, respectively) and a lower filtrate fraction (proteins < 3, <10, < 50, <100
kD respectively). Each separated fraction was collected and adjusted back to the original sample volume
using serum-free DMEM supplemented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin.

2.5 Sample and library preparation for RNA-sequencing

Total RNA from M(IL-4) or M(TGF-B) was isolated using a NucleoSpin RNA kit (#740955.250, Macherey-
Nagel) and quantified with a NanoDrop spectrophotometer (NanoDrop Technologies, DE, USA). PolyA-
enriched cDNA libraries were generated using the KAPA mRNA HyperPrep Kit (#8098123702, Roche).
Each sample was labeled using a unique IDT adapter and subsequently pooled. Paired-end sequencing
(2 x 150 bp) was performed on the Illumina NovaSeq X Plus platform by the Core Facility Genomics
(CFG) at Amsterdam UMC.

2.6 RNA-sequencing analysis

The fastq files of the sequenced libraries were obtained from the CFG and quality control was performed
on the raw sequencing data using the FastQC tool (https://github.com/s-andrews/fastqc). After
confirming sample quality, reads were trimmed and lllumina universal adapter sequences were removed
using Trimmomatic v0.39 in paired-end mode using the following parameters: ILLUMINACLIP:TruSeq3-
PE-2.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36
(https://doi.org/10.1093/bioinformatics/btu170). Unpaired reads were discarded from subsequent
analysis, while successful read pairs were aligned to the human genome assembly hg38 with the
alignment program HISAT2 v2.1.0 using the parameters “--mm --add-chrname --new-summary --no-
spliced-alignment” (20).. Output sam files were converted to bam format, and secondary, supplementary
and reads with a mapping quality (MAPQ) lower than 20 were removed using samtools v1.17. The
number of read pairs mapping to genes were quantified with featureCounts v2.0.2 using GENCODE's gtf
annotation file (GRCh38 gencode.v46.annotation) (21). The output raw count table was loaded into
RStudio (R version 4.3.0) and differential gene expression analysis was performed with DESeq2
package. Differentially expressed genes were chosen based on the following cutoffs: fold change >2 &
Benjamini-Hochberg corrected p-value (False Discovery Rate; FDR) < 0.01. KEGG pathway and gene
ontology analyses were performed using clusterProfiler (22).
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2.7 Statistical analysis

All data are expressed as mean * standard error of the mean (SEM). Statistical significance was
determined using one-way ANOVA. A p-value < 0.05 was considered statistically significant. All statistical
analysis were performed using GraphPad Prism version 10.6.0.

Results

3.1 Coculture with M(TGF-B), but not M(IL-4), induces
aSMA levels in NHLFs

In order to assess the profibrotic potential M(IL-4) and M(TGF-B) were cocultured with NHLFs.
Macrophages were polarized by IL-4 and TGF-B stimulation for 3 days, washed and transferred to NHLFs
without additional stimulations. As a positive control, NHLFs were stimulated with TGF-B directly (Fig. 1).
M(IL-4) did not induce detectable changes in aSMA protein levels compared to naive macrophages

(Fig. 1). In contrast, M(TGF-B) significantly induced aSMA protein level in NHLFs (p < 0.0001). These
results indicate that M(TGF-B) macrophages, but not M(IL-4) macrophages, promote differentiation of
NHLFs into myofibroblasts.

3.2 Conditioned medium from M(TGF-B), but not M(IL-4), induces aSMA, collagen type | and fibronectin
levels in NHLFs

In order to assess whether the profibrotic potential of M(TGF-B) is dependent on paracrine signaling,
NHLFs were stimulated with conditioned medium derived from macrophages differentiated from THP-1
cells. In line with the coculture experiments, conditioned medium from M(IL-4) derived from THP-1 did
not induce detectable changes in aSMA, Col1 or FN protein levels compared to conditioned medium
obtained from naive macrophages. In contrast, conditioned medium from M(TGF-B) significantly induced
profibrotic proteins, including aSMA (p < 0.0001), Col1 (p <0.001), and FN (p < 0.001) levels, in NHLFs
(Fig. 2A-B). Overall, these results demonstrate that M(TGF-B), but not M(IL-4), secrete factors that drive
profibrotic fibroblast activation.

