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Resumé

Makrofager er vigtige immunceller med adskil-
lige funktioner, fra inducering af inflammation
til fremmelse af vævsreparation. Det er af-
spejlet i deres høje plasticitet og fagocytotiske
kapacitet. I dette studie genererede vi pro-
og anti-inflammatoriske monocyt-deriverede
makrofager (M1 and M2) via polariserende
cytokiner (henholdsvis GM-CSF og M-CSF). Ud
fra disse umodne fænotyper, blev tre distinkte
modne makrofager genereret via aktiverende
stimuli: mM1(LPS+IFNγ), M2a (IL-4) and M2c
(IL-10) makrofager.

Vi demonstrerede, at den udviklede in vitro

protokol til differentiering og aktivering af
makrofager var anvendelig og brugbar i et assay
til at vurdere de immunmodulatoriske egen-
skaber af Fedtvævs-deriverede Mesenkymale
Stromale Celler (AT-MSC) på makrofager. Ved
at co-kulturere AT-MSC med makrofager under
aktivering, faldt ekspressionen af modne markører
på modne M1 makrofager, og deres evne til at
inducere proliferation af allogene lymfocytter var
signifikant hæmmet. Herudover demonstrerede
vi, at AT-MSC havde evnen til at booste de
anti-inflammatoriske M2a og M2c fænotyper.

Skiftet fra modne M1 makrofager til en min-
dre pro-inflammatorisk fænotype, induceret
af AT-MSC, kan være gunstig til ophævelse
af inflammationen observeret i adskillige syg-
domme, og fremmelsen af M2-fænotyper kan
formodentligt hjælpe med at genskabe normal
funktion.
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Abstract

Macrophages are important immune cells with
diverse functions, from inducing inflammation to
encouraging tissue repair. This is reflected in their
high plasticity and phagocytotic capacity. In this
study, we generated pro- and anti-inflammatory
monocyte-derived macrophages (M1 and M2)
by polarising cytokines (GM-CSF and M-CSF,
respectively). From these immature phenotypes,
three distinct mature macrophages were generated
by activating stimuli: mM1(LPS+IFNγ), M2a
(IL-4) and M2c (IL-10) macrophages.

We demonstrated that the developed in vitro

protocol for differentiation and activation of
macrophages was applicable and useful in an
assay to assess the immunomodulatory prop-
erties of Adipose Tissue-derived Mesenchymal
Stromal Cells (AT-MSC) on macrophages. By
co-culturing AT-MSC with macrophages during
activation, the expression of maturation markers
decreased on mature M1 macrophages and their
ability to induce proliferation of allogeneic
lymphocytes was significantly suppressed. Addi-
tionally, we demonstrated that AT-MSC had the
ability to boost the anti-inflammatory M2a and
M2c phenotypes.

The shift of mature M1 macrophages to a
less pro-inflammatory phenotype, induced by
AT-MSC, can be favorable to resolution of the
inflammation observed in numerous diseases,
and the promotion of M2-phenotypes may help
restore normal function.
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1 Introduction

In 1991 Caplan introduced the term Mesenchymal Stem Cell [1] based on previous studies [2] such

as Tavassoli and Crosby in 1968 [3] and Friedenstein and colleagues in 1987 [4]. Friedenstein et al.

showed that cells derived from Bone Marrow (BM) were adherent to plastic and capable of forming

colonies. They suggested that these cells, or at least some of them, might act as osteogenic stem

cells [4]. Studies of Mesenchymal Stem Cells lead to the paradigm that damaged tissue of mesenchy-

mal origin could be repaired by engraftment and/or differentiation of these cells [1, 5]. However, a

paradigm shift have occurred which involves the Mesenchymal Stem Cell ability to generate their

own microenvironment [6] and thereby enhance repairment of the damaged tissue [5].

The term Mesenchymal Stem cell have been widely used in research leading to more than 71,000

results when searching for Mesenchymal Stem cell at PubMed [7] (figure 1.1). However, the term is

inappropriate due to the fact that the unfractionated plastic-adherent cells, derived from BM or other

sources, were heterogeneous with different properties, and only a small subset of this population

might meet the criteria of stem cells. Therefore, International Society for Cellular Therapy (ISCT)

proposed the term multipotent Mesenchymal Stromal Cells (MSC) to be more correct [8–10]. Hence,

the term MSC will be used to describe this population throughout this study.

Figure 1.1: Number of results by years when searching Mesenchymal Stem cell at Pubmed

MSC can be harvested from several tissues such as BM, placenta and adipose tissue, among

others [4, 11, 12], with different pros and cons regarding availability, yield and cell culture expansions

[13, 14]. This study will primarily focus on Adipose Tissue-derived Mesenchymal Stromal Cells (AT-

MSC). However, independently of the source for MSC, they are characterised by the same minimal

1 of 61



CHAPTER 1. INTRODUCTION

criteria proposed by ISCT [10]. Additionally, several studies have demonstrated that MSC have the

ability to induce less pro-inflammatory phenotypes and supress proliferation of immune cells of the

innate and adaptive including Dendritic Cells (DC), T-cells and macrophages, among others [15–17].

As mentioned, MSC can be harvested from different tissues but in this study, we will focus on Adipose

Tissue-derived Mesenchymal Stromal Cells (AT-MSC) and their immunomodulatory properties on

macrophages.

In 1882 macrophages were discovered by Metchnikoff as phagocytes, which means "Eating

Cells". He discovered that these cells did not only phagocytise for feeding themselves or other cells

but also for defending against invaders [18]. For several decades it was thought that macrophages

were derived from monocytes [19] which was only partly correct [20, 21].

In general, monocytes can be differentiated by environmental stimuli into two types of macrophages:

pro-inflammatory and anti-inflammatory, also known as M1 and M2 macrophages, respectively [22].

In 1992 it was demonstrated that M2 macrophages could polarise into an alternative macrophage

also known as M2a [23], activated by Interleukin (IL)-4 and/or IL-13 [23–25]. The following years

two additional subtypes of M2 macrophages were discovered, known as M2b and M2c macrophages

[26, 27]. Activating stimuli for M2b macrophages includes immunecomplexes, Toll-like Receptor

(TLR) ligand or IL-1R [26], while M2c can be generated by IL-10 and/or glucocorticoids [25, 26].

Even though the different subtypes have distinct specialised properties, they have common features

such as phagocytotic capacity and display high plasticity [26, 28, 29]. This study will primarily focus

on immature M1 and M2 as well as mature M1, M2a and M2c macrophages. Immature M1 and

M2 macrophages are characterised as CD14+, CD68+ and HLA-DR+ [28, 30, 31], while the mature

M1 phenotype is characterised as CD38+, CD86+ and HLA-DR+, among others [24, 32] and se-

cretion of inflammatory cytokines secretion of Tumor Necrosis Factor (TNF)-α and IL-12 [33]. The

M2a macrophage is characterised as CD14− and CD206+ [34], whereas the M2c is characterised as

CD14+ CD163+ [34, 35].

It is reported by several studies that MSC have the ability to induce polarisation from M1 into M2

macrophages in vitro and in vivo by immunomodulation [11, 17, 36, 37]. Barminko et al. suggested

that M1 macrophages co-cultured with MSC switch to M2 macrophages characterised as the increased

expression of CD206 [36]. This polarisation can be favorable in treatment of inflammatory diseases

such as Crohn’s disease and chronic wounds, eventually, leading to resolution of the inflammation
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CHAPTER 1. INTRODUCTION

[37, 38]. Prior to assessment of the immunomodulatory properties of AT-MSC on the subtypes of

macrophages, it is necessary to establish a standardised assay in vitro. To our knowledge there is no

common well-defined protocol for differentiation and activation of monocyte-derived macrophages

in vitro. However, there are several studies and recommendations for differentiation of monocytes

into macrophages [22, 39, 40]. Therefore, the aim of this thesis is to develop a standardised in vitro

assay of human monocyte-derived macrophages to investigate the immunomodulatory potential of

AT-MSC.
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2 Methods and Materials

Several factors have been optimised in order to establish a standardised in vitro macrophage protocol

for investigations of the immunomodulatory properties of AT-MSC. The optimised factors include

cytokine titration, cell seeding density, titration of activating stimuli, AT-MSC ratio and phagocytosis

which is briefly mentioned in the following section and will be further elaborated in the chapter of

results (3 Results). The methods used to determine optimal conditions revolved around flow cytom-

etry for measurements of phenotypical marker expression (described in section 2.5), Enzyme-linked

Immunosorbent Assay (ELISA) for measurements of cytokine secretion (described in section 2.6)

and cell count to determine the viability of cells.

