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ABSTRACT

Giant cell arteritis (GCA) is the most frequent form of vasculitis in older individuals mainly affecting the
aorta and extracranial branches of the carotid artery. Vascular lesions are mainly dictated by polarized
macrophages (M@s) that are responsible for persistent inflammation, media and elastic lamina
degradation, neo-angiogenesis, and intima hyperplasia. Recently, two spatially distributed M@ subsets
were discovered associated with tissue destruction and remodeling in GCA lesions. It was proposed
that local production of granulocyte macrophage colony-stimulating factor (GM-CSF) skews media
resident M@s into CD206", YKL-40*, and IL-6"&" M@s (GM-M@s), which sequentially prime surrounding
M@s with monocyte colony-stimulating factor into FR-B* and PDGF-AAME" M@s (M-M@s) located at the
adventitia and intima. It is hypothesized that YKL-40 and PDGF-AA are important players in the
interaction between GM/M-M@s and fibroblasts in GCA lesions regarding fibroblast proliferation and
migration. This crosstalk between GM/M-M@s and fibroblasts can potentially be exploited for GCA-
specific markers for diagnosis and treatment. To study this crosstalk, healthy control monocytes were
in vitro differentiated in the presence of GM/M-CSF into GM/M-M@s and subsequently stimulated
with LPS. M@ culture supernatants were acquired and added to cultures of healthy control fibroblasts
to study proliferation (MTT assay) and migration (scratch assay). ELISA and gPCR showed no
overexpression of CD206, YKL-40, and IL-6 in GM-M@s compared to M-M@, whereas significantly
higher FR-B and PDGF-A expression was shown in M-M@s and GM-M@s, respectively. No differences
in fibroblast proliferation and migration were seen between supernatants of GM- and M-M@s. A
variety of factors potentially influencing M@ polarization were necessary to accommodate the
interaction between M@s and fibroblasts. It was found that the use of a low-glucose concentration in
the culture medium strongly influenced the M@ polarization since GM-M@ skewing relies mostly on
glucose-dependent metabolic pathways, whereas M-M@ skewing is less glucose dependent. Overall,
showing that careful consideration of culture conditions is crucial for in vitro approaches of M@
polarization and their effect on fibroblast proliferation and migration.
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factor, monocyte colony-stimulating factor, fibroblasts
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1. INTRODUCTION

1.1. Giant cell arteritis

Giant cell arteritis (GCA) is an inflammatory disorder of the blood vessels and is most frequently seen
in older individuals [1]. GCA affects the medium to large vessels and presents itself as a spectrum of
cranial GCA (C-GCA) and large-vessel GCA (LV-GCA) [2]. C-GCA mainly affects the extracranial branches
of the carotid artery [3] whilst LV-GCA mostly impacts the aorta and its major branches [4]. It is now
increasingly recognized that GCA subtypes can overlap. Depending on the used diagnostic technique,
32 to 83% of patients suffering from C-GCA are also confirmed to have LV-GCA [4,5] whilst 10 to 30%
of GCA patients solely suffer from LV-GCA [5]. This illustrates that subtypes of GCA are different
presentations of the same disease. Although, GCA affects a variety of medium to large vessels, the
most typical presentation is arteritis of the temporal artery (temporal arteritis) [6,7].

The overall prevalence of GCA is around 51 cases per 100,000 individuals annually, but varies a lot
between ethnic backgrounds [8]. GCA is almost exclusively seen in individuals over 50 years with a
peak incidence at around 75 years of age [9]. GCA is very rare in Africa, Asia, and The Middle East [1],
whereas the incidence is much higher in Europa and North and South America [8]. The highest
incidence per 100,000 people is observed in Scandinavian countries (21 cases) [8] and in Minnesota,
USA (19 cases) [10], which differs significantly from Middle and South Europe (7 cases) [8]. GCA is less
seen in individuals of none European origin [10]. Overall, GCA occurs two to three times more often in
females compared to males [9]. These epidemiologic findings suggest a role of genetic background in
the onset of GCA [1].

Systemic symptoms for GCA comprise fever, weakness, and weight loss as a result of developing
chronic inflammation [1]. Specific symptoms for C-GCA include headache, scalp or tongue necrosis,
and ischemic complications such as jaw claudication, visual loss, or stroke [1,6,11]. In contrast, LV-GCA
patients present with more nonspecific symptoms like fever, but may also display more specific
symptoms such as limb claudication or aortic aneurysm and dissection [5,6,11]. When GCA is not
treated properly, patients are at risk of occlusion-related ischemia and developing aneurysms due to
chronic damage of the vascular wall [12]. Of note, GCA often overlaps with polymyalgia rheumatica
(PMR). PMR is characterized by pain and stiffness in the shoulder and neck region accompanied by
peripheral arthritis [13]. It has been reported that up to 20% of PMR patients also suffer from GCA
[9,13], whereas up to 60% of GCA patients likely have PMR [11,13]. Interestingly, 50% of relapsing GCA
patients also show signs of PMR [14].

For many years, the gold standard for GCA diagnosis was a positive temporal artery biopsy (TAB) due
to the frequent involvement of the temporal artery [1,15]. The specificity of diagnosis by TAB varies
from 81 to 96% [16], though, sensitivity can be as low as 39% [15]. This low sensitivity is due to the
segmental and focal nature of the lesions in the vessel wall [17] and the involvement of arteries besides
the temporal artery, which is especially seen in LV-GCA [18]. Consequently, there is a risk of a false
negative diagnosis by TAB if the biopsy was taken from an unaffected part of the vessel [19]. To
overcome these issues, imaging techniques have been increasingly used to aid diagnostics.
Ultrasonography (US) or angiography have come in handy for diagnosing C-GCA, whereas computed
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET), or a
combination of PET and CT have been useful for diagnosing LV-GCA or GCA in general [15,19]. Next to
these imaging tools, also assessment of general clinical parameters such as erythrocyte sedimentation
rate (ESR) and C-reactive protein (CRP) is used since most patients with GCA show an elevation of these
parameters [20].




The main option for GCA treatment remains glucocorticoids (GCs) due to their highly effective and
broad suppressive effect on inflammatory cells [6]. Therefore, GCs are often given for over one year to
prevent disease relapse. However, this imposes the risk of GC-related complications in almost all
patients [21,22]. These complication may comprise hypercortisolism, easy bruising, muscle weakness,
bone fractures, or infections [21]. This emphasizes the need of GC-sparing treatments that are specific
for GCA lesions. Hence, there is an urgent need for GCA-specific markers to accurately diagnose and
precisely treat GCA.

1.2. Pathogenesis of GCA

The etiology of GCA remains obscure but based on many years of research, an immunopathological
model of GCA has been proposed [1]. This model is divided into four distinct phases as described
below.

Phase 1: Activation of adventitial resident dendritic cells

It all starts with adventitial resident dendritic cells (DCs) of which their toll-like receptors (TLRs) are
activated by an unknown trigger causing them to change their phenotype [23,24]. This activation
results in high expression of C-C chemokine receptor 7 (CCR7), which traps the DCs in the vessel wall
[25]. Next to that, expression of the major histocompatibility complex Il (MHC-Il) is upregulated, which
is important for the activation of T cells [23]. Activated DCs also start to produce cytokines and
chemokines. Subsequently, chemokines CCL18, CCL19, CCL20, and CCL21 (chemokine (C-C motif)
ligand) recruit CD4* (positive for cluster of differentiation 4) T cells at the site of inflammation [23,26].

Phase 2: Recruitment, activation, and polarization of CD4* T cells

The recruited CD4* T cells infiltrate the vessel wall via the vasa vasorum [26]. In turn, infiltrated T cells
are activated and polarized into pro-inflammatory T cell subtypes by the cytokines released by the
activated dendritic cells. Activation of these T cells occurs in the presence of pro-inflammatory
cytokines IL-12, IL-18, IL-6, IL-1[3, and IL-23 (interleukin) and by an unidentified antigen presented by
the MHC-Il on the DCs [1]. The activated T cells are subsequently polarized into T helper 1 (Th1) cells
in the presence of IL-12 and IL-18 [27] or polarized into Th17 cells in the presence of IL-6, IL-13, and IL-
23 [28]. Th1 cells start to produce interferon y (IFN-y), whereas Th17 cells mainly release IL-17 [27,28].

Phase 3: Recruitment of CD8* T cells and monocytes

After the activation and polarization of T cells, CD8* T cells and especially monocytes are recruited to
the site of inflammation. Recruitment of these cells starts with the activation of vascular smooth
muscle cells and endothelial cells by pro-inflammatory cytokines released by the polarized T cells
[1,29,30]. Subsequently, vascular smooth muscle cells and endothelial cells produce chemokines CCL2,
CX3CL1, CXCL9, CXCL10, and CXCL11 (chemokine (C-X-C motif) ligand), which in turn attract the CD8"*
cells and monocytes [29]. The chemokines CXCL9, CXCL10 and CXCL11 induce the recruitment of
CXCR3* (positive for chemokine (C-X-C motif) ligand 3 receptor) immune cells, which are mainly CD8*
T cells [31]. These CD8" T cells release cytotoxic molecules and mainly produce IFN-y and IL-17, which
contribute to the persistent inflammation [31]. Meanwhile, CCL2 and CX3CL1 recruit circulating
monocytes expressing CCR2 and CX3CR1 [29,30]. In relation to this, the combination of cytotoxic
molecules and IFN-y also attracts more monocytes to the lesion [31]. These monocytes differentiate
into macrophages (M@s) and are further activated by various pro-inflammatory cytokines present in
their microenvironment [30]. Some M@s fuse together into more potent multinucleated giant cells
(MGCs), which present the pathological hallmark of GCA [29]. Overall, these processes contribute to
lesions that are characterized by a granulomatous inflammation of all vessel layers where T cells and
M@s constitute the main cell infiltrate [1].




Phase 4: Vascular remodeling by activated macrophages

The last phase of GCA is the chronic and ongoing process of vascular remodeling, mainly dictated by
the activated M@s. Activated M@s initiate vessel wall remodeling by their production of cytokines,
toxic molecules, and growth factors (GFs) [1,30]. IFN-y-stimulated monocytes differentiated into M@s
are the main source of the cytokines IL-6, IL-1f3, and tumor necrosis factor a (TNF-a), which amplify
and maintain the local inflalmmatory response in GCA lesions [32]. M@s activated by IFN-y produce
toxic mediators such as reactive oxygen species (ROS), nitric oxide (NO), and matrix metalloproteinases
(MMPs), which cause the destruction of the media and the surrounding elastic lamina [33]. The main
MMPs seen in GCA lesions are MMP-2 and MMP-9, whereby MMP-9 is mostly produced by M@s and
MGCs closely located to the internal elastic lamina [34]. At last, activated M@s and MGCs produce
essentially vascular endothelial GF (VEGF) and platelet-derived GF (PDGF). VEGF induces the formation
of new vessels in the media and intima, whereas this is usually restricted to the adventitia only, thereby
contributing to more infiltration of immune cells into the vessel wall [35]. On the other hand, PDGF is
most likely responsible for the migration and proliferation of tissue resident fibroblasts and vascular
smooth muscle cells [36]. These cells migrate to the intima, aided by the destruction of the media and
elastic lamina, eventually causing intimal hyperplasia [36]. Altogether, these processes contribute to
vascular remodeling and ultimately lead to the occlusion of the affected vessel [9,36].