3.3 Confirmation of proper polarization of M(TGF-B) and M(IL-4) and extensive analysis of transcriptional
differences between M(TGF-B) and M(IL-4)

In order to gain insight in the factors driving the profibrotic response in NHLFs, we performed whole-
genome transcriptome profiling of naive, M(IL-4) and M(TGF-B). First, to confirm appropriate polarization
of THP-1 cells into anti-inflammatory M(IL-4) and M(TGF-B), the expression of marker genes that
characterize these functional states was assessed. M(IL-4) showed a markedly increased expression of
CD209 and EGR2 (an indispensable regulator of the late IL-4 response), compared to naive and their TGF-
B-polarized counterparts. Conversely, M(TGF-B) were characterized by high expression of CD763 and
MERTK (encoding Mer Tyrosine Kinase) (Fig. 3A). These expression patterns suggest successful
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polarized of THP-1 cells into M(IL-4) and M(TGF-B) subsets, previously established in other model cell
lines.

We then went on to systematically examine transcriptional differences between these subsets in order to
identify the potential drivers of the profibrotic effects in NHLFs. As shown in Fig. 3B, IL-4 and TGF-B8
stimulations had profound effects on the transcriptome of naive macrophages, with 2106 and 2432
genes being differentially expressed, respectively (Fold change > 2; corrected p-value < 0.01). However,
the most pronounced difference was noted when comparing M(IL-4) and M(TGF-B), with 2518 genes
significantly different between these two conditions (Fig. 3B), out of which 1239 genes were more highly
expressed in M(TGF-B), while 1279 were preferentially induced following IL-4 treatment (Fig. 3C).

Among the top 5 Gene Ontology (GO) terms related to biological pathways enriched in the genes
preferentially induced by TGF-B (over IL-4) were the regulation of neuron projection development, and the
regulation of synapse activity or structure (Figure S1A). These pathways are reminiscent of processes
involving cytoskeleton remodeling, vesicular transport and cell adhesion, confirmed by the genes that
make up the enriched terms, including SPP1, DNM3, SPARCL1, ITGA6, and VEGFA. It should also be noted
that the phenotype of the primary tissue-resident macrophages of the central nervous system, the
microglia, is shaped by pervasive TGF-B signaling in the brain. It is likely that supplementation with TGF-
leads to preferential expression of microglia-associated genes, which would explain the nervous system-
associated hits in our GO term enrichment analysis (23). Instead, IL-4-biased genes are enriched in
leukocyte activation, proliferation and cell-cell adhesion (Figure S1A). Enriched KEGG pathways for IL-4-
biased genes included cytokine-cytokine receptor interaction and phagocytosis, while TGF-B-biased
genes were enriched for Mitogen-activated protein kinase (MAPK) and Ras signaling pathways (Figure
S1B).

The top 30 upregulated genes and top 30 downregulated genes in M(TGF-) compared to M(IL-4) are
shown as a heatmap in Fig. 3D. Of note, the top 30 downregulated genes in M(TGF-B) include
macrophage phenotypic markers or regulators like MRC1 and FABP4, previously shown to be
downregulated in M(TGF-B) (24, 25).

Since conditioned medium from M(TGF-B) and not M(IL-4) promoted a profibrotic response in NHLFs, we
reasoned that genes specifically induced following TGF-$ stimulation would encode for secreted
proteins that facilitate profibrotic responses. We therefore focused on the 859 genes regulated by TGF-B
when comparing both to naive and M(IL-4) (Fig. 3B).

3.4 Gene expression levels of secreted factors, collagen, ECM-affiliated proteins, ECM regulators and
glycoproteins from Matrisome database in M(TGF-B) or M(IL-4)

Because the factors driving profibrotic responses in NHLFs are secreted by the M(TGF-B) (evident form
the medium transfer experiments described above), genes annotated as secreted factors, collagen,
ECM-affiliated proteins, ECM regulators and glycoproteins in the Matrisome database were identified.
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Genes belonging to these matrisome categories were extracted from both the comparison of M(TGF B)
vs naive and M(TGF B)-vs M(IL-4) and listed in Table S1.