2.1 Isolation of PBMC and Sorting of Monocytes

Monocytes were isolated from fresh buffy coats (Department of Clinical Immunology, Rigshospitalet,

Denmark) containing Peripheral Blood Mononuclear Cell (PMBC)s, donated by healthy, anonymised

and consenting donors as illustrated in figure 2.1. The buffy coat was diluted in Phosphate Buffered

Saline (PBS) to a ratio of 1:3.6 in T75 flask (Thermo Fisher). LeucoSep tubes (Greiner-Bio-One)

were centrifuged at 800·g for 30 seconds at Room Temperature (RT) (Hettich Zentrifugen, Rotina

380) with Lymphoprep density gradient (Alere Technologies AS). Subsequently, the diluted buffy

coat was gently added to the LeucoSep tubes, and centrifuged at 800·g for 15 minutes at RT to isolate

PMBC in the interphase. The harvested PMBC were washed four times with PBS and filtered through

a 100 µm cell strainer (Falcon) before the final centrifugation of PMBC (if not otherwise stated, all

centrifugations were performed at 300·g for 5 minutes at RT and supernatant was discarded). Pellet

was resuspended in degassed Magnetic-activated Cell Sorting (MACS) buffer, consisting of PBS, 0.5

% Fetal Bovine Serum (FBS) and 2mM Ethylenediaminetetraacetic acid (EDTA). Subsequently, cells

were counted on Nucleocounter (NC-100 Chemometec). Cell concentration was adjusted to 1×108

cells/ml. CD14+ monocytes were positively selected by using magnetic CD14 microbeads and LS

columns (Miltenyi Biotec), the instructions from the manufacturer was followed, except the amount

of CD14 beads. For every 1×108 PMBC, 50 µl CD14 MicroBeads were added to the cell suspension

(1
4 of manufacturer’s recommendation, previously optimised by CSCC). Isolated CD14+ monocytes

were counted, washed once by centrifugation and the cell concentration was adjusted to 106 cells/ml

in medium consisting of RPMI1640 with L-Glutamine (Sigma Aldrich or Gibco), supplemented with
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CHAPTER 2. METHODS AND MATERIALS

100 units/ml penicillin and 100 ug/ml streptomycin (Gibco) and 10% heat inactivated FBS, henceforth

referred to as medium.

Figure 2.1: Illustration of the procedure for isolation of CD14+ monocytes. Initially, PMBC, in the interphase,
were isolated from buffy coats by density gradient centrifugation. CD14+ monocytes were positively isolated
from the heterogeneous cell population, PMBC, by labeling with CD14 beads and magnetic-activated cell
sorting. PMN: Polymorphonuclear leukocyte

2.2 Monocyte-Derived Macrophages

5×105 CD14+ monocytes were seeded per well in untreated 12-well plate (Thermo Fisher Scientific).

CD14+ monocytes were differentiated into M1 and M2 macrophages by addition of Granulocyte-

Macrophage Colony-Stimulating Factor (GM-CSF) (10 ng/ml) and Macrophage Colony-Stimulating

Factor (M-CSF) (75 ng/ml) (PeproTech) to the medium, respectively, and incubated at 37◦C, 5% CO2

(HERA cell 150). The optimal concentrations were determined by titrations, as will be addressed

later in section 3.1. The polarisation medium was changed every third day. After 7 days of cultivation,

immature M1 and M2 macrophages had been generated, illustrated in figure 2.2.
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CHAPTER 2. METHODS AND MATERIALS

Figure 2.2: Note: ASC is an abbreviation for AT-MSC. Illustration of the experimental cultivation of
macrophages. Initially, CD14+ monocytes were differentiated into immature M1 and M2 macrophages, by
the addition of polarisation cytokines, GM-CSF and M-CSF, respectively. After 7 days of differentiation, the
macrophages were either co-cultured with AT-MSC directly or indirectly and activated with different stimuli
to generate three distinct mature phenotypes. M1 was activated with LPS in combination with IFN-γ and M2
were either activated with IL-4 or IL-10 to generate M2a and M2c, respectively.

2.2.1 Activation of Macrophages

At day 7, immature macrophages were harvested and reseeded for activation. The plates were cen-

trifuged and supernatant was discarded. 1x TrypLE (Gibco) was added and plates were incubated

for 20 minutes at 37◦C and 5% CO2. Cells were collected and TrypLE was inactivated by addition

of medium. Wells were washed with PBS which was pooled with the harvested cell suspension, and

cells were subsequently centrifuged. Pellet was resuspended in medium followed by cell counting.

Cell concentration was adjusted to 3.5× 105 cells/ml and cells were reseeded for activation. M1

macrophages were activated by polarisation medium supplemented with 500 ng/ml Lipopolysaccha-

ride (LPS) (Sigma) and 5 ng/ml Interferon (IFN)-γ (PeproTech). M2 macrophages were activated

with 20 ng/ml IL-4 or 40 ng/ml IL-10 (PeproTech) to generate M2a and M2c, respectively, hence-
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CHAPTER 2. METHODS AND MATERIALS

forth referred to as activating medium. Optimal seeding density was determined experimentally and

activating stimuli were determined by titrations, as presented in section 3.2 and 3.3, respectively. The

cells were activated for two days. The maturation of the macrophages is illustrated in figure 2.2.

Morphological changes of the different phenotypes were observed by microscopy (EVOS, Life life

technologies).

2.3 Co-culture of AT-MSC and Macrophages

AT-MSC were included in experimental setups with macrophages, either in juxtacrine or paracrine

conditions, to investigate their immunomodulatory properties.

2.3.1 Expansion of AT-MSC

AT-MSC were isolated from lipoaspirate donated by healthy volunteers as described in Haack-Sørensen

et al. [12]. In brief, the stromal vascular fraction was expanded in a bioreactor (Quantum system,

Terumo BCT) in growth medium consisting of α-MEM, 100 units/ml penicillin and 100 ug/ml strep-

tomycin (Gibco) and 5% hPL (Sexton Biotechnologies), henceforth referred to as AT-MSC medium.

AT-MSC were passaged once more in the biorector, a total of two passages (P0 and P1). For long

term storage, the AT-MSC were cryopreserved after P1 in cryogenic vials (Thermo Fisher Scientific).

For additional expansion of the single donor included in this study, the AT-MSC were thawed in a

37◦C water bath until approximately 10% of the cryomedium was left frozen. Subsequently, AT-MSC

were diluted in prewarmed AT-MSC medium, centrifuged and resuspended in AT-MSC medium for

cell counting on Nucleocounter (NC-100 Chemometec). 5×105 AT-MSC were seeded per T175 flask

in AT-MSC medium. Medium was changed once before passaging, which occurred when AT-MSC

reached a confluency of approximately 90%. For the passaging, AT-MSC medium was discarded

and the cells were washed once with PBS. AT-MSC were detached from the flask by incubation of 1x

TrypLE (Gibco) for 10 minutes in 37◦C and 5% CO2 (HERA cell 150). Cell suspension was collected

and the flask was washed few times with AT-MSC medium. Cells were centrifuged and 5× 105

AT-MSC were reseeded in each T175 flask. 3 days after reseeding the AT-MSC were harvested as

described above. After the final centrifugation, pellet was resuspended in cryomedium, consisting of

10% DMSO in FBS. 1×106 AT-MSC were aliquoted into cryogenic vials (Thermo Fisher Scientific)

and frozen in CoolCell Containers (Corning) overnight in -80◦C for controlled freezing, before long
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CHAPTER 2. METHODS AND MATERIALS

term storage in liquid nitrogen.

Before use in each setup, the AT-MSC were thawed in waterbath at 37◦C for four minutes. AT-

MSC in cryomedium was diluted in medium followed by centrifugation. AT-MSC were resuspended

in medium and counted.

2.3.2 Juxtacrine and Paracrine Signalling

Co-cultures of immature M1 and M2 macrophages with AT-MSC were established at a ratio of 1:5

(AT-MSC: Macrophage, corresponding to 7×104 AT-MSC), in untreated 12-well plates at day 7. The

optimal cell concentration of AT-MSC was experimentally determined and is elaborated in section 3.5.

For paracrine signalling, ASC were seeded in hanging inserts with a pore size of 3µm (Thermo

Fisher Scientific), hanging at the lowest position of the transwell carrier plate. Cells in both types

of co-cultures were either activated with M1, M2a or M2c activating medium. Mature and immature

macrophages of each phenotype were generated as control by the addition of activating or polarisation

medium, respectively. The cells were activated or maintained as immature phenotype for two days

before harvesting.