1.3. Distinct macrophage subsets in GCA lesions

It is clear that M@s play a crucial role in GCA, depicted by their abundance in lesions and their role in
inflammation and vascular remodeling. The variety in roles and functions of M@s is due to their
incredible plasticity [37]. It is now well established that M@s react to changes in signals from their
microenvironment, thereby showing strong heterogeneity in their phenotype and function [38].

Traditionally, M@s were subdivided into classically activated M@s (M1-M@s) or alternatively activated
M@s (M2-M@s) [39]. Generally, M1-M@s are considered pro-inflammatory and exhibit strong anti-
microbial properties. M1-M@s are classically activated upon stimulation with IFN-y, lipopolysaccharide
(LPS), and granulocyte-macrophage colony-stimulating factor (GM-CSF) and generally express the
surface markers CD80, CD86 (both co-stimulatory molecules for T cell activation), and CD64 [40,41].
The pro-inflammatory nature of M1-M@s is illustrated by their secretion of cytokines IL-1B, IL-6, IL-12,
IL-23, and TNF-a, whereas their microbicidal abilities are mediated by the production of nitric oxide
(NO) and increased phagocytic capabilities. Hence, M1-M@s are also associated with autoimmune
diseases like rheumatoid arteritis due to their tissue destructive properties. In contrast, M2-M@s are
activated upon the anti-inflammatory cytokines IL-4, IL-10, IL-13, transforming growth factor B (TGF-
B), and macrophage CSF (M-CSF) and display more anti-inflammatory and tissue repairing
characteristics. Typical M2-M@ surface markers are the macrophage mannose receptor (MMR or
CD206) and CD163 [39,40]. With M2-M@s, tissue repair and remodeling are induced by their
production of TGF-f and resolution of inflammation is initiated mainly through the production of
mainly IL-10 [42]. However, we now know that this in vitro based model is an oversimplification of the
in vivo situation and that it does not recapitulate the complexity of M@ polarization in (inflamed)
tissues [43].

Researchers have shifted away from the M1/M2-M@ paradigm towards a new perspective wherein
M@s display a mix of both M1- and M2-M@ traits in disease conditions [43]. Nowadays, it is proposed
that during disease development distinct M@ subsets exhibit in a spatial and temporal distribution
associated with tissue damage and repair [44]. In relation to this, Jiemy et al. (2020) recently identified
two spatially distributed M@ subsets associated with tissue destruction and remodeling in GCA lesions
[45,46]. The first M@ subtype overexpressed CD206, MMP-9, and chitinase 3-like 1 (YKL-40) and was




mainly found at the media and its borders. This M@ subtype was highly associated with inflammation
mainly by IL-6, IL-1B, and TNF-a release, formation of new vessels (neo-angiogenesis), and tissue
destruction by degradation of the media and the surrounding elastic lamina. The second M@ subtype
was characterized by high expression of the folate receptor [ (FR-f) and was found in the intima and
adventitia surrounding the other M@ subtype. This M@ subtype was associated with tissue remodeling
and intimal hyperplasia, potentially mediated by PDGF-AA and other GFs, which activate fibroblasts.
Interestingly, both M@ subsets showed expression of M1- and M2-M@ characteristics.

Regarding the spatially distributed M@ subsets observed in GCA lesions, Jiemy et al. (2020) also
discovered the microenvironmental signals likely responsible for the polarization and skewing of the
different M@ subsets [45,46]. Local production of a gradient of GM-CSF and M-CSF is suggested to be
responsible for the skewing of the two M@ subsets seen in GCA lesions. Earlier, it was already found
that GM-CSF and M-CSF are able to cause overexpression of CD206 and FR-f3, respectively [40]. In line
with this, the study also showed that GM-CSF is produced by infiltrating T cells (CD4* and CD8* T cells)
at sites of inflammation in GCA and proposed that this local production skews M@s into CD206*, YKL-
40%, and MMP-9* M@s (GM-M@s) at the site of the media [45]. Further investigation showed that M-
CSF was produced by and localized around GM-M@s, suggesting that this signal skews surrounding
M@s in the intima and adventitia into FR-B* M@s (M-M@s). Notably, it was also confirmed in vitro that
GM-CSF and M-CSF skews M@s into the distinct M@s subsets each with their characteristic expression
pattern [45]. In summary, it was proposed that within GCA lesions, infiltrating monocytes are
sequentially primed by local GM-CSF into tissue destructive GM-M@s, which subsequently release M-
CSF that skews surrounding M@s into tissue remodeling M-M@s. [45]. This led to an expansion of the
vascular remodeling phase of the pathogenic model of GCA (Figure 1) [46]. Finally, whereas in normal
conditions the inflammation is resolved, in GCA it remains. This leads to an amplification of
inflammation and tissue remodeling mediated by the distinct M@ subsets, eventually leading to vessel
occlusion.
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Figure 1. Vascular remodeling in GCA lesions mediated by GM/M-M@s. Initially, GM-CSF released by T cells skews M@s into
CD206*, YKL-40*, and MMP-9* M@s responsible for amplification of inflammation, neo-angiogenesis, and media and elastic
lamina digestion. Subsequently, M-CSF released by GM-M@s skews surrounding M@s into FR-B* M@s responsible for intimal
hyperplasia potentially mediated by PDGF-AA. Ultimately, leading to a loop of inflammation and tissue remodeling mediated
by the M@s subsets [46] (Created with BioRender.com).

1.4. Potential mediators of vascular remodeling by macrophage subsets in GCA lesions

The pathologic function of the skewed M@ subsets is linked to the various mediators and factors
released by these cells. The growth factors YKL-40 and PDGF-AA are believed to be significant
executors of the GM/M-M@s, respectively [45,47].

YKL-40 overexpression by M@s has been reported in various inflammatory pathologies whereby its
production was stimulated by GM-CSF and other pro-inflammatory signals [46,48]. As stated
previously, it was found in GCA lesions that medial located GM-M@s positive for CD206 express high
levels of YKL-40 [45,46]. These GM-M@s are believed to execute their tissue destructive ability due to
their overexpression of YKL-40. It was found that YKL-40 induces MMP-9 overexpression in M@s,
thereby indirectly contributing to media and elastic lamina degradation [47]. Moreover, YKL-40
showed to be a strong promotor of in vitro endothelial tube formation (like neo-angiogenesis) similar
to VEGF [47]. Together these processes contribute to T cell infiltration, thus further enhancing
inflammation. Furthermore, IL-13Ra2, a confirmed receptor for YKL-40, was highly abundant in
infiltrating and residential cells such as leukocytes, M@s, and endothelial cells [46,47]. Collectively,
these results highlight the significance and role of YKL-40 in the pathology of GCA.

The role of PDGF-AA as a potent regulator of tissue remodeling has been well established. PDGF-AA
was found to be an important inducer of fibroblast proliferation [49]. Interestingly, for asthma, PDGF
was found to be essential for myofibroblasts proliferation and migration towards the epithelium [50].
In line with this are the tissue remodeling M@s positive for FR-B and skewed by M-CSF seen in GCA




lesions, which were highly associated with intimal hyperplasia and occlusion severity [45,46]. In regard
to M-CSF, M-M@s were also seen to have higher in vitro expression of PDGF-AA compared to GM-M@s
[45]. Similarly, M-M@s in pulmonary fibrosis also promoted fibroblast proliferation and collagen
deposition via PDGF-Ra., a receptor for PDGF-AA [51]. Thus, suggesting that PDGF-AA mediates intimal
hyperplasia by enhancing fibroblast proliferation and migration from the adventitia towards the
intima. Even so, it may be proposed that fibroblast migration is further aided by YKL-40 due to its role
in media and elastic lamina degradation.

The suspected distinct GM/M-M@ subsets seen in GCA lesions together with their potential effectors
on fibroblasts are summarized below in Figure 2, representing the main focus of this study.
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Figure 2. M@ subsets of interest suspected to dictate GCA lesions whereby GM/M-CSF skews M@s
into CD206* and YKL40"&" or FR-B* and PDGF-AANeh M@s, respectively (Created with BioRender.com).

1.5. Outline of the study

It is clear that YKL-40 and PDGF-AA are important players in fibroblast proliferation and migration,
therefore possibly crucial in the interaction between M@s and their environment in GCA. This crosstalk
between M@s and fibroblasts may potentially be exploited for the discovery and development of new
disease biomarkers, specific diagnostics, or targeted therapies in GCA. However, knowledge is still
limited on the interaction between GM/M-M@s and fibroblasts in GCA and their extent on the
proliferative and migratory capacity of fibroblasts. Therefore, this pioneer study aims to elucidate the
impact of GM/M-M@s on the proliferation and migration of fibroblasts. To address this issue,
monocytes from healthy controls (HCs) are in vitro differentiated into M@s in the presence of GM/M-
CSF. From this, culture supernatant is taken and added to cultures with HC fibroblasts, which are
assessed for their proliferative and migratory capacities using a MTT and scratch assay, respectively.
In addition, gene and protein expression of the skewed M@s is determined by gPCR and ELISA. Besides
the importance of this research in regard to GCA, also optimization of the M@ culturing and assays is
evaluated to further aid future research that deals with the in vitro crosstalk between M@s and
fibroblasts in GCA or other pathologies.




2. MATERIALS & METHODS

2.1. Peripheral blood mononuclear cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from HC buffy coats (6 individuals; named
buffy 1-6) or full blood draws (2 individuals; named donor 7-8) using density gradient centrifugation by
SepMate™ (StemCell™, Vancouver, Canada). The following procedures were performed sterile in a
laminar flow cabinet. Three buffy coat or two blood draw collection tubes were added in a 50 mL tube
and topped off to 38 mL with phosphate buffered saline (PBS) (1x). Next, 25 mL of the buffy or blood
solution was added down the side of a SepMate™ tube, which was previously filled with 15 mL
LymphoPrep™ (StemCell™) (was carefully pipetted through the hole in the bottom). The SepMate™
tubes were centrifuged at 1200 g for 15 minutes with the fastest brake. After centrifugation,
SepMate™ tubes were quickly emptied into 50 mL tubes (three SepMate™ tubes per two 50 mL tubes)
and topped off to 50 mL with pre-heated RPMI (Roswell Park Memorial Institute; 1640) (Thermo Fisher
Scientific, Waltham, MA, USA) (with L-glutamine, 25 mM HEPES, and 1% gentamycin) medium. These
50 mL tubes were centrifuged at 560 g for 8 minutes with the fastest brake. Supernatant was removed
and cell pellet was resuspend with 10 mL RPMI per two 50 mL tubes. This cell suspension was counted
using the cell counter (Beckman Coulter, Brea, CA, USA) by putting 40 uL cell suspension in 10 mL
ISOTON™ || diluent (Beckman Coulter, Brea, CA, USA).

The cell suspension is further processed by adding RPMI to 50 mL followed by centrifugation at 350 g
for 8 minutes with the fastest brake. Next, working on ice, supernatant was removed and cell pellet
was resuspended with 1 mL RPMI medium (with 20% fetal calf serum (FCS)) per 20 million cells
followed by dropwise addition of 1 mL RPMI medium (with 20% dimethyl sulfoxide (DMSO)) per 20
million cells. At last, approximately 10 million of PBMCs in 1 mL of the final cell suspension was added
per cryovial. Cryovials with PBMCs were first stored overnight at -80 °C and the next day at -196 °C in
liquid nitrogen.