Across these analyses, a total of 55 genes were found to be upregulated in M(TGF-B) relative to both
M(IL-4) and naive macrophages. These genes represent candidate mediators that may contribute to the
enhanced profibrotic activity observed in M(TGF-B)-derived conditioned medium.

3.5 Several high-molecular-weight proteins were identified
as potential profibrotic factors secreted by M(TGF-), but
not M(IL-4)

To estimate the approximate molecular size of the profibrotic factors secreted by M(TGF-B), conditioned
medium was fractionated using centrifugal size exclusion filters with molecular weight cutoffs of 3, 10,
50 or 100 kD respectively. Each fraction —containing proteins either smaller or larger than the respective
cutoff— was subsequently used to stimulate NHLFs, and fibrotic responses were determined. Increased
aSMA and collagen levels were retained in the conditioned medium fractions containing proteins larger
than 3 kD (Fig. 4), 10 kD (Figure S2), 50 kD (Figure S3), and 100 kD (Fig. 5). These results indicate that
the molecular weight of potentially key profibrotic factors secreted by M(TGF-B) are likely larger than 100
kD.

To identify proteins of more than 100 kD that might be secreted by M(TGF-B), the molecular weight of
DEGs listed in Table S1 was assessed (Table 1). Strikingly, several candidates from this list have a strong
link with the induction of the TGF-B pathway or the regulation of the availability of active TGF-B, including
A Disintegrin And Metalloproteinase with ThromboSpondin Motif 6 and 10 (ADAMTS6 and ADAMTS10),
COL22AT1, latent transforming growth factor-8 binding protein 1 and 2 (LTBP1 and LTBP2), multiple EGF
like domain 6 (MEGF6) and sulfatase 2 (SULF2) (26-37). Our findings suggest that M(TGF-B) may
secrete factors that potentially affect profibrotic TGF-f3 signaling in NHLFs.
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Table 1

Proteins with a molecular weight of > 100 kD of DEGs associated with M(TGF-B), but not M(IL-4)

Candidate Molecular weight Association with activation of TGF- References
gene pathway in lung described?
ADAMTS6 115 kD Yes (27,28)
ADAMTS10 140 kD Yes (28, 29)
COL7AT 290-300 kD Limit the availability of latent TGF-B (38,39)
COL15A1 180-200 kD Unknown -
COL19A1 115 kD Unknown -
COL22A1 161 kD Yes (33)
COL24A1 175 kD Primarily osteogenic (40)
CPAMDS8 206-215 kD May antagonize (41)
KCP 166 kD Yes, but as suppressor (42, 43)
LTBP1 150-210 kD Yes (26, 30, 31)
LTBP2 195-240 kD Yes (26, 32)
MEGF6 161 kD Yes (34)
NRG1 Precursor: 90-135 kd No evidence, but involved in fibrosis (44, 45)
PAPPA2 170-250 kD No, but regulates IGF availability (46, 47)
PLXNB3 206 kD No evidence -
PLXNC1 176 kD Yes, but as suppressor (48)
SEMA6D 120 kD Unknown, but downstream of BMP (49)
signaling
SERPINGT1 Full-length glycoprotein No direct evidence -
100-110 kD
SULF2 130-150 kD Yes (35-37)
THSD4 112-120 kD No evidence -

ADAMTS, A Disintegrin And Metalloproteinase with ThromboSpondin Motifs; CPAMD8, complement
component 3- and pregnancy zone protein-like alpha-2-macroglobulin domain-containing protein 8; KCPR,
kielin/chordin-like protein; LTBP, latent transforming growth factor 8 binding protein; MEGF6, multiple
epidermal growth factor-like domains protein 6; NRG1, Neuregulin-1; PAPPA2, pregnancy-associated
plasma protein A2; IGF, insulin-like growth factor; PLXNB3, plexin-B3; PLXNC1, plexin C1; SEMAG6D,
Semaphorin 6D; BMP, bone morphogenetic protein; SERPING1, C1 inhibitor (C1-INH); SULF2, sulfatase 2;
THSD4, Thrombospondin type 1 domain containing 4, also known as ADAMTSL6.
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3.6 The profibrotic effect of M(TGF-B) is mediated through
activation of TGF-f signaling pathway in NHLFs

To prove or refute our hypothesis that the profibrotic activity of M(TGF-B) conditioned medium was
mediated through activation of the TGF-B signaling pathway in NHLFs, NHLFs were pre-treated with
RepSox, a TGF-B receptor kinase inhibitor, prior to stimulation with conditioned medium. Of note, RepSox
treatment reversed the induction of aSMA and collagen expression triggered by conditioned medium
from M(TGF-B) (Fig. 6), indicating that M(TGF-B) indeed promote profibrotic responses in NHLF primarily
by engaging in the TGF-B signaling pathway.