2.4 Harvesting of Macrophages for Analysis

At day 9, the macrophages were harvested for further analysis. The culture plate was centrifuged,

and supernatants were collected and centrifuged at 1000·g for 10 minutes at 4◦C. Subsequently, the

supernatants were aliquoted into Eppendorf tubes (stored at -80◦C until use). MACS buffer was

added to each well and incubated for 30 minutes at 4◦C. Cells were collected, washed once with PBS,

centrifuged and resuspended in medium followed by counting. Cell concentration was adjusted to

1×106 cells/ml.

2.5 Flow Cytometry

For phenotypic characterisation of the generated macrophages, two multicolor antibody panels were

included, as stated in table 2.1. Initially, only a "basic panel" (Panel 1) was included and used for

finding the optimal concentration of polarisation cytokines. Subsequently, Panel 2 was included. Prior

to use, antibodies were titrated on positive cells (the phenotype with the assumption of the highest
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CHAPTER 2. METHODS AND MATERIALS

expression of the marker). Panel 1 was titrated twice: once before the inclusion of Panel 2 and again

at the same time as Panel 2. Prior to data acquisition of antibody titration on FACSLyrics Flow

Cytometer (BD Bioscience), stained cells were mixed with unstained cells. Data was analysed in

FlowLogic (Inivai).

For flow analysis, 5× 104 cells were seeded in in 96-wells plate (polypropylene), centrifuged

and washed once with PBS. Cells were stained with Fixable Viablity Stain 780 (FVS780) (1/4 of

manufacturer’s recommendation (BD Bioscience)) and incubated for 10 minutes 4◦C. Cells were

washed once in Flow Cytometry Staining Buffer (FACS) buffer, consisting of 10% FBS, 1mM EDTA

(Region Hovedstadens Apotek) and 0.05% (weight/volume) Sodium Azide in PBS). Prior to staining

with antibodies, the cells were blocked with FcBlock (10 ug/ml) (BD Bioscience) for 15 minutes

at 4◦C. Stained cells were incubated with antibodies for 30 minutes at 4◦C and washed twice with

FACS buffer. For intracellular staining, cells were fixated with Cytofix/Cytoperm and washed with

Perm/Wash (Fixation/Permeabilization Solution Kit, BD Bioscience). Stained and unstained cells

were incubated overnight at 4◦C in FACS buffer and flow cytometry was run the following day. Gating

strategy for flow data is illustrated in figure 2.3. Data of the flow analysis included the percentage of

cells positive for a given marker and delta-Median Fluorescence Intensity (MFI), meaning the MFI of

stained cells minus MFI of unstained cells.

Table 2.1: An overview of the applied antibodies in the setup for flow cytometry and information regarding the
antibody. Please note that the informed dilutions of the antibodies for panel 1 are based on the second antibody
titration.

Panel 1
Antibody Fluorochrome Clone Dilution Manufacturer
CD1a PE HI149 1/2x BD Biosciences
CD14 Alexa Fluor 488 MøP9 1/2x BD Biosciences
CD68 Brilliant Violet 421 Y1/82A 1/2x BD Biosciences
CD209/DC-SIGN APC DCN46 1/4x BD Biosciences
HLA-DR PerCP-Cy5.5 G45-6 1/2x BD Biosciences

Panel 2
Antibody Fluorochrome Clone Dilution Manufacturer
CD38 BB515 HIT2 1/2x BD Biosciences
CD85d/ILT4 APC 42D1 1/2x Thermo Fisher Scientific
CD86 V450 2331 (FUN-1) 1/16x BD Biosciences
CD163 PerCP-Cy5.5 GHI/61 1x BD Biosciences
CD206 PE-Cyanine7 19.2 1/8x Thermo Fisher Scientific
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CHAPTER 2. METHODS AND MATERIALS

Figure 2.3: Illustrates the gating strategy for analysis of flow data of the surface markers. Initially, debris was
removed from the analysis by gating size and complexity of the cells. Single cells were gated by using forward
scatter height (FSC-H) versus forward scatter area (FSC-A) and were further gated for living cells. To remove
background noise from the analysis, unstained and stained cells were plotted as a histogram. By gating on
the flourescence intensity located to the right of the unstained cells, cells were determined as positive for the
respective marker, in this case CD14.

2.6 ELISA

Secretion of IL-10 (R&D Systems), IL-12p70 (R&D Systems) and TNF-α (R&D Systems) was mea-

sured by ELISA (DuoSet ELISA kits, R&D Systems), according to the instruction of the manufac-

turer. Optimal dilution of supernatants was determined to ensure that the factors were within detection

range. The ELISA plate was read on FLUOstar Omega microplate reader (BMG labtech) with ab-

sorbance at 450 nm and substraction at 540 nm. Experiments were performed in duplicates. The

concentrations detected by ELISA were determined by 4-parameter curve-fitting of blank corrected

absorbance values.
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2.7 Phagocytosis Assay

The phagocytotic properties of macrophages were assessed by phagocytosis of flourescent (Crimson

625/645 nm) Carboxylated-Modified Micropheres (size of 1µm), hereinafter referred to as beads (In-

vitrogen, Thermo Fisher Scientific), illustrated in figure 2.4.

Figure 2.4: A: Illustration of beads phagocytised by macrophages. The measured fluorescence intensity in-
creases with the number of beads phagocytised by the macrophages. In detail, the first peak, with a fluorescence
intensity greater than one, indicates the number of macrophages, which have phagocytised one bead. The sec-
ond peak indicates number of macrophages, which have phagocytised two beads, and so on. B: Illustration of
the gating strategy for analysis of phagocytosis data. Initially, viable cells were gated by size and complex-
ity. Forward scatter height (FSC-H) versus forward scatter area (FSC-A) was applied to discriminate doublet
cells from single cells. Viable, single cells were used for the analysis. The number of beads phagocytised by
macrophages were determined by gating on every peak of the fluorescence intensity. However, it is difficult
to discriminate macrophages, which have phagocytised more than six beads. Therefore, above six beads have
been gated as one gate.

Prior to use, the beads were shaken thoroughly for few minutes. 1 × 105 macrophages were

seeded in round bottom 96-well plate (polypropylene) (Corning). A bead concentration of 1.9×109

beads/ml was generated by dilution in medium and was incubated at 37◦C, 5% CO2 (HERA cell 150)
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for 30 minutes. The macrophages were incubated 37◦C, 5% CO2 (HERA cell 150) for 16 hours with

1× 107 beads/ml. The optimal bead concentration was determined by titration of the beads. The

optimal exposure time of macrophages for beads was determined by harvesting the cells, exposed

to beads, at different time points, elaborated in results (see section 3.6). Prior to flow analysis on

FACSLyrics Flow Cytometer (BD Bioscience), the plate was centrifuged and cells were resuspended

in FACS buffer. The gating strategy for analysis of phagocytosis data is illustrated in figure 2.4. From

these data, the number of phagocytising cells were determined, as well as beads per cell and beads per

phagocytising cell. Beads per phagocytising cell were calculated by MFI of all phagocytising cells

divided by MFI of one bead.

In order to validate the beads phagocytised by macrophages using microscopy, remaining cells

were fixated in 4% paraformaldehylde (Region Hovedstadens Apotek), immediately after flow cyto-

metric data acquisition. Cells were washed in PBS and permeabilised in 0.1% Triton-X (Producent)

PBS for 30 minutes before staining of actin filaments with Alexa Fluor 568 Phalloidin (Invitrogen,

Thermo Fisher Scientific) and nuclei by 4’,6-Diamidino-2-Phenylindole, Dilactate (DAPI) (Molec-

ular Probes, Thermo Fisher Scientific) according to manufacturers instructions. Following staining,

the cells were centrifuged and resuspended in 10 ul of ddH2O and transferred to Superfrost Plus

microscope slides (Menzel-Gläser, Thermo Scientific). The small volume was allowed to evaporate

partially before addition of 10 ul ProLong Diamond Antifade Mountant (Invitrogen, Thermo Fisher

Scientific) and careful placement of #1.5 cover slip. The samples were imaged as maximum intensity

projections of Z-stacks on a Zeiss Axio Observer 7, using a Plan-Apo 100x/1.4 Oil (PH3) objective

(Zeiss).

2.8 Mixed Lymphocyte Reaction Assay

The ability of macrophages to induce proliferation of allogeneic lymphocytes was investigated on

PMBC as responder cells. Four PMBC donors, were isolated from buffy coats as described in section

2.1. Cells were resuspended in cryomedium consisting of 10% DMSO in FBS, and aliquoted into

cryotubes (Thermo Fisher) at a cell concentration of 1×107 cells/ml. Initially, the cells were frozen

in CoolCell overnight in -80◦C for controlled freezing, before storage in liquid nitrogen.