2.2. Monocyte isolation and macrophage differentiation

HC monocytes were isolated from thawed PBMCs using separation based on Percoll® (Cytiva™,
Marlborough, MA, USA) gradients followed by culture adherence. This protocol was optimized in the
available time span highlighted in Appendix 6.1. The following procedures were performed sterile in a
laminar flow cabinet. Starting from day 0, frozen PBMCs were thawed at 37 °C for 10 minutes and
transferred to a 15 mL tube in which 9 mL pre-heated (37 °C) regular growth medium (DMEM:
Dulbecco’s Modified Eagle Medium) (Thermo Fisher Scientific) (1 g/L glucose, 10% FCS, 1% penicillin-
streptomycin, and 1% L-glutamine) was added dropwise. The tubes were centrifuged at 300 g for 5
minutes. The cell pellet was resuspend in 1 mL 60% standard isotone Percoll® (SIP: 10x PBS (13.5 g
NaCl, 0.1 g Na;HPO,, and 2.1 g KH,PO, in 200 mL demi water, filter sterilized, pH 4.6) mixed with
Percoll® solution in 1:9 ratio) (SIP is diluted with DMEM with 1% FCS) per PBMC cryovial. The cell
suspension in 60% SIP was layered per 2 mL with 4.5 mL 47.5% SIP followed by 2 mL 34% SIP in a regular
15 mL tube. The tubes were centrifuged at 1750 g for 45 minutes with slow acceleration and no brake.
After centrifugation, monocytes were harvested by taking the upper interface of the gradients. Cell
suspensions of the same donor were pooled and subsequently washed twice with DMEM (1% FCS)
(with first wash added to 45 mL and with second wash added to 20 mL) followed by centrifugation at
300 g for 5 minutes (before the second wash, 1 mL of cell suspension was counted using 10 plL in a
hemacytometer). Depending on the cell count, cell pellets were resuspended with either 1 or 0.5 mL
regular growth medium per PBMC cryovial and respectively seeded in a 12 or 24 well plate with 1 or
0.5 mL per well (used 1 mL for > 0.75 million cells per cryovial and 0.5 mL for < 0.75 cells per cryovial).
This difference in protocol was to maintain a constant and appropriate cell density in the monocyte




culture during the M@ differentiation. For the monocyte isolations of PBMCs from buffy 1-6, over 0.75
million cells were obtained, whereas for donor 7-8 under 0.75 million cells were obtained per cryovial.

Following the isolation based on Percoll® gradients, cells were incubated for 4 hours at 37 °C and 5%
CO; to allow monocyte adherence. After 4 hours, the monocyte culture was carefully washed twice
with 1 mL DMEM followed by addition of 50 ng/mL GM-CSF or M-CSF (Peprotech, Rocky Hill, CT, USA)
in 1 or 0.5 mL regular growth medium. Over the course of 7 days, monocytes were differentiated into
skewed M@s in the presence of the growth factors. Medium plus factors were replaced on days 3 and
5 whereby culture supernatant was spun down (300 g for 5 minutes), and cell pellet was resuspended
with medium containing factors and subsequently added to the monocyte culture.

2.3. Macrophage activation and harvesting

The M@s skewed by GM-CSF and M-CSF (also noted as GM- and M-M@s or GM/M-M@s) isolated from
buffy 1-6 were detached and activated in a normalized cell number, whereas the remaining GM/M-
M@s isolated from donor 7-8 were activated on day 7 without detaching and thus without normalizing
the cell number. The difference in protocol was due to the availability of stored PBMCs and had nothing
to do with the origin of the PBMCs. The following procedures were performed sterile in a laminar flow
cabinet.

On day 7, M@s isolated from buffy 1-6 were detached with 1 mL pre-heated (37 °C) TrypLE™ Express
Enzyme (Gibco™, Waltham, MA, USA) for a minimum of 10 minutes at 37 °C and 5% CO, followed by
addition of 2 mL regular growth medium to inactivate the enzyme. The cell suspension was centrifuged
at 300 g for 5 minutes whereafter the cell pellet was resuspended in 1 mL regular growth medium and
counted using a hemacytometer. M@ activation was performed preferably at 100,000 cells/mLin 1 mL
per well in a 24 well plate with (un)stimulated conditions per GM/M-M@s. Though, depending on the
total amount of cells per condition, M@ activation could also be performed with 50,000 cells in 0.5 mL
per well in a 48 well plate also with (un)stimulated conditions. Activation was done in the presence of
50 ng/mL GM/M-CSF with or without 100 ng/mL LPS for a period of 4 hours at 37 °C and 5% CO.. After
4 hours, the new M@ culture was washed twice with either 2 or 1 mL regular growth medium to get
rid of the factors and stimulant, and either 1 or 0.5 mL fresh regular growth medium was added. If
some cells did not adhere properly, culture supernatant was spun down (300 g for 5 minutes), and cell
pellet was resuspended with regular growth medium and added to the M@ culture. The (un)activated
M@s were subsequently incubated for 24 hours at 37 °C and 5% CO; to let them release their soluble
factors in the culture supernatant. After 24 hours, supernatants were collected and spun down at 300
g for 5 minutes followed by taking the acquired supernatant, which was stored at -20 °C for later use
(ELISA, MTT assay, and scratch assay). The remaining cell pellet was lysed together with the lysate
solution described next. M@s were lysed with buffer RLT (Qiagen, Hilden, Germany) with 1% [-
mercaptoethanol using 75 plL for under 100,000 cells and 350 pL for over 100,000 cells. Cell lysates
were stored at -80 °C for later use (RNA extraction).

For M@s isolated from donor 7-8, activation was performed on day 7 similarly as M@s isolated from
buffy 1-6, but without detaching. In this case, all M@s cultures were activated for 4 hours followed by
addition of regular growth medium with or without 50 ng/mL GM/M-CSF. After similar obtainment of
supernatants after the 24 hours of incubation, M@s were detached and counted similarly as with M@s
isolated from buffy 1-6. Counting was performed to normalize ELISA results so that these are
comparable with results from the M@ activation at a normalized cell number. Thereafter, cell
suspension was spun down (300 g for 5 minutes) whereafter the cell pellet was lysed similarly as with
the M@s isolated from buffy 1-6.




Monocyte isolation and macrophage differentiation (Materials & Methods 2.2), activation, and
harvesting (Materials & Methods 2.3) of M@s isolated from buffy 1-6 (buffy coat PBMCs) or donor 7-8
(blood draw PBMCs) are summarized below in Figure 3.
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Figure 3. Timeline of monocyte isolation and macrophage differentiation, activation, and harvesting (Created with
BioRender.com).

2.4. RNA extraction, cDNA synthesis, and gPCR

Total RNA was extracted from GM/M-M@ lysates using the RNeasy® Micro Kit (Qiagen) according to
the following protocol. Per sample, cell lysate was homogenized with 70% ethanol in a 1:1 ratio and
transferred to an RNeasy MinElute® spin column with a 2 mL collection tube, which was centrifuged
for 30 seconds at maximum g. Flow-through of the collection tube was discarded and 350 ulL buffer
RW1 was added to the spin column, which was centrifuged for 30 seconds at maximum g. Again, flow-
through was discarded and 10 uL DNase | together with 70 uL buffer RDD was added to the center of
the spin column. Spin columns were incubated for 15 minutes at room temperature followed by
addition of 350 pL buffer RW1. Spin columns were subsequently centrifuged for 30 seconds at
maximum g whereafter the columns were placed in new collection tubes. Following, 500 uL buffer RPE
was added to the spin column, which was centrifuged for 30 seconds at maximum g. Again, the spin
column was placed in a new collection tube followed by addition of 500 uL 80% ethanol to the spin
column. Spin columns were centrifuged for 2 minutes at maximum g whereafter the spin column was
placed in a new collection tube. Spin columns were centrifuged for 5 minutes at maximum g with open
lid to dry the membrane. At last, spin columns were placed in 1.5 mL collection tubes and 15 pL RNase-
free water was added directly to the center of the column membrane followed by incubation for 2
minutes at room temperature and centrifugation for 1 minute at maximum g to elute the RNA. From
this point onwards, RNA was kept on ice. RNA concentration was determined using a NanoPhotometer
(Implen, Munich, Germany).

The extracted RNA was reverse transcribed into cDNA using Superscript Il reverse transcriptase (RT)
(Invitrogen, Waltham, MA, USA) according to the following protocol. Enzymes, other factors, and
mixtures were vortexed and spun down before use or after composing. Per sample, 0.5 pL random
hexamers (250 mM) (Promega, Madison, WI, USA) together with 1 uL dNTP mix (10 mM) (Fermentas,
Waltham, MA, USA) was prepared as master mix | and added to 12 uL RNA extract in a 0.2 mL tube.




This mixture was heated at 65 °C for 5 minutes followed by 4 °C at infinite minutes in a thermocycler
(MyCycler™) (Bio-Rad, Hercules, CA, USA). Thereafter, per sample, 4 pL first strand buffer (5x), 1 pL
DTT, 1 uL RNase OUT inhibitor (40 units/uL), and 0.5 uL Superscript Il RT (200 units/uL) was combined
as master mix Il, which was added to the 0.2 mL tubes. This mixture was heated to 25 °C for 5 minutes,
50 °C for 60 minutes, 70 °C for 15 minutes, and cooled to 4 °C at infinite minutes in the thermocycler.
The resulting mixture contained the converted cDNA, which was diluted to 10 ng/mL with RNase-free
water for gPCR (assumed was that RNA converted 1:1 to cDNA). The cDNA was stored at -20 °C until
further use.

Real-time gPCR was carried out using a ViiA™ 7 Real-Time PCR System with TagMan™ (Thermo Fisher
Scientific) primer probes targeting 3-actin, CD206, FR-B, YKL-40, PDGF-A, and IL-6 (control for GM-
M@s) (details listed below in Table 1) according to the following protocol. For each gene and condition,
triplicates were carried out. For samples buffy 3 and 4 with unstimulated GM-M@s, not enough cDNA
was obtained to perform triplicates for the genes CD206, FR-B, YKL-40, and PDGF-A, so instead
duplicates or singlets were carried out, respectively. As for IL-6, not enough cDNA of buffy 3 and 4 with
unstimulated GM-M@s was available to perform qPCR and for buffy 3 with unstimulated M-M@s only
duplicates were carried out. To start, 1 uL of cDNA solution (10 ng cDNA) was put per sample in a 384
well plate meant for qPCR. The cDNA solution was subsequently dried for 1 hour with a SpeedvVac™
(Thermo Fisher Scientific) ran with the standard procedure. Afterwards, per well, 10 pL of gPCR master
mix (0.5 pL Primer Probe Mix (20x), 4.5 uL Milli-Q water, and 5.0 uL ABsolute gPCR ROX Mix (Thermo
Fisher Scientific)) was added to the corresponding well and to a well for the no template control (NTC).
The 384 well plate was sealed with an optical seal and centrifuged shortly. For the real-time qPCR, hold
stage was carried out at 95 °C for 15 minutes followed by the PCR stage, which cycled 45 times from
95 °C for 15 seconds to 60 °C for 1 minute. PCR results were analyzed using QuantStudio™ Real-Time
PCR software v1.3 (Applied Biosystems®, Waltham, MA, USA) where relative gene expression was
normalized to B-actin as an internal control.