3.7 Conditioned medium from M(TGF-B) derived from primary monocytes and BlaER1 cells also induces
profibrotic responses through activation of the TGF- pathway in NHLFs

In order to evaluate and ensure the profibrotic potential of M(TGF-B), but not M(IL-4), is a general
phenomenon, primary monocytes and BLaER1 cells were used to polarized with TGF-B or IL-4 and to
subsequently assess the fibrotic response in NHLFs of conditioned medium obtained from those
macrophages. Stimulation of NHLFs with conditioned medium derived from these macrophages showed
that M(IL-4) —whether derived from primary monocytes (Fig. 7) or BLaERT1 cells (Fig. 8)— did not induce
detectable changes in aSMA or Col1 protein levels compared to conditioned medium obtained from
naive macrophages. In line with previous findings, conditioned medium from M(TGF-B) induced
profibrotic protein expression in NHLFs. Indeed, conditioned medium from TGF-B—polarized primary
monocyte—derived macrophages significantly increased aSMA (p < 0.0001), and Col1 levels, although
the latter did not reach statistical significance (Fig. 7). Similarly, conditioned medium from TGF-B-
polarized BLaER1 macrophages induced a significant increase in a-SMA (p <0.001) and Col1 (p <
0.0001) (Fig. 8). Moreover, the increased level of aSMA and Col1 in NHLFs induced by conditioned
medium from M(TGF-B) was reversed with RepSox pretreatment. Overall, these results show that
M(TGF-B), but not M(IL-4), secrete factors that drive profibrotic responses through activation of the TGF-
B pathway in NHLFs.

Discussion

Anti-inflammatory macrophages are broadly implicated in the orchestration of profibrotic responses
across diverse fibrotic diseases. However, the selection of an appropriate in vitro model to interrogate
anti-inflammatory macrophage-mediated mechanisms has remained a matter of considerable
uncertainty. In the present study, we demonstrate that macrophages polarized with TGF-B, but not those
polarized with IL-4, elicit robust fibrotic activation in normal human lung fibroblasts (NHLFs).
Transcriptomic profiling revealed that M(TGF-B) express a distinct repertoire of secreted mediators,
collagen, ECM-affiliated proteins, ECM regulators, and glycoproteins that are not induced in M(IL-4).
Furthermore, our data indicate that the profibrotic influence of M(TGF-B) on NHLFs is mediated primarily
through activation of the canonical TGF-B signaling pathway within fibroblasts. Collectively, these
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findings identify M(TGF-B), rather than M(IL-4), as the most physiologically relevant in vitro model for
mechanistic studies of macrophage-driven fibrotic responses of lung fibroblasts.

Several studies have proposed that M(IL-4) exert profibrotic effects via the release of profibrotic factors
in the setting of pulmonary fibrosis (50). However, there are also conflicting studies suggesting that
M(IL-4) may play an fibrosis-resolving role by activating MMP-12 (16). Moreover, deletion of macrophage
specific IL-4Ra did not affect fibrosis formation in a model for acute schistosomiasis (51). The effect of
M(IL-4) on fibrosis may be context dependent and evidence that M(IL-4) directly induce fibrotic
responses in lung fibroblasts is lacking. In the current study we aimed to establish an in vitro model to
study the fibrotic effects of macrophages on fibroblasts and we show that M(IL-4) do not induce fibrotic
responses of lung fibroblasts in a direct manner. This is in line with a study performed by Sheng et al.
who generated IL-4—polarized THP-1—-derived macrophages and co-cultured them with different types of
prostate fibroblasts (52). In fibroblasts obtained from healthy prostate, M(IL-4)—fibroblast co-cultures did
not induce aSMA and Col1T mRNA and protein expression, although increased aSMA and Col1 mRNA and
protein expression was observed in primary prostate fibroblasts from benign prostatic hyperplasia
patients (52). Together, these results underscore the context-dependent nature of macrophage-
fibroblast interactions and similar experiments using lung fibroblasts obtained from IPF patients should
elucidate whether M(IL-4) affect fibrotic responses in diseased fibroblasts. Given these divergent
observations, it remains challenging to conclude whether fibrosis is dependent on M(IL-4). One could
even argue against since several mechanisms have been proposed through which M(IL-4) may inhibit
ECM synthesis or promote ECM degradation (53, 54). These contrasting perspectives highlight the
complexity of macrophage biology in the context of fibrosis and moreover suggest that M(IL-4) may not
constitute a reliable in vitro model for mechanistic studies on the role of macrophages in fibrosis. In light
of these uncertainties, alternative macrophage models —such as the use of M(TGF-B)— are needed to
more accurately delineate direct macrophage contributions to fibrotic remodeling.