At day 10, PMBC was thawed in waterbath (37◦C) for 10 minutes and recovered in medium (1:10

dilution) in the incubator for one hour followed by centrifugation at 500·g for 5 minutes. PMBC
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were labeled with 5 µM Carboxyfluorescein succinimidyl ester (CSFE) (BD Bioscience) in PBS-

FBS solution (PBS and 2.5% FBS) for 10 minutes in waterbath (37◦C). The cells were washed twice

in a PBS-FBS solution (PBS and 5% FBS) and resuspended in medium for cell counting and seeding.

1× 105 PMBC were seeded in round bottom 96-wells plate (polystyrene, Corning), where 2× 104

macrophages were seeded (a ratio at 1:5 (macrophage:PMBC)). If there was a sufficient number of

cells, the experiment was performed in duplicates.

2.8.1 Flow Cytometry for Mixed Lymphocyte Reaction Assay

At day 15, 5 days after initiation of Mixed Lymphocyte Reaction (MLR), the plate was centrifuged

and cells were resupended in PBS for staining with FVS780 (1/4 of manufacturer’s recommendation

(BD Bioscience)). The cells were incubated dark at 4◦C for 15 minutes followed by two washing steps

with FACS buffer. Duplicates were pooled immediately prior to flow analysis. The gating strategy for

MLR data is illustrated in figure 2.5. For further analysis, four statistical analyses have been applied

to describe the cellular proliferation: Fraction Diluted (Dil/P), Replication Index (RI), Division Index

(DI) and Precursor Frequency (PF). Dil/P describes the fraction of cells in the final population which

have divided at least once. RI quantifies the number of responder cells in the end of culture divided

by the number of proliferating cells in the starting population. DI denotes the average number of

divisions of cells in the culture. PF is the fraction of the staring population which has divided at least

once [41].
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Figure 2.5: Illustrates the gating strategy for MLR. Initially, the macrophages and responder cells were gated
by size and complexity of the cells. Forward scatter height (FSC-H) versus forward scatter area (FSC-A) was
applied to discriminate doublet cells from single cells. Viable cells was gated for further analysis gating cells,
which is negative for FVS780. Cells of interest were gated before fitting of proliferating cells.
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Figure 2.6: Illustrates divisions of cells in the culture. The fluorescence intensity decreases as the cells pro-
liferate. G1 indicates the number of cells, which have divided once, where G2 indicates the number of cells,
which have divided twice, and so on.

2.9 Data analysis and Figures

Graphs, data and statistical analysis have been performed in SPSS (IBM, version 25). Data was tested

for normal distribution by Shapiro-Wilk’s test. If the requirement of normally distributed data was

met, a parametric Paired Sample test was performed, if not, a non-parametric Wilcoxon Signed Rank

Test was performed. The level of significance was set at p=0.05. For multiple comparisons, p’s were

adjusted by Bonferroni correction. Figures were made in BioRender or Inkscape.
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3 Results

3.1 Cytokine Titration

As generation of monocyte-derived macrophages relies on polarising cytokines, GM-CSF and M-CSF

were titrated in a 2-folds dilution ranging from 100 ng/ml to 3.125 ng/ml, in order to find the optimal

concentration for generation of M1 and M2 macrophages, respectively. In general, CD1a and CD209

(DC-SIGN) are associated markers for DC [42, 43], whereas high expression of CD14, CD68, and

HLA-DR are phenotypical markers for macrophages [28, 30, 31].

3.1.1 M1 Macrophages: Titration of GM-CSF

The number of viable M1 macrophages was in general the same or higher than seeded cells, repre-

sented by the black line in figure 3.1A, indicating that viability of M1 macrophages was independent

of concentrations of GM-CSF ranging from 100 ng/ml to 3.125 ng/ml. No major differences were

observed in the expression of each marker (in Panel 1) between the different concentrations of GM-

CSF (figure 3.1B and C). As expected, the expression of CD1a and CD209 were low whereas the

expression of CD14, CD68 and HLA-DR were high. These results indicate that generation of M1

macrophages from CD14+ monocytes in presence of GM-CSF is independent of the concentration

of GM-CSF. Therefore, it was decided to polarise CD14+ monocytes into M1 macrophages with

10ng/ml GM-CSF.

3.1.2 M2 Macrophages: Titration of M-CSF

The viability of M2 macrophages decreased with decreasing concentration of M-CSF, indicating that

the viability of M2 macrophages in vitro is dependent on the concentration of M-CSF (figure 3.1A).

Similar to M1 macrophages, the expression of CD1a was low, but contrarily, the M2 macrophages

had a higher expression of CD209, which increased with increasing concentration of M-CSF (figure

3.1B and C). As mentioned, CD14, CD68 and HLA-DR are well known markers for macrophages

and therefore the optimal concentration of M-CSF should be determined by the highest expression of

these markers, except from HLA-DR, since a fully polarised M2 macrophage has lower expression

of HLA-DR [44]. Interestingly, the expression level of CD68 decreased at higher concentration of
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M-CSF. Additionally, the level of expression of each marker was dose-dependent of M-CSF (figure

3.1C). No major differences of the expression of CD14, CD68, HLA-DR and CD209 were observed

at higher concentration of M-CSF (50 ng/ml and 100 ng/ml). Based on viability, expression of CD14

and HLA-DR, it was determined to differentiate CD14+ monocytes with a concentration of 75 ng/ml

M-CSF to generate M2 macrophages.

These results show that two distinct immature phenotypes of macrophages have been generated

from CD14+ monocytes. The morphological development during differentiation of the M1 and M2

macrophages is illustrated in figure 3.6 and will be addressed later in section 3.4.
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Figure 3.1: A) Viable cells per mililiter for immature M1 (blue) and M2 (red) macrophages, when polarised
with different concentrations of the polarisation cytokines, GM-CSF and M-CSF, respectively. The black line
indicates the number of cells seeded. B) Portion of imM1 and imM2 macrophages, which positively expressed
a marker of Panel 1, at different concentrations of GM-CSF and M-CSF, respectively. c) Average dMFI of each
marker in Panel 1, when polarised with different concentrations of GM-CSF and M-CSF, respectively. dMFI:
delta Median Fluorescence Intensity. imM1: n=4 imM2 n=4, ± 1 SE

3.2 Cell Seeding Density

The optimal seeding density was determined by seeding immature cells at different cell concentrations

ranging from 1×105 to 6×105 cells/ml in activating medium consisting of 100 ng/ml LPS in com-
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bination with 20 ng/ml IFN-γ and 20 ng/ml IL-4 for generation of mature M1 and M2a macrophages,

respectively.

It appeared that the number of viable cells per mililiter for mM1 and M2a macrophages reach a

plateau when cells were seeded at a concentration of 4×105 and 5×105 cells per mililiter, indicated

by the red (mM1), blue (M2a) and the dotted line (representing the mean of all data points) in figure

3.2. This suggested the presence of limiting factors impacting the viability of cells, which was unde-

sirable in this setup. Therefore, cells seeded above 4× 105 cells per mililiter can be excluded from

the set of optimal seeding densities. Conclusively, it was preferred to harvest as many viable cells

as possible and, additionally, to treat the phenotypes as equally as possible. This resulted in that the

generated phenotypes were seeded at a concentration of 3.5×105 cells per mililiter for activation.

Figure 3.2: The number of harvested viable cells per mililiter for mM1 (red) and M2a (blue) macrophages,
when seeded at different concentrations and activated with activating stimuli for two days (M1: 100 ng/ml LPS
and 20 ng/ml IFN-γ and M2a: 20 ng/ml IL-4). The black dotted line indicates the average of harvested viable
cells of both phenotypes. n=4

3.3 Titration of Activating Stimuli

After determination of the cell seeding density for activation of the macrophages, the activating stim-

uli were titrated in order to find the optimal concentration for generation of mature phenotypes: mM1,

M2a and M2c. For flow cytometry an additional panel (Panel 2) was designed and optimised in an

effort to distinguish the mature phenotypes from each other.
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3.3.1 Maturation of M1 macrophages

The fully mature M1 macrophage was generated by activation with LPS in combination with IFN-γ .

Initially, LPS was titrated to find the optimal concentration followed by titration of IFN-γ while the

concentration of LPS was held constant at optimum.

3.3.1.1 Titration of LPS

LPS was titrated in a 5-folds dilution ranging from 500 ng/ml to 0.8 ng/ml. The viability of macrophages

decreased when exposed to LPS. However, toxicity in response to increased concentration of LPS was

not observed (figure 3.3A).

The secretion of TNF-α by LPS activated M1 macrophages increased with increasing concentra-

tions of LPS (figure 3.3B). Secretion of IL-12p70 was undetectable (data not shown).