Table 1. Details of primer probes used for real-time qPCR

Gene Full or alternative name Gene ID | Probe ID

B-actin | Beta-actin ACTB Hs99999903_m1
CD206 | Mannose receptor MRC1 Hs00267207_m1
FR-B Folate receptor beta FOLR2 Hs00265255 m1
YKL-40 | Chitinase-3-like protein 1 CHI3L1 Hs01072228_m1
PDGF-A | Platelet-derived growth factor A | PDGFA Hs00964426_m1
IL-6 Interleukin 6 IL6 Hs00174131_m1

2.5. ELISA

YKL-40, PDGF-AA, and IL-6 concentrations of culture supernatants from GM/M-M@s were determined
using the human chitinase 3-like 1 (YKL-40), PDGF-AA, and IL-6 DuoSet ELISA (DY-2599, DY-221, and
DY206, respectively) (R&D Systems, Minneapolis, MN, USA) according to the following protocol. All
incubation steps were done with a sealed plate at an EASIA shaker at room temperature. The washing
procedure was standard by washing 5 times with 100 uL wash buffer (0.025 M Tris, 0.15 M NaCl, and
0.05% Tween-20) at a microplate washer. Costar™ (Corning Incorporated, Corning, NY, USA) EIA plates
were coated per well with reconstitute lyophilized capture antibody in 100 uL PBS (1x) (2 ug/mL for
YKL-40, PDGF-AA, and IL-6) and incubated overnight followed by washing. Thereafter, 200 pL block
buffer (PBS (1x) with 2% bovine serum albumin (BSA)) was added to the plate, which was incubated
for 1 hour followed by washing.




For the plate setup, standard curves were done in duplicate with two-fold dilutions starting from 2000
to 15.6 pg/mL for YKL-40, 1000 to 7.8 pg/mL for PDGF-AA, and 600 to 4.7 pg/mL for IL-6 of reconstitute
lyophilized recombinant protein. Samples were also executed in duplicate with dilutions 1:800 for YKL-
40, 1:2 for PDGF-AA, and 1:60 for IL-6. Reagents were diluted in incubation buffer (PBS (1x) with 1%
BSA) whereby 100 pl solution was added to the plate, which was incubated for 2 hours. Following
subsequent washing, 100 uL incubation buffer with reconstitute lyophilized detection antibody (200
ng/mL for YKL-40, 1 pug/mL for PDGF-AA, and 50 ng/mL for IL-6) was added to the plate, which was
incubated for 1 hour followed by washing. Thereafter, 100 uL incubation buffer with streptavidin poly-
HRP (horseradish-peroxidase) (Sanquin, Amsterdam, Netherlands) (diluted 1:8000) was added to the
plate, which was incubated for 1 hour followed by washing. For the following chromogen reaction, 2
TMB (3,3, 5,5’-tetramethylbenzidine) pills (Sigma-Aldrich, Saint Louis, MO, USA) were dissolved in 11
mL reaction buffer (0.1 M acetate buffer, pH 6.0) wherein 2 uL of 30% H.0, was added just before use.
From this solution, 100 uL was added to the plate to start the reaction (incubated), which was stopped
when the color of the lowest point of the standard curve became above the blank by adding 100 pl 2N
H,S0, (shortly incubated). Absorbance was measured at 450 with a reference filter at 575 nm using a
microplate reader (VersaMax™) (Molecular Devices, San Jose, CA, USA). Protein concentration of the
supernatant was calculated using the 5 parameter logistic curve-fit that was applied to the
absorbances and known protein concentrations of the standard curve. Values below the detection
limit of the lowest point of the standard curve were assigned 0 ng or pg/mL.

2.6. Fibroblast isolation and culturing

HC fibroblasts were isolated from a skin breast biopsy of a 65 year old woman. The following
procedures were performed sterile in a laminar flow cabinet. Isolation was done by incubating (37 °C
and 5% CO,) small tissue pieces with Ham’s F-12 mixed with amnioMAX™ (Thermo Fisher Scientific)
(mixed in 3:2 ratio and supplemented with 10% FCS and 1% penicillin-streptomycin) for two weeks in
a 6 well plate, while changing medium every two to three days. In this time, fibroblasts grew out of the
tissue pieces. These fibroblasts were subsequently isolated from keratinocytes based on digestion time
(fibroblasts needed 2 minutes digestion time whereas keratinocytes needed minimally 5 minutes)
using 0.05% trypsin-EDTA (filter-sterilized trypsin with EDTA (20 mg per 100 mL) diluted in PBS (1x)).

Next, fibroblasts were cultured at 37 °C and 5% CO; in a T25 flask with 5 mL regular growth medium.
After reaching 80-100% confluency, fibroblasts were passaged into one T75 flask by washing twice with
3 mL DMEM followed by digestion using 0.05% trypsin-EDTA for 3 minutes. Afterwards, trypsin-EDTA
was aspirated and cells were tapped loose followed by resuspending of the cells with 3 mL regular
growth medium. This cell suspension was added into the T75 flask together with 12 mL regular growth
medium. This fibroblast culture was subsequently passaged at 80-100% confluency (approximately
every week) 1 to 2 into new T75 flasks with a similar procedure, but instead, washing was with 7 mL
DMEM and resuspending was with 6 mL regular growth medium.

2.7. MTT assay

To assess the proliferative capacity of fibroblasts in the presence of M@ culture supernatant from buffy
1-6, a MTT assay is conducted as an indicator for cell amount. This protocol was optimized in the
available time span highlighted in Appendix 6.2. The following procedures were performed sterile in a
laminar flow cabinet. Fibroblasts were obtained from 80-100% confluent fibroblast cultures in T75
flasks (passage 4) by detaching with 0.05% trypsin-EDTA (similar as with fibroblast culturing in
Materials & Methods 2.6). The obtained cell suspension was centrifuged (300 g for 5 minutes) whereby
the cell pellet was resuspended with 3 mL low-serum growth medium (DMEM with 0.1% FCS, 1%
penicillin-streptomycin, and 1% L-glutamine). From here, a cell concentration of 50,000 cells/mL in




low-serum growth medium was prepared by counting the cell suspension with a hemacytometer.
Thereafter, 5,000 cells in 100 pulL low-serum growth medium were seeded per well in a 96 well plate
and incubated for 24 hours at 37 °C and 5% CO.. Also 100 uL low-serum growth medium without cells
was seeded to serve as a plate blank.

Following incubation, 50 pL culture medium was removed and 50 ulL of corresponding M@ culture
supernatant (thawed at room temperature and shortly vortexed) was added to establish a supernatant
concentration of 50%. As for the negative control, 50 uL low-serum growth medium was added,
whereas for the positive control, 50 pL low-serum growth medium with 100 ng/mL transforming
growth factor-p (TGF-B) (final concentration is 50 ng/mL) was added. All conditions, controls, and plate
blank were carried out in triplicate. The following fibroblast culture was incubated over a course of 3
days. Thereafter, 10 uL MTT solution (MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) dissolved in regular growth medium at 5 mg/mL and filter-sterilized) was added to each well
and the culture was incubated for 3 hours at 37 °C and 5% CO.. At last, medium was discarded and 100
plL solvent (DMSO and ethanol in 1:1 ratio) was added followed by shaking on an orbital shaker for 15
minutes to dissolve the formed formazan crystals. Absorbance was measured at 570 nm using a
microplate reader (Molecular Devices) of which the absorbance of the plate blank was subtracted. The
final absorbance is proportional to the cell number and thus an indicator for fibroblast proliferation.
Proliferative capacity is represented as the fold change of the absorbance of the conditions compared
to the absorbance of the negative control.

2.8. Scratch assay

Fibroblast migration was monitored using a scratch assay to assess the migratory capacity of fibroblasts
in the presence of M@ culture supernatant from buffy 1-6. This protocol was optimized in the available
time span highlighted in Appendix 6.3. The following procedures were performed sterile in a laminar
flow cabinet. Fibroblasts were obtained similarly as with the MTT assay in Materials & Methods 2.7
(also passage 4). Following that, 50,000 cells in 500 pL low-serum growth medium were seeded per
well in a 24 well plate and incubated for 24 hours at 37 °C and 5% CO, so that a cell monolayer was
established. After incubation, the monolayer was scratched in a cross using a p1000 pipet tip on a
micropipette and a straight ruler. The culture was washed twice with 1 mL DMEM followed by addition
of 450 pL low-serum growth medium and 50 plL corresponding culture supernatant (thawed at room
temperature and shortly vortexed) to establish a supernatant concentration of 10%. As for the
negative control, 50 pL low-serum growth medium was added, whereas for the positive control, 50 pL
low-serum growth medium with 500 ng/mL TGF-B (final concentration is 50 ng/mL) was added. All
conditions and controls were carried out as a singlet.

The fibroblast culture was incubated at 37 °C and 5% CO, and four images (100x magnification) per
condition were taken at 0, 16, and 24 hours post-scratch using an inverted microscope (Leica DM IL
LED) (Leica Microsystems, Wetzlar, Germany) connected to a computer screen. Migration was
quantified using TScratch (available from CSE-lab, Zurich, Switzerland) with the obtained pictures. For
TScratch, the standard analysis and advanced settings were used (default threshold 0.25, disk radius
7, minimum whole area and island 0.07, and erosion size 2). During TScratch analysis, images were first
globally analyzed in the group editing mode. Additionally, each image got reviewed in single image
mode to correctly identify the open wound area using the general threshold slider (algorithm for open
image area) and the paint tool (highlighted in Appendix 6.4). If necessary, images were excluded when
no proper analysis could be made. Fibroblast migration is expressed as migration area (%) = ((Ao —
An)/Ao) x 100%, where Aq is the initial open area and A, is the open area at time of measurement.




Migratory capacity is represented as the fold change of migration area (%) of the conditions compared
to migration area (%) of the negative control.

2.9. Statistics

Data were analyzed using GraphPad Prism (Version 9.0.0, GraphPad Software, San Diego, CA, USA). For
the data from buffy 1-6 of (un)stimulated GM/M-M@s, normal (Gaussian) distribution of the data was
assessed by using a Kolmogorov-Smirnov normality test. If the data was normally distributed,
differences were assessed using a matched one-way ANOVA (parametric) test. If the data was not
normally distributed or when the sample size was too low to test distribution, an unmatched one-way
ANOVA (Kruskal Wallis) was performed. For the data from donor 7-8 of stimulated GM/M-M@s, no
statistics were performed due to the low sample size. Statistical differences between conditions with
a p-value below 0.05 were considered significant. ANOVA significance was indicated on top of the
figure, whereas differences for ANOVA post hoc analysis were indicated between groups with ns (not
significant; p > 0.5), * (p < 0.5), ** (p < 0.01), and *** (p < 0.001). For buffy 1-6 and donor 7-8 of
(un)stimulated GM/M-M@s, data is represented in scatter plots with bar (colored per sample) or
connected plots (for unstimulated or stimulated GM/M-M@s). For data from buffy 1-6, median plus
interquartile range is showed, whereas with data from donor 7-8, data is represented with the mean
plus standard deviation.