A key finding of our study is that M(TGF-B), derived from different cell types including THP-1, primary
monocytes and BLaERT1 cells, showed a strong and consistent capacity to induce fibrotic responses of
lung fibroblasts. Recent studies further support a profibrotic role for M(TGF-B). Conditioned medium of
M(TGF-B) derived from THP-1 cells or peripheral blood monocytes, induced a secretome that promoted
migration, proliferation, and profibrogenic activity in hepatic stellate cells —the principal fibrogenic cell
type in the liver— in a MerTK dependent manner (55). Interestingly, MerTK expression is a hallmark of the
M(TGF-B) (Fig. 3A) and these findings underscore the importance of MerTK in anti-inflammatory
macrophage polarization in hepatic fibrosis and parallel the profibrotic behavior we observed in
M(TGF-B). Moreover, THP-1-derived macrophages polarized with IL-10 —an alternative stimulus for anti-
inflammatory macrophage polarization expressing similar phenotypic markers compared to TGF-
polarization (12)— showed a significantly stronger induction of epithelial-mesenchymal transition in
peritoneal mesothelial cells compared to IL-4 polarized THP-1 cells when co-cultured (56). Together
these studies support the findings that M(TGF-B) bear a higher pro-fibrotic potential compared to M(IL-
4).
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In vivo evidence also points to a profibrotic role for macrophages expressing phenotypic markers of TGF-
B/IL-10 polarization in pulmonary fibrosis. In bleomycin-induced pulmonary fibrosis, markers such as
YM1/2, Fizz, and Arg1 are elevated (57, 58). Following bleomycin administration, the proportion of
inflammatory macrophages decreases, whereas anti-inflammatory populations expand, with the TGF-8
phenotypic subset showing the most pronounced increase (59). Interestingly, in bone marrow-derived
macrophages obtained 7 days after bleomycin instillation and ex vivo TGF-B stimulation to induce
polarization —consistent with our approach—, increased profibrotic gene expression was observed (8).
Lastly, in vitro M(TGF-B) resemble phenotypic marker expression observed in macrophages identified
using single-cell sequencing analysis of lung tissue of IPF patients like SPP1 and MerTK (8). Overall,
these findings identify M(TGF-B) as key drivers of pulmonary fibrosis and support their use as an in vitro
model for mechanistic studies over M(IL-4).

Our study has several limitations. First, although we identified several profibrotic factors secreted by
M(TGF-B) that may be responsible for the induction of the profibrotic responses, we cannot exclude that
high-molecular-weight protein complexes or larger particles may contribute to the observed effects.
Protein complexes or particles, like micro vesicles, with a molecular weight of >100 kD will be present in
the retention fractions used to stimulate NHLFs, although it remains unknown ehtherthose complexes or
particles should also be responsible for the activation of the TGF- pathway. Second, while we
demonstrated activation of the TGF-3 pathway in NHLFs by macrophage-derived secreted factors and
highlighted several candidate mediators, we did not explore which specific factors are responsible for
the fibrotic response induction. These limitations underscore the need for future studies employing
alternative strategies to dissect the molecular drivers of M(TGF-B)-mediated fibroblast activation.