More cells expressed CD14, CD38, CD85d, CD86 and CD163 with increasing concentration of

LPS. However, the expression of CD1a, CD209 and CD163 was considered low compared to the

other markers (figure 3.3C). These results were in general supported by data for dMFI (3.3D). Addi-

tionally, all cells expressed CD68, HLA-DR, CD86 and CD206 (figure 3.3C), however, the level of

expression of the marker showed different patterns. HLA-DR and CD86 reached the highest expres-

sion at a concentration of 20 ng/ml LPS. The expression of the markers decreased slightly with higher

concentration of LPS. The level of expression of CD68 and CD206 decreased in a dose-dependent

manner (figure 3.3D).

Based on these findings the optimal concentration of LPS was 500 ng/ml.
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Figure 3.3: A) Viability in percent of M1 macrophages activated with different concentrations of LPS. B) Mean
secretion of TNF-α (pg/ml) secreted by M1 macrophages activated with different concentrations of LPS. C)
The portion of M1 macrophages which positively expressed a marker of Panel 1 and Panel 2. D) Mean dMFI
of each marker in Panel 1 and Panel 2, when activated with the different concentrations of LPS. dMFI: delta
Median Fluorescence Intensity. n=3, ± 1 SE

3.3.1.2 Titration of IFN-γ

IFN-γ was titrated in a 4-folds dilution ranging from 80 ng/ml to 0.3125 ng/ml in combination with

LPS at a concentration of 500 ng/ml.

The viability of cells was in general low and decreased in response to increased concentration

of IFN-γ (figure 3.4A). These results led to reconsideration of the method for harvesting the cells

and additional experiments, described in appendix 5.2. These results illustrated that no differences
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in toxicity was observed between 100 ng/ml LPS and 500 ng/ml LPS in combination with IFN-γ .

Reassured, the practice of activating M1 macrophages with 500 ng/ml LPS was continued.

Interestingly, the number of cells expressing CD14 and the expression level decreased with higher

concentration of IFN-γ . The pattern for CD85d was similar to CD14, just to a lesser extent (figure

3.4B and C). Approximately, all the cells expressed CD38, CD68, HLA-DR, CD86 and CD206 (figure

3.4B). However, the level of expression variated between concentration of IFN-γ . The expression

of CD206 decreased whereas the expression of CD38, CD86 and HLA-DR increased slightly with

increasing concentration of IFN-γ (figure 3.4C).

The secretion of IL-12p70 increased remarkably until 5 ng/ml IFN-γ where the secretion reached

a plateau. The highest secreted amount of TNF-α was observed when activated with 5 ng/ml IFN-γ .

Additionally, the secretion of TNF-α was several magnitudes higher than the secretion of IL-12p70

(figure 3.4D).

Conclusively, a desirable mature M1 macrophage is characterised by high expression of CD38,

CD86 and HLA-DR [24, 32] accompanied by secretion of IL-12 and TNF-α [33] and low(er) expres-

sion of CD14 and CD206. This desirable phenotype was generated by activation with 5 ng/ml IFN-γ

in combination with 500 ng/ml LPS.
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Figure 3.4: A) The viability in percent of M1 macrophages activated with 500 ng/ml LPS for varying concen-
trations of IFN-γ . B) The percentage of the activated M1 macrophages expressing a specific marker of Panel
1 and Panel 2 at a given concentration of IFN-γ in combination with LPS. C) Mean dMFI of each marker in
Panel 1 and Panel 2, when activated with the different concentrations of IFN-γ in combination with LPS. D)
Mean secretion of IL-12p70 and TNF-α (pg/ml) secreted by M1 macrophages activated with 500 ng/ml LPS
for varying concentrations of IFN-γ . dMFI: delta Median Fluorescence Intensity. n=3, ± 1 SE
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3.3.2 Maturation of M2a macrophages

M2a macrophages were generated by activation with IL-4. To find the optimal concentration, the

cytokine was titrated in a 4-folds dilution ranging from 80 ng/ml to 0.3125 ng/ml.

The viability of maturation of M2a macrophages was not affected by the concentration of IL-4 (in

figure 3.5A).

Increasing concentration of IL-4 resulted in fewer cells expressing CD14 and CD163, while more

cells expressed CD209 (figure 3.5C). According to dMFI for all markers, there was observed little

to no difference in the level of expression, except from the expression of CD85d and CD163 which

decreased slightly with increasing concentration of IL-4 (figure 3.5D). CD206, an important marker

for distinction of M2a and M2c subtypes [34], was positively expressed on all M2a macrophages with

no difference in dMFI (figure 3.5C and D). This indicated that the M2a phenotype can be generated

independently of the concentration of IL-4. The concentration of IL-4 did not impact the secretion of

IL-10 by M2a macrophages (figure 3.5B).

Conclusively, it was determined to activate immature M2 macrophages with 20 ng/ml IL-4 to

generate M2a macrophages.

3.3.3 Maturation of M2c macrophages

M2c macrophages were generated by activation with IL-10. To find the optimal concentration, the

cytokine was titrated in a 4-folds dilution ranging from 80 ng/ml to 0.3125 ng/ml.

The concentration of IL-10 did not impact the viability of generated M2c macrophages (figure

3.5A).

The number of cells expressing CD14, CD209, HLA-DR, CD85 and CD163 increased with an in-

creasing concentration of IL-10, while the number of cells expressing CD86 decreased (figure 3.5C).

These findings were supported by data of dMFI. Additionally, little to no difference of the level of

expression of CD68 and CD206 was observed between the different concentrations of IL-10 (figure

3.5D). Furthermore, the secretion of IL-10 was attempted measured ELISA (data shown in appendix,

figure 5.3). However, data was ambiguous since the immature macrophages were activated with IL-10

and the activating cytokine was measured as well.

Conclusively, the optimal concentration of IL-10 for generation of M2c macrophages was 40
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ng/ml, based on low(er) expression of pro-inflammatory markers such as CD38, CD86 and HLA-DR

and high expression of CD163, which is suggested to be a marker for M2c macrophages [33–35].

27 of 61



CHAPTER 3. RESULTS

Figure 3.5: A) Viability of M2a (red) and M2c (green) macrophages when activated with different concentra-
tion of IL-4 and 10, respectively. B) Mean secretion of IL-10 secreted by M2a macrophages, when activated
with different concentrations of IL-4. C) Percent of the M2a and M2c macrophages which positively expressed
a marker of Panel 1 and Panel 2. D) Mean dMFI of each marker in Panel 1 and Panel 2, when activated the
different concentrations of activating stimuli. dMFI: delta Median Fluorescence Intensity. M2a: n=5 M2c n=4,
± 1 SE
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3.4 Morphological Characteristics and Expression of Markers

From newly isolated monocytes to fully differentiated mature macrophage phenotypes, the cells un-

derwent substantial morphological changes as illustrated in figure 3.6. Initially, the cells were small

and round but over time they increased in size and complexity. The immature M1 macrophage had a

flattened, egg-shaped appearance, whereas some immature M2 macrophage took on a more spindle-

shaped form while others maintained the egg-shaped morphology. The mature M1 macrophages

became more star-shaped with protrusions, while the M2a and M2c macrophages were elongated

or egg-shaped. Additionally, M2c macrophages appeared to contain higher content of vacuoles com-

pared to mature M1 and M2a macrophages. The marker expression of the various generated immature

and mature phenotypes are distinguishable from each other and monocytes (shown in appendix 5.1),

as illustrated in table 3.1 and figure 3.7.
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Figure 3.6: The morphological development of monocytes to immature and mature macrophages over time.
The red line indicates the length of 50µm
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Table 3.1: An overview of the marker expression on monocytes, immature and mature phenotypes of
macrophages. Marker expression is divided into four groups: -, +, ++ and +++, which indicates the degree
of the expression of the marker. -: 0-24 %, +: 25-49 %, ++: 50-74 % and +++: 75-100 % marker expression.
Monocytes: n= 4, Immature M1 n= 8, Mature M1: n=10, M2a: n= 4 and M2c: n=3

Phenotype
Monocyte M1 M2

Immature Mature Immature M2a M2c
CD1a - - - - - -
CD14 ++ + + +++ ++ +++
CD38 +++ - +++ + - ++
CD68 ++ +++ +++ +++ ++ +++

CD85d +++ + +++ +++ +++ +++
CD86 - ++ +++ - ++ -

CD163 + + - +++ ++ +++
CD206 - +++ +++ +++ +++ +++
CD209 - - - + +++ +

HLA-DR +++ +++ +++ ++ +++ +

Figure 3.7: The level of expression of markers for each generated phenotype illustrated as a heatmap. The
intensity of the red colour represents the expression level of a marker on the given phenotype (light red: low ex-
pression, red: high expression). The black boxes represent the phenotype with highest expression of marker(s)
compared to the other phenotypes.