Noteworthy, all data from buffy 4 were excluded from analysis for the following reasons. For gPCR
analysis, it was observed that the data of unstimulated GM-M@s from buffy 4 contained unexpected
high values for various measurements. Using the ROUT method in GraphPad Prism, outliers were
identified for gPCR data of CD206, YKL-40, FR-3, and PDGF-A of unstimulated GM-M@s and ELISA data
of YKL-40 of unstimulated and stimulated M-M@s from buffy 4. Based on this, we decided to exclude
all measurements related to buffy 4 (qPCR, ELISA, scratch assay, and MTT assay). Besides, for qPCR
analysis of IL-6, data was also excluded for M@s from buffy 3 since the amount of cDNA from
unstimulated GM-M@s was insufficient. However, because IL-6 served as a control for the GM-M@s,
this had no further impact on the overall analysis of the data.




3. RESULTS

3.1. No confirmation of characteristic GM/M-M@ expression pattern

The crosstalk between M@s and fibroblasts was studied by assessing the effect of unstimulated and
stimulated GM/M-M@ culture supernatant in a fibroblast proliferation and migration assay. To confirm
the skewing of M@s into GM/M-M@s with their proposed characteristics, gPCR and ELISA were
performed targeting CD206, YKL-40, IL-6, FR-[3, and PDGF-A(A). The following describes the gPCR and
ELISA results of detached GM/M-M@s that were unstimulated and stimulated at a normalized cell
number.

On the mRNA level, no distinct CD206, YKL-40, and IL-6 expression pattern was seen between GM-M@s
and M-M@s of both unstimulated and stimulated M@ subtypes (Figure 4-A/B/C). Interestingly,
significant differences were seen for YKL-40 expression between unstimulated and stimulated GM/M-
M@s with higher expression in LPS stimulated M@s (Figure 4-B2). At the protein level, also no
difference in YKL-40 and IL-6 production was seen between GM-M@s and M-M@s of both unstimulated
and stimulated M@ subsets (Figure 5-A/B). Again, it was confirmed that LPS stimulation increases YKL-
40 and especially IL-6 protein levels (Figure 5-A1/B1), with no detected IL-6 protein in unstimulated
M@s. Generally, it was found that YKL-40 levels are much higher compared to CD206 and IL-6 levels,
indicated by the relative mRNA expression and protein concentration (Figure 4-B1 and Figure 5-Al).
Altogether, these results did not confirm the typical phenotypic characteristics of GM-M@s (CD206,
YKL-40*, and IL-6"&") previously reported [45,47].

For FR-B mRNA expression, a distinct pattern was observed between the different M@ conditions.
Compared to unstimulated and stimulated GM-M@s, a significant higher FR-p expression was seen in
unstimulated M-M@s and a trend towards higher expression was seen in stimulated M-M@s (Figure 4-
D). In contrast, minimal expression of FR-B was seen in GM-M@s. For the expression of PDGF-A, a
significant increase was seen for GM-M@s compared to M-M@s for both unstimulated and stimulated
M@ subsets (Figure 4-E). However, relative PDGF-A expression was very low compared to the other
genes tested. For PDGF-AA protein levels, no significant differences were seen between M@ conditions
(Figure 5-C). Overall, these results confirmed the typical FR-3 expression in M-M@s reported previously
[45]. In contrast to previous reports, higher PDGF-A mRNA levels were seen in GM-M@s [45].
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Figure 4. No distinct expression pattern of CD206, YKL-40, and IL-6 in unstimulated and stimulated GM/M-M@s and higher

expression of FR-B in M-M@s and PDGF-A in GM-M@s.
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Figure 5. No distinct protein level pattern of YKL-40, IL-6, and PDGF-AA in unstimulated and stimulated GM/M-M@s.

3.2. No differential effect of GM/M-M@s on fibroblast migration and proliferation

The crosstalk between M@s and fibroblasts was studied using a fibroblast proliferation (MTT assay)
and migration (scratch assay) assays in the presence of culture supernatant of unstimulated and
stimulated GM/M-M@. The following describes the MTT and scratch assay results with M@ culture
supernatants of detached GM/M-M@s that were either unstimulated and stimulated at a normalized
cell number.

Regarding fibroblast proliferation, no significant differences were seen between the different M@
conditions (Figure 6-A). In addition, there was no indication that stimulated M@s had more effect on
fibroblast proliferation compared to unstimulated M@s. Overall, M@ culture supernatant was not a
strong inducer of fibroblast proliferation. However, another explanation for this is that the sensitivity
of the assay was lower than expected, due to the high cell density in the final MTT assay (Appendix
6.2). Besides, the GM/M-M@ phenotypes must also be considered, as is shown in Results 3.1 that these
do not match the previously reported phenotypes. Altogether, the uncharacteristic M@ phenotypes
and the lower sensitivity of the MTT assay make it hard to draw definitive conclusions on the effect of
GM/M-M@ culture supernatants on fibroblast proliferation.

As for fibroblast migration, also no significant differences were seen between the different M@
conditions at both 16 and 24 hours post-scratch application (Figure 6-B/C). In addition, it was observed
that fibroblast migration mainly occurred in the first 16 hours post-scratch application compared to
the 8 hours thereafter. Even though no significant differences were seen between unstimulated and
stimulated GM/M-M@s, it is interesting to note that M@s performed remarkably better compared to
the negative control (low-serum growth medium only) with approximately two to three times more
fibroblast migration for 16 and 24 hours post-scratch application (Figure 6-B/C). This demonstrates
that the scratch assay has a high sensitivity between. However, due to the uncharacteristic M@




phenotypes similar as with the results of the proliferation assay, it is hard to draw conclusions on the
effect of GM/M-M@ culture supernatants on fibroblast migration.
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Figure 6. No differential effect of unstimulated and stimulated GM/M-M@ culture supernatants on fibroblast proliferation
and migration.

3.3. Undetached M@s show no full restoration of characteristic GM/M-M@ expression pattern

It was suggested that the uncharacteristic GM/M-M@ phenotypes (Results 3.1) were caused by the
detachment and re-seeding (at a normalized cell number) of M@s for activation. M@ detachment, re-
seeding (cell attachment), and LPS activation may be too strong stressors for the skewed M@s and may
have modulated the expression patterns of the markers studied. Therefore, GM/M-M@s were also
activated without detachment followed by the addition of regular growth medium with or without
GM/M-CSF for the last 24 hours. It was expected that adding GM/M-CSF for an additional 24 hours
might further improve the expression pattern of GM/M-M@s towards the characteristic expression
pattern of these M@s. The following describes the qPCR and ELISA results of undetached and
stimulated GM/M-M@s with or without extra GM/M-CSF.

At the mRNA level, a tendency was seen for CD206 and IL-6 towards higher expression in M-M@s
compared to GM-M@s (Figure 7-A/C). In contrast, IL-6 protein levels were higher in GM-M@s compared
to M-M@s (Figure 8-B). Interestingly, for YKL-40, a tendency was observed with higher expression in
GM-M@s compared to M-M@s (Figure 7-B). This tendency for YKL-40 was less pronounced at the
protein level, although, this might also be due to donor variation (Figure 8-A). In general, no differences
were seen between the expression pattern of M@s with or without the additional exposure to GM/M-
CSF (Figure 7-A/B/C and Figure 8-A/B). When comparing the relative expression and protein levels of
undetached with detached M@s (Results 3.1), a remarkable increase in expression of CD206, YKL-40,
and IL-6 was observed. This was especially seen for YKL-40 and IL-6 with an approximate ten-fold
increase at the mRNA and protein level, illustrating the effect of cell detachment on expression levels.




However, without the M@ detachment, the characteristic GM-M@ expression pattern is not fully
restored, especially with respect to CD206 and IL-6 expression (mRNA level). Moreover, additional
exposure to GM-CSF did not improve the expression pattern.

For FR-f3 expression, a distinct pattern was observed with high expression in M-M@s and minimal
expression in GM-M@s (Figure 7-C). For PDGF-A(A), a tendency was found with high mRNA and protein
levels in GM-M@s compared to M-M@s (Figure 7-E and Figure 8-C). Similarly, no differences were seen
between the expression pattern of M@s with or without the additional exposure to GM/M-CSF (Figure
7-D/E and Figure 8-C). For FR-B, no increase in expression was seen for undetached compared to
detached M@s (Results 3.1). For PDGF-A(A), this was also observed at mRNA level, however, at the
protein level a strong increase was seen for undetached M@s compared to detached M@s. Altogether,
no differences in FR-B and PDGF-A(A) expression were found between detached and undetached
GM/M-M@s, further indicating that detachment of the M@s perse is not the cause of the
uncharacteristic GM/M-M@s expression pattern.
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Figure 7. A tendency for high CD206, IL-6, and FR-3 expression in M-M@s and high YKL-40 and PDGF-A expression in GM-
M@s.
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4. DISCUSSION

4.1. Overview

This study focused on the interaction between GM/M-M@s and fibroblasts in GCA to further aid the
development of new disease biomarkers, specific diagnostics, or targeted therapies for this disease.
This crosstalk is crucial in the pathogenesis of GCA since it has been proposed that GM/M-M@s mediate
fibroblast proliferation and migration from the adventitia to the intima, leading to intimal hyperplasia
and ultimately vessel occlusion. It was hypothesized that the effectors of GM/M-M@s on fibroblasts
are YKL-40 and PDGF-AA, respectively. Furthermore, it was expected that GM-M@s mainly mediate
fibroblast migration, whereas M-M@s are important for both migration and proliferation of fibroblasts.
To elucidate the extent of GM/M-M@s on fibroblast proliferation and migration, HC monocytes were
differentiated in the presence of GM/M-CSF into GM/M-M@s. From here, M@ culture supernatants
were used to study the effect of GM/M-M@ on in vitro fibroblast proliferation (MTT assay) and
migration (scratch assay) using HC fibroblasts.

Before the assessment of fibroblast proliferation and migration, GM/M-M@s were analyzed for their
characteristic expression pattern as previously reported and seen in GCA lesions [45,46,47]. However,
no elevated CD206, YKL-40, and IL-6 expression was seen in GM-M@s compared to M-M@s, which are
typical markers for GM-M@s within GCA lesions. On the other hand, the distinct pattern of high FR-3
expression in M-M@s but not in GM-M@s was confirmed. For PDGF-A expression, the opposite pattern
was observed with significant higher expression in GM-M@s compared to M-M@s, which is in contrast
to what has been reported previously [45,52].

The uncharacteristic GM/M-M@ phenotypes might also the reason why no significant differences were
observed between unstimulated and stimulated GM/M-M@s for fibroblast proliferation and migration.
For the GM-M@ typical markers CD206, YKL40, and IL-6, it was seen that both GM-M@s and M-M@s
display similar levels of these surface markers and executors. Meanwhile, it was seen that GM-M®@s
and M-M@s display both M-M@ typical markers. GM-M@s showed elevated PDGF-A expression,
whereas M-M@s showed FR-B expression. Collectively, the overlap in YKL-40 expression and the
contrasting expression of PDGF-AA made it hard to assess the direct effect of GM-M@s or M-M@s on
fibroblast proliferation and migration with regard to the proposed role of GM/M-M@s in GCA.