In conclusion, our study demonstrates that M(TGF-B) exert potent profibrotic effects on NHLFs, whereas
M(IL-4) do not. We further show that the profibrotic activity of M(TGF-B) is mediated through the
activation of the TGF-B signaling pathway. Together, these findings establish M(TGF-B) as a more
relevant and mechanistically informative in vitro model for studying macrophage—fibroblast interactions
in the context of pulmonary fibrosis. This model provides a valuable platform for identifying
macrophage-derived profibrotic mediators and may facilitate the development of targeted therapeutic
strategies against macrophages for fibrotic disease.
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Figure 1

Coculture with TGF-, but not IL-4 polarized macrophages derived from THP-1 cells increased aSMA
levels in NHLFs. (A) Representative images of immunofluorescence staining for aSMA in NHLFs
cocultured for 48h with THP-1-derived macrophages. (B) Quantification of aSMA expression in NHLFs
cocultured with THP-1-derived from macrophages. Data is expressed as mean + standard error of the
mean (SEM). Quantification of the fluorescent signal is corrected for confluence. Direct TGF-B
stimulation of NHLFs, which served as positive control, is shown relative to unstimulated fibroblasts.
M(IL-4) and M(TGF-B) stimulations are shown relative to naive. n=6 for all conditions. Statistical
significance was tested using one-way ANOVA. p-values: ** <0.01, *** <0.001 and **** <0.0001.
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Figure 2

Conditioned medium from TGF-, but not IL-4 polarized macrophages derived from THP-1 cells
increased aSMA, Col1 or FN levels in NHLFs. (A) Representative images of immunofluorescence
staining for aSMA, Col1 and FN in NHLFs stimulated with conditioned medium (CM) from THP-1 derived
macrophages. (B) Quantification of aSMA, Col1 and FN expression in NHLFs stimulated with
conditioned medium from THP-1 derived macrophages. Data is expressed as mean * standard error of
the mean (SEM). Quantification of the fluorescent signal is corrected for confluence. Direct TGF-3
stimulation of NHLFs, which served as positive control, is shown relative to unstimulated fibroblasts.
M(IL-4) CM and M(TGF-B) CM stimulations are shown relative to naive CM stimulation. n=3 for all
conditions. Statistical significance was tested using one-way ANOVA. p-values: *** <0.001 and ****
<0.0001.
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Figure 3

Overview of RNA sequencing results comparing TGF-, IL-4 and PMA differentiated macrophages. (A)
Transcripts per million (TPM) values of CD763 and MERTK (phenotypic markers of TGF- 3 polarized
macrophages), CD209 and EGR2 (phenotypic markers of IL-4 polarized macrophages) in the different
macrophage subtypes. Numbers indicate fold change in the stimulated condition compared to PMA
(Wald test). ****FDR<0.000001 (Benjamini-Hochberg correction). (B,C) Number of all differentially
expressed genes (DEGs) (B) or upregulated genes (C) identified in the three different comparisons. (D)
Heatmap showing the top 30 upregulated and top 30 downregulated genes in TGF-$ differentiated
macrophages compared to IL-4 differentiated macrophages. n=3 for all conditions. For panels B, C and
D, DEGs: abs(log2FC) = 1 and p adjust < 0.05.
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Figure 4

Molecular weight of potential profibrotic proteins secreted by TGF-B, but not IL-4, polarized
macrophages is larger than 3 kD. (A) Representative images of immunofluorescence staining for aSMA,
Col1 and FN in NHLFs 48h after stimulation with different conditioned medium (CM) fractions containing
proteins smaller or larger than 3 kD. (B) Quantification of aSMA, Col1 and FN expression in NHLFs
stimulated with separated conditioned medium fractions containing proteins smaller or larger than 3 kD.
Quantification of the fluorescent signal is corrected for confluence. Direct TGF-B stimulation of NHLFs,
which served as positive control, is shown relative to unstimulated fibroblasts. M(IL-4) CM, M(TGF-B)
CM, M(TGF-B) CM <3 kD and M(TGF-B) CM >3 kD stimulations are shown relative to naive CM
stimulation. n=3 for all conditions. Statistical significance was tested using one-way ANOVA. p-values:
*** <0.001 and **** <0.0001.
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Figure 5