3.5 AT-MSC ratio

Prior to investigation of the immunomodulatory properties of AT-MSC on macrophages, the optimal

concentration of AT-MSC was determined by seeding different concentrations of AT-MSC in the

culture with M1 macrophages (Ratios: 1:5, 1:10, 1:20 and 1:40 (AT-MSC:macrophage)) either in

juxtacrine or paracrine co-culture. The cells were activated for two days as described in method

section 2.3.2.

The viability of the macrophages in the juxtacrine co-culture was lower compared to paracrine
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co-culture. Additionally, in the juxtacrine co-culture the viability decreased with increasing ratio of

AT-MSC compared to the control (mature M1 phenotype), henceforth referred to as mM1 control

(figure 3.8A).

The cells were negative for CD1a and CD163 and highly positive for CD38,CD68, CD86, CD206

and HLA-DR in both co-cultures at all ratios. The number of cells expressing CD14 and CD85d were

increased in the paracrine co-culture compared to mM1 and juxtacrine co-culture. Additionally, both

co-cultures resulted in an increased number of cells expressing CD209 at increasing ratio of AT-MSC

(figure 3.8B). These results were supported by data for dMFI. Furthermore, the expression level of

CD206 was highest at a ratio of 1:5, while CD38 was lowest at this ratio. The expression level of

CD86 and HLA-DR were lowest at 1:10 in both co-cultures (figure 3.8C).

The secretion of IL-12p70 and TNF-α was lowest when the M1 macrophages had been cultured

with AT-MSC at a ratio at 1:5 (3.8D), except from secretion of IL-12p70 in the paracrine co-culture,

where the secretion was lowest at a ratio at 1:40. Additionally, the mM1 macrophages secreted the

highest amount of IL-12p70 and TNF-α compared to both co-cultures, except from secretion of IL-

12p70 in the juxtacrine co-culture, where the secretion was highest at a ratio of 1:20.

Based on the presented results, the optimal ratio of AT-MSC and macrophages is 1:5 argued by

the low viability, lower expression of the pro-inflammatory markers CD38, CD86 and HLA-DR,

increased expression of CD14 and CD206 and lowest secretion of IL-12p70 and TNF-α .
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Figure 3.8: Note: ASC ratio is an abbreviation for AT-MSC ratio. A) Viability of M1 macrophages co-cultured
with AT-MSC at different ratios (1:5, 1:10, 1:20 or 1:40 (AT-MSC:M1), in a juxtacrine (blue) or paracrine
system (red). B) Portion of M1 macrophages which positively or negatively expressed a marker of Panel 1 and
Panel 2 at different ratios of AT-MSC. C) Mean dMFI of each marker in Panel 1 and Panel 2 expressed on M1
macrophages when co-cultured with AT-MSC at different ratios in either a juxtacrine or paracrine system. D)
Mean secretion of IL-12p and TNF-α secreted by M1 macrophages when co-cultured with AT-MSC at different
ratios in either a juxtacrine or paracrine system. The mature phenotype (mM1) was applied as a control. dMFI:
delta Median Fluorescence Intensity. Juxtacrine: n= 7, Paracrine: n= 3, ± 1 SE
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3.6 Phagocytosis

The phagocytotic properties of macrophages were investigated by exposing the cells to beads. Ini-

tially, the optimal concentration of beads was determined on immature M1 macrophages by titration

in a 3-folds dilution ranging from 8.1×107 beads/ml to 1×106 (equal to 81 to 1 beads/cell).

3.6.1 Bead Concentration and Exposure Time

The number of phagocytised beads was affected by bead concentration and time of exposure (figure

3.9). Due to the technical challenges in distinguishing between macrophages having ingested more

than six beads (described in the method section 2.7), the optimal concentration was determined to be

1× 107 beads/ml (equal to 10 beads/cell). At this concentration the phagocytotic properties of the

macrophages were clearly demonstrated; a considerable number of cells were actively phagocytising

and few had engulfed excessive bead counts.

Figure 3.9: The percentage of phagocytising immature M1 macrophages and the percentage of how many of
the macrophages which had phagocytised one bead, two beads etc. at different time points (0.5, 1, 1.5, 2, 2.5,
3, 3.5 and 4 hours), when exposed to beads at different concentrations (1, 3, 9, 27 and 81 beads/cell). n=2

However, at a concentration of 1× 107 beads/ml, the total number of phagocytising cells might still

be increasing. To investigate and determine the ideal time frame, the assay duration was tested on

different phenotypes. Samples were analysed after 0, 2, 16, 20, and 24 hours.

The phagocytotic activity was highest until 16 hours from where immature M1 and M2 macrophages

reach a plateau, and the mature phenotypes maintain the phagocytotic activity, however to a lesser ex-

tent (figure 3.10A). Despite reaching an apparent saturation in the number of phagocytising cells,
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the macrophages continued to phagocytise beads leading to an increased percentage of macrophages

which had phagocytised more than 6 beads 3.10B). Based on these results, the optimal exposure time

of macrophages for the beads was 16 hours.

Figure 3.10: A) Percentage of phagocytising cells for each generated phenotype (immature M1, M2, mature
M1, M2a and M2c macrophages), which had phagocytised at least one bead over time. B) Percentage of each
phenotype which had phagocytised more than 6 beads over time (0, 2, 16, 20 and 24 hours).

To ensure the macrophages had indeed phagocytised the beads, microscopy was applied to demon-

strate that the beads were located inside the cells (figure 3.11).

Figure 3.11: Two macrophages exposed to beads. One of the macrophages, bottom to the left, had not phago-
cytised any beads, but the other one had phagocytised 12 beads - all beads were validated to be inside the cell.
These represent the extreme outcomes of the assay. The blue colour represents nuclei stained with DAPI, the
orange represents actin filaments stained with stained with phalloidin, and the red represents the beads.
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3.7 Co-culture with AT-MSC and Macrophages

The immunomodulatory properties of AT-MSC on M1, M2a and M2c macrophages were investigated

on the established macrophage protocol.

The addition of AT-MSC to the mature phenotypes reduced the viability of the three subtypes

of macrophages, when the cells were co-cultured in a juxtacrine system compared to the paracrine

co-culture and the mature phenotype. The greatest impact on the viability was observed for M1

macrophages (figure 3.12).

Figure 3.12: Viability of the three subtypes of macrohages at different conditions including juxtacrine and
paracrine co-culture with AT-MSC, activated (mature) and unactivated (immature).

3.7.1 Effect of AT-MSC on marker expression on M1 macrophages

The co-cultured M1 macrophages in both co-cultures were highly positive for CD68, HLA-DR,

CD38, CD85d, CD86 and CD206, while the number of cells expressing CD1a, CD163 and CD209

were low. However, the AT-MSC enhanced the number of cells positive for CD14, CD85d and

CD209 in both co-cultures compared to the mature phenotype (figure 3.13A), while only the jux-

tacrine co-culture increased the number of cells expressing CD68. The expression of this marker was

significantly higher on M1 macrophages in the juxtacrine co-culture compared with the mature M1

(p=0.003). A trend for the opposite was observed for the expression of CD38, CD86 and HLA-DR

in the juxtacrine co-culture, however, the difference was not statistical significant (figure 3.13A and

B). All together, these results indicated that AT-MSC in a juxtacrine co-culture had an impact on the

maturation of M1 macrophages.
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Figure 3.13: B) Normalised data of dMFI to the mature M1 macrophage. Only markers which expressed at
least 25% of the mature macrophages were included in the statistical analysis of marker expression. * represents
a statistical significant difference, at a significance level at 0.05%, to the mature M1 macrophages. Mature and
juxtacrine: n=10, immature and paracrine: n=8, CD68: n=5 ±1 SE, dMFI: delta Median Fluorescence Intensity,
SE: Standard Error
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3.7.2 Effect of AT-MSC on marker expression on M2a macrophages

The number of M2a macrophages expressing CD68 slightly increased when co-cultured with AT-

MSC. The number of M2a macrophages expressing CD86 decreased (figure 3.14A) in both co-

cultures, while HLA-DR only decreased in the juxtacrine co-culture. The expression level of CD86

and HLA-DR were significantly different between the juxtacrine co-culture and the mature pheno-

type (p=0.003 p=0.006, respectively), (figure 3.14B). Furthermore, M2a macrophages co-cultured

with AT-MSC in both co-cultures increased the expression of CD14, CD85d, CD163 (except from

juxtacrine co-culture), CD206 and CD209, to the same or higher level compared to the mature M2a

macrophages (figure 3.14B).