4.2. Possible explanations for uncharacteristic GM/M-M@ expression pattern

The uncharacteristic GM/M-M@ phenotypes seen in our experiments were not in line with previous
reports that studied M@ skewing by GM/M-CSF [40,45,46,47]. Hence, possible explanations were
sought to explain the uncharacteristic GM/M-M@ expression patterns observed for CD206, YKL-40, IL-
6, and PDGF-A.

Detachment and re-seeding

The first factors we explored were the detachment and re-seeding of the skewed GM/M-M@s
necessary for M@ activation at a normalized cell number. To study the interaction between GM/M-
M@s and fibroblasts, an in vitro protocol was envisioned where M@ culture supernatant was used to
assess proliferative and migratory capacities of fibroblasts. Because of this setup, M@ culture
supernatant had to be harvested from a M@ culture with a normalized cell number, so that fibroblast
behavior could only be influenced by the difference in M@ production of soluble mediators and not by
the number of M@s. Regarding the M@ detachment, it was found by others that this downregulated
M2-M@ markers CD163 and CD206 in polarized M@s when detachment was done using enzymatic




reagents like trypsin [53,54]. Furthermore, the stress of M@ detachment in conjunction with re-seeding
may also further disturb the initial phenotype displayed by the polarized M@s [55,56].

To address whether detachment and re-seeding are responsible for the uncharacteristic phenotypes
seen in detached GM/M-M@s, other M@s were cultured and activated under similar conditions but
without detachment. Altogether, these experiments showed that undetached M@s do not fully restore
the characteristic GM/M-M@ expression pattern since only insignificant shifts were seen towards more
YKL-40 and IL-6 expression in GM-M@s. Of note, no detachment of M@s strongly increased CD206
expression and PDGF-AA protein levels and massively enhanced YKL-40 and IL-6 mRNA and protein
levels compared to detached M@s, indicating that detachment does affect the level of expression to a
certain extent.

LPS stimulation and stimulation length

Since M@ detachment and re-seeding was probably not at cause of the uncharacteristic GM/M-M@
phenotypes, it was suggested that other factors regarding the protocol or culture conditions might
have play a role. In particular, the use of LPS for M@ stimulation needs to be evaluated. It was already
established that M@s may display a mix of both M1- and M2-M@ traits [43]. However, because of the
incredible plasticity of M@s, this phenotype can also rapidly change depending on signals from the
microenvironment [37,38]. Thus, it may be suggested that stimulation of LPS on polarized M@s results
in an alteration of expression patterns and not in the expected increase of expression of the markers
that were already expressed. In line with this is that stimulation with LPS alone or in combination with
IFN-y is often used for generating M@s showing M1-M@ traits [37,40,57,58].

Regarding the detached GM/M-M@s in our experiments, it may be that LPS stimulation diminished
CD206 expression in both M@ subsets since CD206 is a marker for M2-M@s. Indeed, increased CD206
expression in GM-M@s compared to M-M@s was found in another study using unstimulated HC M@s
[45]. Nonetheless, if this was the case, than still a higher CD206 expression would be expected for the
unstimulated (detached) GM-M@s compared to M-M@s. Moreover, for undetached M@s, which were
all stimulated with LPS, a tendency was still observed towards higher CD206 expression in M-M@s. For
FR-B expression, also a marker for M2-M@s [59], also no downregulation was seen for stimulated
compared to unstimulated M@s. Overall, this indicated that LPS stimulation was not a major
contributor to the uncharacteristic GM/M-M@ expression pattern of CD206. However, LPS might have
affected the IL-6 expression of both detached and undetached GM/M-M@s. It is well known that LPS
causes the upregulation of pro-inflammatory cytokines like IL-6 in M@s [60], which could explain that
IL-6 expression is only seen in stimulated M@s albeit at similar levels in GM- and M-M@s.

LPS stimulation length may also influence CD206 expression. One study showed that M2-M@ markers
like CD206 need two to three days of stimulation with IL-4 to reach the highest expression on polarized
M@s [61], whereas in our study we only used four hours stimulation with LPS. This could give an
indication on the kinetics of CD206 expression in polarized M@s. Besides, in a study by Van Sleen et al.
(2021) two days of LPS stimulation on polarized GM/M-M@s had resulted in similar YKL-40 expression
levels with no distinct YKL-40 expression pattern for HC M@s [47]. This indicates that LPS stimulation
length alone cannot explain the YKL-40 expression pattern observed in our experiments. Finally, higher
PDGF-A expression levels in M-M@s compared to GM-M@s have been reported upon two days LPS
stimulation on polarized M@s [45]. In our current study, the opposite expression pattern was seen
after four hours of stimulation on polarized M@s, perhaps indicating that PDGF-A expression is
influenced by the length of stimulation.




Monocyte isolation, GM/M-CSF concentration, and presence of GM/M-CSF

Other factors that might have influenced the GM/M-M@ expression pattern are the monocyte isolation
method, GM/M-CSF concentration, and presence of GM/M-CSF. For this study, monocytes were
isolated from HC PBMCs using separation based on Percoll® gradients followed by culture adherence.
The distinct GM/M-M@ expression pattern was seen in M@s cultured from HC monocytes that were
isolated by negative selection using the EasySep monocyte enrichment kit, which does not deplete
CD16* monocytes [45,47]. However, this difference in monocyte isolation method should not have had
such a significant impact. It was established by flow cytometry that only after separation by Percoll®
gradients, a monocyte purity of 67% was reached whilst containing all monocyte subsets (Appendix
6.1). The additional four hours culture adherence followed by washing further depleted non-adherent
lymphocytes [62] from the monocyte culture. Although, lymphocytes can react to GM-CSF [63],
subsequent washing during the medium change at days three and five should have removed remaining
lymphocytes and further increased the purity of the monocyte-derived M@s.

In our study monocytes were differentiated into GM/M-M@s in the presence of 50 ng/mL GM/M-CSF,
whereas in the study of Jiemy et al. (2020) and Van Sleen et al. (2021) 100 ng/mL GM/M-CSF was used
[45,47]. At first, this difference in concentration seems significant enough to explain the
uncharacteristic GM/M-M@ expression pattern. However, in other studies similar or even lower
concentrations of GM-CSF or M-CSF have been used, where still significant phenotypic differences
were induced between the polarized M@ subsets [61,64,65,66].

In the studies by Jiemy et al. (2020) and Van Sleen et al. (2021) M@s were differentiated into GM/M-
M@s with their characteristic expression pattern according to a protocol where GM/M-CSF was
continuously present in the culture medium [45,47]. For M@ differentiation in this study, GM/M-CSF
was not added in the culture medium after M@ activation of detached M@s, because M@ culture
supernatants was later on used for the fibroblast proliferation and migration assay. This M@ culture
supernatant should not contain GM/M-CSF, because these factors could have also influenced the
fibroblasts directly. For example, it has been shown that GM-CSF causes proliferation in a dermal
fibroblast cell line [67]. Thus, ideally the obtained M@ culture supernatant should only contain the
soluble factors produced by the GM/M-M@s. To investigate the effect of the removal of GM/M-CSF,
undetached GM/M-M@s were cultured with or without GM/M-CSF for the last 24 hours after M@
activation. However, similar CD206, YKL-40, IL-6, FR-B3, and PDGF-A(A) expression was seen between
M@s with the additional GM/M-CSF exposure and those without. Altogether, we believe it is unlikely
that differences in monocyte isolation method, GM/M-CSF concentration, and GM/M-CSF presence
are the cause of the uncharacteristic GM/M-M@ expression pattern.

Low-glucose DMEM

As a final potential modulating factor of the M@ expression pattern, we evaluated the effects of low-
glucose DMEM used for culturing of M@s in this study. The decision to culture M@s with DMEM was
because at the end the M@ culture supernatant was used in the fibroblast proliferation and migration
assay. Earlier, our group established that primary human dermal fibroblasts grow best in DMEM and
not well in the standard used RPMI. Thus, to rule out the effect of RPMI on fibroblasts, M@s were
cultured in DMEM instead of RPMI. Moreover, low-glucose DMEM (1 g/L glucose) instead of high-
glucose DMEM (4.5 g/L glucose) was used to minimize the effect of glucose on fibroblast proliferation
and migration since it has been reported that very high levels of glucose can impair fibroblast
proliferation and migration [68].

It is now well established that certain metabolic activities are directly linked to the phenotype of
immune cells [41]. Major metabolic pathways present in cells comprise glycolysis, pentose phosphate




pathway (PPP), oxidative phosphorylation (OXPHQOS), and fatty acid oxidation (FAO) [69]. Whereas the
quickly initiated glycolysis and the PPP mainly fuel on glucose, a combination of OXPHOS and FAO
sustains long-term metabolism that is less dependent on glucose [70]. Overall, metabolic pathways are
linked via the TCA cycle [69]. M@s activated by M1-M@ stimuli like LPS or IFN-y mainly rely on glycolysis
and the PPP for their rapid production of pro-inflammatory mediators, whereby OXPHOS is
downregulated [41,69]. In these activated M@s, there is also a break in the TCA cycle that results in
the accumulation of citrate and succinate, which respectively contribute to tissue-destructive
mediators such as NO and ROS and pro-inflammatory cytokines like IL-13 and IL-6 [41,70].
Interestingly, two main molecular pathways responsible for the switch to this pro-inflammatory and
tissue-destructive metabolic phenotype are activated by GM-CSF and LPS [71]. In contrast, M@s
activated by M2-stimuli show upregulation of FAO and OXPHOS and are therefore more energetically
stable on the long-term, which is believed to be necessary for the prolonged responses in these M@s
[41,69]. These M@s have an intact TCA cycle, which allows them to use the electron transport chain
for the generation of energy [71]. Interestingly, it has been discovered that next to the use of OXPHOS,
these M@s also may use glycolysis [72], where it was seen that both are upregulated by M-CSF [73].
This deployment of both OXPHOS and glycolysis makes these M@s very flexible when energy substrates
like glucose are scarce [72].

Thus, it can be postulated that pro-inflammatory and tissue-destructive M@s skewed by LPS and GM-
CSF display the inflexible glycolysis and PPP metabolic pathways, whereas tissue-remodeling M@s
skewed by M-CSF are more flexible using OXPHOS, FAO, and if needed glycolysis. It is expected that
the use of low-glucose DMEM is reflected in the GM/M-M@ expression pattern due to the
characteristic metabolic phenotypes seen in these M@s. It is suggested that the M@s polarized by GM-
CSF solely use glycolysis and PPP to support their differentiation into CD206* M@s. However, because
of the scarcity of glucose, they are unable to overexpress their markers. The additional stimulation
with LPS may further increased the need for glucose and hence impair marker expression. On the other
hand, M@s polarized by M-CSF show more flexibility by displaying OXPHOS, FAO, and glycolysis,
thereby having less difficulty with low-glucose conditions, leading to a basal level of expression of their
surface markers. This may explain why CD206 is expressed at a similar level between GM/M-M@s. In
line with this is the overexpression of FR-f in M-M@s compared to GM-M@s, which still confirmed the
typical FR- expression seen in M-M@s. Along this line, also IL-6 expression between GM/M-M@s can
be explained where a scarcity in glucose makes GM-M@s unable to overexpress IL-6 compared to M-
M@s [74]. Similarly, the same reasoning may explain YKL-40 expression by GM/M-M@s, although,
other previously mentioned explanations may also apply here.