Molecular weight of potential profibrotic proteins secreted by TGFp, but not IL-4, polarized
macrophages are larger than 100 kD. (A) Representative images of immunofluorescence staining for
aSMA, Col1 and FN in NHLFs 48h after stimulation with different conditioned medium (CM) fractions
containing proteins smaller or larger than 100 kD. (B) Quantification of aSMA, Col1 and FN expression in
NHLFs stimulated with separated conditioned medium fractions containing proteins smaller or larger
than 100 kD. Quantification of the fluorescent signal is corrected for confluence. Direct TGF-
stimulation of NHLFs, which served as positive control, is shown relative to unstimulated fibroblasts.
M(IL-4) CM, M(TGF-B) CM, M(TGF-B) CM <100 kD and M(TGF-B) CM >100 kD stimulations are shown
relative to naive CM stimulation. n=6 for all conditions. Statistical significance was tested using one-way
ANOVA. p-values: * <0.05, *** <0.001 and **** <0.0001.
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Figure 6

The profibrotic effect of TGF-p polarized macrophage is mediated through activation of the TGF-8
signaling pathway in NHLFs. (A) Representative images of immunofluorescence staining for aSMA and
Col1 in NHLFs stimulated with conditioned medium (CM) pretreated with or without 1uM RepSox (TGF-B
type 1 receptor inhibitor).(B) Quantification of aSMA and Col1 in NHLFs stimulated with conditioned
medium (CM) pretreated with or without 1uM RepSox. Data is expressed as mean + standard error of the
mean (SEM). Quantification of the fluorescent signal is corrected for confluence. Direct TGF-B, which
served as positive control, RepSox and RepSox + TGF-B (control for RepSox dependent inhibition of TGF-
B signaling) stimulations of NHLFs are shown relative to unstimulated fibroblasts. M(IL-4) CM, M(TGF-B)
CM, RepSox + M(TGF-B) CM stimulations are shown relative to naive CM stimulation. n=6 for all
conditions. Statistical significance was tested using one-way ANOVA. p-values: *** <0.007 and ****
<0.0001.
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Figure 7

Conditioned medium from TGF-, but not IL-4, polarized macrophages derived from primary
monocytes increased aSMA levels through activation of the TGF- signaling pathway in NHLFs. (A)
Representative images of immunofluorescence staining for aSMA and Col1 in NHLFs stimulated with
conditioned medium (CM) from primary monocyte-derived macrophages. (B) Quantification of aSMA
and Col1 expression in NHLFs stimulated with conditioned medium (CM) from primary monocyte-
derived macrophages. Data is expressed as mean + standard error of the mean (SEM). Quantification of
the fluorescent signal is corrected for confluence. Direct TGF-B, which served as positive control, RepSox
and RepSox + TGF-B (control for RepSox dependent inhibition of TGF-B signaling) stimulations of NHLFs
are shown relative to unstimulated fibroblasts. M(IL-4) CM, M(TGF-B) CM and RepSox + M(TGF-B) CM
stimulations are shown relative to naive CM stimulation. n=4 for all conditions. Statistical significance
was tested using one-way ANOVA. p-values: * <0.05, *** <0.001 and **** <0.0001.
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Figure 8

Conditioned medium from TGF-, but not IL-4, polarized macrophages derived from BlaER1 increased
aSMA and Col1 levels through activation of the TGF-B signaling pathway in NHLFs. (A) Representative
images of immunofluorescence staining for aSMA and Col1 in NHLFs stimulated with conditioned
medium (CM) from BlaER1 derived macrophages. (B) Quantification of aSMA and Col1 expression in
NHLFs stimulated with conditioned medium (CM) from BlaER1 derived macrophages. Data is expressed
as mean t standard error of the mean (SEM). Quantification of the fluorescent signal is corrected for
confluence. Direct TGF-B, which served as positive control, RepSox and RepSox + TGF-B (control for
RepSox dependent inhibition of TGF-B signaling) stimulations of NHLFs are shown relative to
unstimulated fibroblasts. M(IL-4) CM, M(TGF-B) CM and RepSox + M(TGF-B) CM stimulations are shown
relative to naive CM stimulation. n=4 for all conditions. Statistical significance was tested using one-way
ANOVA. p-values: ** <0.01, *** <0.001 and **** <0.0001.
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