These results indicated that AT-MSC impact the maturation of M2a macrophages.
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Figure 3.14: B) Normalised data of dMFI to the mature M2a macrophage. Only markers which expressed at
least 25% of the mature macrophages were included in the statistical analysis of marker expression. All condi-
tions were compared to the mature phenotype. * represents a statistical significant difference, at a significance
level at 0.05%, to the mature M2a macrophages. n=4, ±1 SE dMFI: delta Median Fluorescence Intensity, SE

3.7.3 Effect of AT-MSC on marker expression on M2c macrophages

The number of M2c macrophages expressing CD68, CD209, CD85d, CD163 and CD206 was lowest,

when the cells had been co-cultured with AT-MSC in a juxtacrine co-culture, while the number of cells

expressing HLA-DR was lowest in the paracrine co-culture compared to the mature M2c macrophages

(figure 3.15A and B). Additionally, the paracrine co-culture resulted in increased expression level of

CD38 on M2c macrophages compared to the mature phenotype. These results indicated that the

AT-MSC impact the marker expression on M2c macrophages,in both types of co-culture and thereby

might impact the maturation.
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Figure 3.15: Normalised data of dMFI to the mature M2c macrophage. Only markers which were expressed at
least 25% of the mature macrophages were included in the statistical analysis of marker expression. * represents
a statistical significant difference, at a significance level at 0.05%, to the mature M2c macrophages. n=3, ±1
SE dMFI: delta Median Fluorescence Intensity, SE
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3.7.4 Mixed Lymphocyte Reaction

The highest proliferative response of allogeneic lymphocytes was elicited by mature M1 macrophages,

which was more than twice the extent of M2a and M2c macrophages on Dil/P and DI, and a more

modest difference on RI and PF (figure 3.16). AT-MSC caused a decrease in the ability to induce

proliferation of allogeneic lymphocytes by M1 macrophages, indicated by PF and Dil/P, which was

significantly decreased when co-cultured with AT-MSC in a juxtacrine system (p=0.036, p=0.048,

respectively). A similar pattern was observed for M2c macrophages, however, only PF was signifi-

cantly decreased in juxtacrine and paracrine co-culture (p=0.003), while the proliferation increased

when M2a macrophages were co-cultured with AT-MSC. Indicated by RI, the number of responder

cells were significantly lower in the juxtacrine co-culture for M1 macrophages compared to the ma-

ture phenotype (p=0.036), the opposite was observed for M2a and M2c macrophages (figure 3.16).

Additionally, as indicated by DI, the average number of divisions of cells in the culture were sig-

nificantly decreased by M1 macrophages co-cultured in a juxtacrine system and M2c macrophages

co-cultured in both system compared to their mature phenotype (M1: p=0.036, M2c p’s=0.003),

while the opposite was observed for M2a macrophages.

These results indicated that AT-MSC impact the ability of M1 and M2c macrophages to induce

proliferation of allogeneic lymphocytes. This was particularly apparent for M1 macrophages co-

cultured in a juxtracrine system. Additionally, M2a and M2c macrophages induce proliferation to a

lesser extent compared to the M1 macrophages. However, it was indicated that AT-MSC promote the

ability of M2a macrophages to induce the proliferation.
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Figure 3.16: Analysis of the five generated macrophages (immature M1 and M2, mature M1, M2a and
M2c) ability to induce proliferation of allogeneic lymphocytes. Additionally, the impact of AT-MSC on the
macrophages ability to induce proliferation is illustrated. * represents a statistical significant difference, at a sig-
nificance level at 0.05%, to the mature phenotype. Dil/P: Fraction Diluted, RI: Replication Index, DI:Division
Index, PF:Precursor Frequency M1: n=12 (juxtacrine n=8), M2a: n=4, M2c: n= 4

3.7.5 AT-MSC Impact on the Phagocytotic Properties of Macrophages

M2c macrophages had higher phagocytotic capacity compared to M1 and M2a macrophages which

was increased by co-culture with AT-MSC, while the percentage of phagocytising M1 and M2a

macrophages in juxtacrine co-culture decreased. This trend was most notable for M1 macrophages,

though there was only a single observation for this condition (figure 3.17A). These findings were sup-

ported by average bead uptake per cell (figure 3.17C). However, AT-MSC did not decrease the number

of beads phagocytised by the "active" phagocytising M1 and M2a macrophages. Furthermore, it was

shown that M2c macrophages in a juxtacrine co-culture approximately had phagocytised one more
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bead compared to the mature phenotype (figure 3.17B).

By microscopy it was validated that beads were inside the cells. Additionally, microscopy of

the AT-MSC treated macrophages and the controls (immature and mature phenotypes) confirmed the

phagocytotic capacity (figure 3.18), as previously described.

These results indicate that AT-MSC does not impact "active" phagocytising cells, meaning that

these cells did not phagocytise more beads, except from M2c macrophages in a juxtacrine co-culture.

However, the AT-MSC impact the number of "active" phagocytising cells.

Figure 3.17: A) Mean percentage of phagocytising cells of each phenotype. B) Average number of phago-
cytised beads by the phagocytising phenotypes. C) Average number of phagocytised beads for the whole
population of each phenotype. M1: n=3, except for the juxtacrine co-culture (n=1), M2a: n=2, M2c: n=3
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Figure 3.18: Phagocytotic capacity of the three different mature phenotypes (M1, M2a and M2c), the impact
of AT-MSC on the mentioned phenotypes when co-cultured in either a juxtacrine or paracrine system and the
phagocytotic capacity of immature macrophages. The nuclei were stained with DAPI, represented in blue,
the actin filaments were stained with phalloidin, represented in white, the beads was loaded with crimson,
represented in red.
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In this study, we generated distinct phenotypes of macrophages: two immature and three mature phe-

notypes. We found that immature monocyte-derived M1 macrophages could be generated by addition

GM-CSF. The concentration of GM-CSF, did not affect the level of marker expression, indicating a

robust immature M1 phenotype (figure 3.1). Additionally, we found that this phenotype was charac-

terised as CD14+, CD68+ and HLA-DR+ in agreement with other studies [28, 30, 31]. Contrarily,

we found that the generation of immature anti-inflammatory M2 macrophages were dependent on

the concentration of M-CSF, since low concentration of M-CSF resulted in high degree of cell death

(figure 3.1). Even though the immature M1 and M2 macrophages share markers, expression of other

markers allows for discrimination. We showed that immature M1 macrophages do not express CD209

whereas immature M2 macrophages are positive for this marker. CD209 has been reported as a DC

marker [43] (a phenotypical profile of DC is available in appendix 5.4), however, M2 macrophages

also express this marker, which may be explained by the fact that M-CSF induces expression of

CD209 [45]. Additionally, we showed that the immature M2 macrophages have higher expression of

CD14 but lower expression of CD206 compared to the immature M1 phenotype, in accordance with

other studies [29, 29, 46].

We showed that activation of macrophages lead to generation of distinct phenotypes with altered

morphology, marker expression and functionality, which occurs in response to multiple types of acti-

vating factors or stimuli (figures 3.6, 3.7, 3.10 and 3.16). M1 macrophages activated with LPS alone

express higher levels of CD14 compared to the M1 macrophages activated with LPS in combination

with IFN-γ (figure 3.3 and 3.4). By these data it was indicated that IFN-γ decreased the expression

CD14. However, CD14 is involved in transferring LPS to TLR-4 [47] and might be the explanation

of the increased expression when activated with LPS alone. Additionally, the secretion of IL-12p70

was undetectable when activated with LPS alone and detectable with the addition of IFN-γ (figure

3.4D). These findings indicated that the combination of LPS and IFN-γ leads to a more mature pro-

inflammatory M1 macrophage.

On the other hand, different anti-inflammatory subtypes derived from immature M2 macrophages

can be generated by addition of cytokine(s). We showed that the M2a macrophages had lower expres-

sion of CD14 and higher expression of CD206 compared to the M2c macrophages, which were highly

positive for CD14, CD85d and CD163 (figure 3.5). These findings were in agreement with other stud-
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ies which have suggested that M2a macrophages are characterised as CD14− and CD206+ [34] and

M2c characterised as CD14+ CD163+ [34, 35]. Several studies have activated M2a macrophages

with IL-4 in combination with IL-13 [24, 48, 49]. Our data indicate, in agreement with other studies

[11, 35], that for M2a the phenotypic profile is independent of IL-13, however, the functionality of

the cells can possibly be altered with the combination of both cytokines.