Indeed, other in vitro studies showing differences in expression pattern of GM/M-M@s have been
performed using RPMI (4.5 g/L glucose) and not low-glucose DMEM [45,47,61,64,65,66,75]. Moreover,
earlier in this project and in another project (Appendix 6.5), M@s were skewed and activated into
GM/M-M@s using RPMI as culture medium. In here, it was shown that the expression pattern of
CD206, YKL-40, IL-6, FR-3, and PDGF-A was perfectly in line with previous studies from Jiemy et al.
(2020) and Van Sleen et al. (2021) [45,47]. Collectively, indicating the significance of the glucose
concentration in culture medium during GM/M-M@ polarization. Altogether, these observations stress
the importance of glucose concentrations in culture medium and culture medium composition in
general, when designing in vitro experiments exploring cell behavior.

4.3. Future perspectives

Collectively, all aforementioned factors need to be taken into account for the explanation of the
expression pattern of GM/M-M@s in this study, although, individual factors likely contributed to




different degrees. The variety of influencing factors were at the end all necessary for the main goal of
this study, that is exploring the crosstalk between GM/M-M@s and fibroblasts. Whereas other studies
solely focused on the expression pattern of polarized M@s, this study tried to mimic the interaction
between M@s and their environment in an in vitro model. Unfortunately, these decisions lead to the
uncharacteristic GM/M-M@ expression pattern, resulting in no further insight in the relation between
GM/M-M@s and fibroblasts. However, still important lessons can be learned from this study to aid
future research.

Besides the main focus on the crosstalk of M@s and fibroblasts in GCA, we also optimized the condition
for the MTT (proliferation) and scratch (migration) assay. In general, the MTT and scratch assay are
simple, straightforward, and cheap methods to quantify the proliferative and migratory capacities of
fibroblasts, yet these assays did require optimization. One flaw of these assays was that they required
a constant cell seeding density for a proper outcome. This cell seeding density was especially important
for the MTT assay since it ensured the maximum sensitivity window for that assay. Unfortunately, due
to practical limitations with cell counting, it was difficult to ensure a constant seeding density, even
when the optimal seeding density was known. Altogether, this represents another limitation of this
study. Additionally, also no optimal positive control for both assays was found. All these limitations
and optimizations are discussed more elaborately in Appendix 6.2 and 6.3.

Regarding these limitations, future studies assessing fibroblast behavior in the presence of M@ culture
supernatants could tend towards alternative assays that have more reliable outcomes. Instead of using
MTT in the proliferation assay, also XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl), MTS (methyl
trichlorosilane), or WST1 (water soluble tetrazolium 1) can be utilized, which also reflect metabolic
activity [76]. The advantage over MTT is that for these compounds the formed crystals directly dissolve
in the medium, which allows continuous monitoring of fibroblast proliferation. Cell proliferation or
viability markers can also be targeted such as Ki-67 using antibodies [77] or ATP using luciferase [76],
respectively. These methods allow more accurate and sensitive assessment of fibroblast proliferation.
Improvements for the scratch assay mainly consist of tools that aid scratch application or increase the
reproducibility of the scratch application. Tools that aid scratch application usually serve as a guide for
the micropipette tip such as a slit on top of the well. The reproducibility of the scratch can be increased
using tools that allow for constant cell removal such as a strip or stopper that is applied before cell
seeding [78]. Next to the conventional scratch assay, an on-chip or Transwell migration assay may also
be utilized. The on-chip migration assay allows for automated and precise wounding with a good
reproducibility [79], whereas the Transwell enables precise quantification of migration by staining cells
that have migrated through a permeable membrane [80]. Both tools ensure proper assessment of
fibroblast migration with a constant outcome. Besides, also other state of the art tools may be utilized
to study cell interactions in GCA, such as the use of ex vivo cultured arteries of GCA patients [81].

In case the improvements of the fibroblast proliferation and migration assay are accomplished, still
the interaction between GM/M-M@s and fibroblasts needs to be implemented. Earlier, a variety of
factors that influence the GM/M-M@ expression pattern was discussed. It was proposed that the use
of low-glucose DMEM mainly affected the expression pattern of M@s, whereas other potentially
cofounding factors are deemed less important. Thus, for future studies assessing fibroblast
proliferation and migration in the presence of GM/M-M@ culture supernatant, it is important to
culture M@s in a culture medium that contains sufficient glucose (around 4.5 g/L), such as high-glucose
DMEM or regular RPMI. Though, a mimic of the in vivo situation would be most preferable. The
normalization of the number of M@s by detachment and re-seeding can still be done since it was
shown that detached and undetached M@s show similar expression patterns. Furthermore, it was
shown that detached GM/M-M@s cultured in RPMI (4.5 g/L glucose) displayed the characteristic




GM/M-M@ expression pattern (Appendix 6.5). If in future studies the interaction between M@s and
fibroblasts is assessed in a similar setup as reported here, it is advised to culture M@s as well as
fibroblasts in high-glucose DMEM. In this way, the effect of the characteristic GM/M-M@s on fibroblast
behavior can still be studied by using M@ culture supernatant in the fibroblast proliferation and
migration assays. Although, there might be a (minimal) inhibitory effect of high-glucose on fibroblast
proliferation and migration, such an effect would be similar for all test conditions. For future studies,
these changes would still allow investigating the crosstalk between GM/M-M@s and fibroblasts with
the same setup as described in this study, thereby hopefully contributing to the knowledge of GCA
pathogenesis.




5. CONCLUSION

Altogether, this study did not establish a difference in fibroblast proliferation and migration between
GM/M-M@s due to uncharacteristic GM/M-M@ expression pattern likely caused by the use of low-
glucose DMEM. For future studies, it is advised to culture M@s in high-glucose DMEM and to use
sensitive fibroblast proliferation and migration assays to assess the crosstalk between GM/M-M@s and
fibroblasts. Overall, showing that careful consideration of culture conditions is crucial for in vitro
approaches of M@ polarization and their effect on fibroblast proliferation and migration.
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7. APPENDIX

7.1. Optimization of monocyte isolation and macrophage differentiation

The goal of the monocyte isolation and M@ differentiation was to obtain a proper amount of pure and
differentiated M@s per condition. This was needed, because an appropriate density of M@s in at least
500 pL culture medium was demanded during M@ activation. It was expected to need at least 500 pL
culture medium (the acquired M@ culture supernatant at the end) per condition since this was used
for the ELISA, MTT assay, and scratch assay. ELISA required a total of 130 ulL supernatant (YKL-40,
PDGF-AA, and IL-6), whereas the MTT and scratch assay needed 150 and 50 plL supernatant,
respectively. This resulted in a total of 330 pL required supernatant per condition whereby the
remaining 170 uL (or more) supernatant was taken into account for mistakes or further research.

To establish the optimal protocol for the aforementioned requirements, multiple experiments were
performed of the monocyte isolation and M@ differentiation before executing the final batches. Firstly,
monocytes were isolated from PBMCs solely based on 2 hours adherence in a 6 well plate (1 cryovial
per well) followed by washing. These monocytes were subsequently differentiated into M@s over the
course of 7 days whilst changing medium on day 2 and 4. Even though enough differentiated M@s
were obtained for M@ activation, monocyte isolation and differentiation was further improved to
increase the M@ purity, density, and amount. Secondly, monocytes were isolated from PBMCs using
separation based on Percoll® gradients, which is able to isolate certain blood cells based on separation
by size and density [82]. These monocytes were differentiated into M@s in a 12 well plate (1 cryovial
per 2 wells) over the course of 7 days whilst changing medium on day 3 and 5. Flow cytometry
(antibodies for CD14 and CD16) on the isolated monocytes showed a monocyte purity of 67% and the
presence of classical (mainly), non-classical, and intermediate monocytes. Although, a monocyte purity
of 67% was considered descent, it could be further improved since there were still many lymphocytes
present in the culture. During differentiation into M@s, it was also observed that the monocyte density
was low.

At last, to further improve both the monocyte purity and density, monocytes were isolated from
PBMCs using a combination of Percoll® gradients and 4 hours adherence in a 12 well plate with 1
cryovial per well. These monocytes were similarly differentiated into M@s over the course of 7 days
whilst changing medium on day 3 and 5. Overall, the addition of monocyte adherence greatly boosted
the monocyte purity, because most of the non-adhering lymphocytes were washed away, whereas
monocytes sticked to the plastic of the well plate. In this way, monocytes were differentiated into M@s
at a good purity, density, and amount. Using this optimized protocol, a minimum of 150,000 and a
maximum of 500,000 differentiated M@s were obtained per condition for the final batches. With these
amounts, either 50,000 or 100,000 M@s in either 0.5 or 1 mL culture medium were used for M@
activation with (un)stimulated conditions, contributing to an appropriate ratio between M@s and
supernatant.

Notably, also the differentiation into the M@ subtypes (GM/M-M@s) was confirmed over the course
of 7 days. Monocytes cultured in the presence of GM-CSF differentiated into large and round GM-M@s,
whereas monocytes in the presence of M-CSF differentiated into spindle-like M-M@s, showed below
in Figure 9 and 10, respectively.




Figure 9. Monocyte differentiation into large and round GM-M@s in the presence of GM-CSF. Left culture day 0 and right
culture day 7 (40x magnified along with enlarged image).

Figure 10. Monocyte differentiation into spindle-like M-M@s in the presence of M-CSF. Left culture day 0 and right culture
day 7 (40x magnified along with enlarged image).

7.2. Optimization of MTT assay

The goal of the MTT assay was to assess the proliferative capacity of fibroblasts in the presence of
GM/M-M@ culture supernatant. To allow further expansion of fibroblasts by proliferation, an optimal
cell seeding density was needed whilst also maintaining a healthy fibroblast culture. Next to that, also
external factors needed to be minimized to make sure that fibroblast proliferation was mainly due to
the M@ culture supernatant. Fibroblasts were therefore cultured in low-serum growth medium for a
certain time to halt proliferation before addition of the M@ culture supernatant. Moreover, to increase
the sensitivity of the assay, also incubation time and concentration of M@ culture supernatant was
optimized. To achieve the optimization of the aforementioned requirements, a total of 14 MTT assay
pilots were performed with varying cell seeding densities, serum concentrations (low-serum growth
medium), incubation time and steps, and M@ culture supernatant concentrations. For the M@ culture
supernatant a practice batch from buffy 2 of conditions with (un)stimulated GM/M-M@s at 100,000
cells/mL was used.

At first, MTT assays with different cell seeding densities along with varying incubation times and steps
were carried out. It was found out that the seeding density of 5,000 cells/well was best since that still
allowed expansion of fibroblasts whilst also maintaining a healthy fibroblast culture. Moreover, it was
observed that direct seeding in low-serum growth medium with a FCS concentration of 0.1% was
sufficient for maintaining a healthy fibroblast culture. Though, it was also seen that washing at this
seeding density resulted in the removal of cells specifically between the outer edge and center of the
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well. This loss of cells during washing was still observed when higher serum concentrations were used
for the low-serum growth medium or when cells were first incubated in regular growth medium (10%
FCS). To overcome this problem, fibroblasts were directly seeded in low-serum growth medium (0.1%
FCS), whereafter 24 hours, a part of the culture medium was removed and replaced with the
corresponding M@ culture supernatant. In this way, fibroblast proliferation was mostly due to the M@
culture supernatant, because the initial low-serum growth medium diminished the effect of the regular
growth medium on fibroblast proliferation (during general fibroblast culturing). After a certain
incubation period with the M@ culture supernatant, a small amount of MTT solution was added. After
incubation, culture medium was removed, which did not remove formazan crystals, whereafter MTT
solvent was added.