The phagocytotic capacity variated depending on the phenotype (figure 3.10). We demonstrated that

the immature M2 macrophages had a slighty higher phagocytotic capacity compared to the imma-

ture M1 macrophage. This is in agreement with Xu et al. [29]. Additionally, we showed that M2c

macrophages phagocytised more than other phenotypes. This may be due to the activating stimuli as

it is suggested that IL-10 increases the phagocytotic capacity in agreement with with Zizzo et al. [25]

but not reported by Xu et al. [29]. Both studies agreed that immature M2 macrophages and IL-10

activated (M2c) macrophages prefer to phagocytise apoptotic cells, a process known as efferocytosis

[50]. We observed a high degree of cell death in cultures of immature M2 in presence of low con-

centration of M-CSF (figure 3.1A) and in juxtacrine co-culture of M1 macrophages (figure 3.12A).

Additionally, it was observed that the expression of CD68 was increased on remaining viable cells in

these conditions, indicating that efferocytosis is associated with increased expression of CD68. This

correlation could be explained by the fact that CD68 is a protein present on lysosomes [51] and that

Phosphatidylserine, expressed on apoptotic cells, is ligand for CD68 [52, 52–55]. Furthermore, it is

indicated by our findings and other studies that there is a correlation between increasing phagocytotic

uptake and increased expression of CD163 and CD14 [25, 29]. This manifestation might be apparent

in phagocytosis of other substances, which possibly can explain the distribution of the phagocytotic

phenotypes of macrophages observed in this study (figure 3.10). The phagocytotic capacity of each

phenotype might be enhanced by opsonisation to target the phenotype of interest [25, 29, 56]. Further

experiments are needed for investigations of opsonisation of beads to target phenotypes.

In this thesis, it is hypothesised that AT-MSC impact the maturation of the M1 mature phenotype

resulting in a less pro-inflammatory phenotype. Additionally, immunomodulatory properties of AT-

MSC were investigated on M2a and M2c macrophages, but the interaction of AT-MSC with M1

macrophages was the primarily focus.
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We showed that M1 macrophages co-cultured with AT-MSC in a juxtacrine co-culture decreased

the expression of CD38, CD86 and HLA-DR, compared to the untreated mature phenotype (fig-

ure 3.13B). These findings indicate that AT-MSC had immunomodulatory effects on maturation of

macrophages, leading to a less pro-inflammatory M1 phenotype, while AT-MSC result in a more anti-

inflammatory phenotype for M2a and M2c macrophages. The mechanisms that might be responsible

for the immunomodulatory effects of MSC was beyond the current scope and will therefore not be

discussed in this report.

The decreased expression of CD86 is in agreement with Ambuaree et al. [11], which co-cultured

CD14+ monocytes from day 0, in polarisation medium (GM-CSF), with MSC-derived from placenta

(P-MSC) in a juxtacrine and paracrine co-culture in a lower ratio of P-MSC. Additionally, they found

increased expression of HLA-DR in both conditions. They suggest that P-MSC added during differ-

entiation could alter the differentiated M1 macrophage phenotype to a M2-like phenotype, described

as high expression of CD14, CD163 and CD206.

Manferdini et al. [17], which co-cultured IFNγ activated M1 macrophages in a juxtacrine and

paracrine system with AT-MSC (ratio at 1:1) for two days, showed that both co-cultures increased

the level of CD163, whereas the level of CD206 was only increased in the paracrine co-culture com-

pared to the mature phenotype. The findings of CD163 were measured by real time qRT-PCR and

ELISA, which might explain the contradicting findings observed in this study. However, we found

that CD206 was slightly increased in M1 macrophages co-cultured with AT-MSC. Furthermore, they

investigated the effect of AT-MSC on immature M2 macrophages and reported no significant effect of

the AT-MSC. However, their data showed decreased secretion of TNF-α in the juxtacrine culture and

increased secretion of IL-10 in paracrine co-culture, indicating that AT-MSC have the ability to kind

of boost the anti-inflammatory phenotypes. Additionally, these studies indicated that juxtacrine co-

culture was not required for inducing the switch from M1 to M2 macrophage [17, 36], contradicting

our results. Another study showed that BM-MSC co-cultured with M1 macrophages in a paracrine

system at day 9 (ratio at 1:1), activated with LPS, led to an increase expression of CD206 and thereby

suggested that M1 macrophages had switched to M2 macrophages, as they claimed that immature M1

macrophages had low expression of CD206 [36]. This is in contrast to the findings in this study and

others [29]. A possible explanation to the low expression of CD206 may arise from the differentia-
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tion protocol, which used GM-CSF at a concentration of 5 ng/ml, which might have been too low.

Monocytes express low levels of CD206 (figure 5.1 in appendix), and it is difficult not to question

whether the reported cells, which were solely defined based on CD206 and secretion of TNFα and

IL-12, was indeed of a M1 phenotype. As positive control for the switch induced by MSC, they stim-

ulated immature M1 macrophages with IL-4 and showed that the expression of CD206 was similar

to MSC-treated M1 macrophages [36]. The comparison of MSC- and IL-4-treated M1 macrophages

may be an oversimplification, as GM-CSF and IL-4 can result in generation of DC [46], which is

positive for CD206 as well (appendix figure 5.4). This emphasises the need of implementation of a

common standardised protocol for generation of macrophages in vitro to be utilised across research

fields.

The percentage of phagocytotic M2a macrophages increased slightly when co-cultured with AT-MSC

in a paracrine co-culture (figure 3.17), which might be related to upregulation of CD14 and CD163

(figure 3.14). Introduction of AT-MSC in co-culture with M1 macrophages did not affect phago-

cytosis, which correlates with the lacking upregulation of CD14 and CD163. However, it has been

demonstrated by Ambuaree et al. that MSC are able to alter the phagocytotic capacity of macrophages,

quantified by zymosan particles uptake [11].

Additionally, we found that AT-MSC in a juxtacrine co-culture suppressed the ability of M1

macrophages to induce proliferation of allogeneic lymphocytes. M2c macrophages, characterised

by low expression of CD86 and HLA-DR, induced proliferation to a much lesser extent compared to

the mature M1 and M2a macrophages, which was further reduced by treatment with AT-MSC (figure

3.16). It is possible that the reduced proliferation was associated with the downregulation of CD86

and HLA-DR induced by AT-MSC, since PMBC primarily consist of T-cells and CD86 and HLA-DR

are important receptors for inducing the proliferation of these cells [57].

An important factor worth mentioning relates to the treatment of MSC. We applied AT-MSC,

which were thawed immediately prior to co-culture with the macrophages. This might impair the

immunomodulatory properties of the AT-MSC in vitro compared MSC cultured under more optimal

conditions, that is, fully recovered after freezing/thawing and metabolically active, etc. However, we

applied the AT-MSC to mimic the clinical cell-based product of CSCC as much as possible. This
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is an important aspect for future experiments, because the purpose eventually is to use AT-MSC as

treatment for diseases.

Due to the differences in the protocols for generation of macrophages, it is challenging to assess the

properties of MSC on the macrophages as well as the capacity of the MSC to induce polarisation of a

M1 macrophage into a M2a, M2b, M2c or maybe a fourth phenotype.

Conclusively, we demonstrated that the established protocol is applicable and valid for generation

of different monocyte-derived macrophage phenotypes in vitro. Additionally, it is shown that AT-

MSC have immunomodulatory properties and have the ability to switch mature M1 macrophages into

a less pro-inflammatory phenotype with lower expression markers associated with inflammation and

inhibited ability to induce proliferation of lymphocytes. Furthermore, it is reported that AT-MSC have

the ability to boost anti-inflammatory phenotypes. Further investigation are needed to determine the

mechanisms of action of AT-MSC to induce anti-inflammatory phenotypes of macrophages.
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5 Appendix

5.1 Monocytes

Figure 5.1: A) the percentage of monocytes expressing a surface marker of Panel 1 or Panel 2. B) dMFI for
each surface marker. n=4

5.2 Activation of M1 macrophages

Instead of washing the wells with detached cells in MACS buffer, the cells were collected and the

wells were washed with PBS, as described in section 2.4. To further investigate the toxicity and the

adjusted method, immature macrophages were either activated with 100 ng/ml LPS or 500 ng/ml

LPS in combination with the different concentration of IFN-γ . The viability of the cells increases

significantly, illustrated in figure 5.2.
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Figure 5.2: Viability of M1 macrophages with 100 or 500 ng/mlLPS in combination with different concentra-
tion of IFN-γ

5.3 Activation of M2c macrophages

M2c IL-10 secretion

Figure 5.3: Mean secretion of IL-10 secreted by M2c macrophages, activated with different concentration of
IL-10
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5.4 Dendritic Cells

Figure 5.4: Representative marker expression of immature and mature Dendritic Cells (imDC) and (mDC)
from a single donor. Data kindly provided by Camilla Holm Pedersen
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