Next, varying M@ culture supernatant concentrations and incubation times were carried out.
Supernatant concentrations of 20, 40, and 50% with incubation times of 2, 3, or 4 days were tried,
where it became clear that the supernatant concentration of 50% and incubation time of 3 days
resulted in the most sensitive assay with the largest differences between conditions. With an
incubation time of 2 days too small differences between conditions were seen, whereas for 4 days
fibroblast cultures became too confluent and dead cells were seen.

Worth to mention is the variation in cell density between different MTT assay pilots. At first, fibroblasts
were counted using the cell counter, which caused variations in cell density between different pilots
wherein the same seeding density was used. Later, cell counting was instead performed with the
hemacytometer to be more consistent. This resulted in an unexpected small increase in cell density for
the final MTT assay with M@ culture supernatant from buffy 1-6. It is thought that cell counting by the
cell counter resulted in a seeding density under 5,000 cells/well, whereas counting with the
hemacytometer actually resulted in a seeding density of 5,000 cells/well. Though, for the final MTT
assay, there was still room for further expansion of the fibroblasts in the presence of M@ culture
supernatant, although limited. The cell density of <5,000 cells/well (counted with cell counter) is
depicted below in Figure 11. Again, the actual cell density was unfortunately slightly higher for the final
MTT assay.

Figure 11. Fibroblast seeding density of <5,000 cells/well for
the optimized MTT assay (100x magnified).

Besides, also investigation in negative and positive controls was done, so that conditions with M@
culture supernatant could be compared with a control. As a negative control, fibroblasts were cultured
in solely low-serum growth medium since this had minimal effect on fibroblast proliferation. Though,
it was observed that solely low-serum growth medium still resulted in a small expansion of the
fibroblasts. For a positive control, TGF- was used, because it was reported as promotor of dermal




fibroblast proliferation [83] and it was the only available GF in the lab. In a MTT assay pilot, it was
observed that increasing concentrations of TGF-f (maximal 50 ng/mL) resulted in a relative increase
of fibroblast proliferation, showed by higher formazan absorbances for higher TGF-$ concentrations.
Thus, it was decided to use the highest TGF-J concentration as a positive control for the MTT assay.
Unfortunately, no negative control was added in the pilot that tested TGF-3, so no comparison could
be made between the control types. Because of the variation in cell density due to the change in cell
counting method, no difference was seen between the negative and positive control for the final MTT
assay. It is suspected that for the assessment of the negative control, a lower seeding density was used
compared to the assessment of the positive control, which resulted in the assumption that low-serum
growth medium did not promote fibroblast proliferation, whereas TGF-3 did. However, it became clear
for the final MTT assay (with unexpected higher seeding densities) that both low-serum growth
medium and TGF- had similar effects on fibroblast proliferation, suggesting that TGF-p3 did not have
a strong effect after all. Therefore, the negative control was used to compare the conditions with M@
culture supernatant with each other (Results 3.2).

7.3. Optimization of scratch assay

The goal of the scratch assay was to assess the migratory capacities of fibroblasts in the presence of
GM/M-M@ culture supernatant. To make sure fibroblast migration was mainly due to the M@ culture
supernatant and not by regular fibroblast proliferation, fibroblasts needed to be cultured in low-serum
growth medium for a certain time to halt proliferation, similar to the MTT assay. Also similar to the
MTT assay was the optimization of the cell seeding density. Moreover, scratch application and time of
application was also assessed to further improve the consistency of the assay. As for the sensitivity of
the assay, also concentration of the M@ culture supernatant was optimized. Above all, the scratch
assay had to be done in a 24 well plate with 500 pL culture medium since there was a limited amount
of M@ culture supernatant. To achieve the optimization of the aforementioned requirements, a total
of 14 scratch assay pilots were performed with varying cell seeding densities, incubation times, scratch
applications and times, and M@ culture supernatant concentrations. For the M@ culture supernatant
a practice batch from buffy 2 of conditions with (un)stimulated GM/M-M@s at 100,000 cells/mL was
used.

To start, scratch assays with different cell seeding densities, incubation times, and scratch application
times were carried out. At first, it was concluded that a seeding density of 100,000 cells/well was the
most convenient since it yielded a constant and confluent fibroblast culture without overcrowding.
However, due to inconsistencies with cell counting (similar as with the MTT assay optimization), an
unexpected higher cell density was observed when cells were counted with the hemacytometer.
Therefore, the optimal seeding density was re-assessed wherefrom the seeding density of 50,000
cells/well came out as the most convenient. As for the incubation time, it was observed that direct
seeding in low-serum growth medium (0.1% FCS) for 24 hours resulted in a healthy fibroblast culture
with minimal proliferation. In this way, scratch application was best when performing it after the initial
incubation in low-serum growth medium. It was most practical to perform the scratch application late
in the day, so that migration could be assessed after 16 and 24 hours after scratch application (post-
scratch application time points). For pilots that only included low-serum growth medium, there was
still room for more migration at these post-scratch application time points. This was ideal since
fibroblasts would probably migrate more during the final scratch assay that included M@ culture
supernatant. The optimal cell seeding density of 50,000 cells/well before and after scratch application
is depicted below in Figure 12.




Figure 12. Fibroblast seeding density of 50,000 cells/well for the optimized scratch assay. Left pre-scratch (after 24 hours in
low-serum growth medium) and right 0 hours post-scratch (40x magnified).

Thereafter, varying concentrations of M@ culture supernatant were used to see at what concentration
the assay would be most sensitive at the post-scratch time points. When a supernatant concentration
of 20% was used, it was observed that migration for most conditions already reached towards its
maximum at 24 hours post-scratch. Though, when using a supernatant concentration of 10%, it was
seen that migration averaged between minimal and maximal migration for both post-scratch time
points. Thus, a 10% concentration of M@ culture supernatant was used for the final scratch assay since
it would be the most sensitive to observe differences between conditions.

Additionally, negative and positive controls were assessed, so that conditions with M@ culture
supernatant could be compared with a control. As a negative control, fibroblasts were cultured in
solely low-serum growth medium during migration since it was suspected that low-serum growth
medium had minimal influence on fibroblast migration. For the positive control, again TGF- was used
since it is established that TGF-B is an essential GF for the recruitment of fibroblasts in the wound
healing process in vivo [84]. But as with the MTT assay, TGF-f3 was again the only available GF in the
lab. During a scratch assay pilot, it was seen that increasing concentrations of TGF-f§ (maximal 50
ng/mL) did not visibly increase migration. However, due to the potency of TGF-$3 in wound healing, it
was decided to use the highest TGF-f3 concentration as a positive control for the final scratch assay.
Unfortunately, it became clear during the final scratch assay that TGF-f3 performed worser than the
negative control (low-serum growth medium only). Therefore, the negative control was used to
compare the conditions with M@ culture supernatant with each other (Results 3.2).

7.4. Use of TScratch

TScratch is a user friendly software tool that allows automatic analysis for scratch assays. Images were
obtained as JPEG files and subsequently uploaded into the TScratch program. Images were then
globally analyzed in the group editing mode followed by additional editing in the single image mode
using the threshold slider (algorithm for open image area) and the paint tool. An example of the work
flow is shown below in Figure 13.

40

——
| —



Figure 13. Work flow of TScratch analysis (images are 100x magnified). 1: Unedited image (JPEG). 2: Initial analysis in global
editing mode (35.1% wound area). 3: Final analysis in single image mode using the threshold slider and the paint tool (23.9%
wound area).

7.5. Distinct macrophage expression pattern due to GM/M-CSF

Next to the monocyte differentiation into GM/M-M@s from buffy 1-6 and donor 7-8, also monocyte
differentiation was performed with a slightly different protocol. These experiments with an altered
protocol were performed at an earlier stage of this project and in a different project by W. F. Jiemy
and A. Zhang. Notably, for these altered M@ differentiations, RPMI (4.5 g/L glucose, 10% FCS and 50
ng/mL gentamycin) was used instead of DMEM (1 g/L glucose, 10% FCS, 1% penicillin-streptomycin,
and 1% L-glutamine).

For the altered M@ differentiation in this project, monocytes were isolated from PBMCs of buffy 1
using only 2 hours adherence in a 6 well plate (1 cryovial per 2 wells). These monocytes were
subsequently differentiated into GM/M-M@s in the presence of respectively GM/M-CSF (50 ng/mL)
whilst changing medium on day 2 and 4. After 7 days, all M@s were similarly activated as with buffy 1-
6 (Materials & Methods 2.3), but instead activation was performed at 50,000 cells per 1 mL. After 24
hours, M@s were lysed and supernatants were collected. With the M@ lysates, gPCR was performed
on CD206, YKL-40, FR-B3, and PDGF-A (Materials & Methods 2.4). The results are represented below in
Figure 14. It was observed that GM-M@s show higher expression of CD206 and YKL-40 compared to
M-M@s. It must be mentioned that also M-M@s had high expression of YKL-40 shown by the high
relative expression to actin-f3, though, there was still higher expression in GM-M@s. For M-M@s on the
other hand, higher expression of FR- and PDGF-A was observed compared to GM-M@s. To note,
barely any expression of FR-p was observed in GM-M@s, whereas for PDGF-A minimal expression was




shown in both M@s subsets indicated by the very low relative expression. Together these results
confirmed the model described in Introduction 1.3 and 1.4.
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Figure 14. Differential expression of CD206, YKL-40, FR-f3, and PDGF-A on skewed M@s as a result of GM/M-CSF.

For the altered M@ differentiation from a different project, monocytes were isolated from HC PBMCs
by negative selection using a monocyte enrichment kit that does not deplete CD16" monocytes. These
monocytes were subsequently differentiated at 500,000 cells/well (24 well plate) into GM/M-M@s at
a higher 100 ng/mL GM/M-CSF concentration whilst changing medium on day 3 and 5. After 7 days,
half of M@s were activated without detachment using IFN-y, whereas the other half were not
activated. After 24 hours with GM/M-CSF with or without IFN-y, M@s were detached, counted, and
lysed similarly as with buffy 1-6 (Materials & Methods 2.3). With the M@ lysates, gPCR was performed
on CD206, IL-6, and FR-P (Materials & Methods 2.4). The results are represented below in Figure 15. It
was observed that GM-M®@s showed higher expression of CD206 (mainly with unstimulated GM-M@s)
and IL-6 compared to M-M@s. In contrast, FR-B expression was mainly observed in both (un)stimulated
M-M@s. Of note, it was observed that monocytes showed no expression of CD206, IL-6, and FR-f.
Again, these results confirmed the model described in Introduction 1.3 and 1.4.
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Figure 15. Differential expression of CD206, IL-6, and FR-B on skewed M@s as a result of GM/M-CSF.




