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ABSTRACT 

 

Neuroinflammation is an inflammatory response within the brain or spinal cord that may 

vary within the context of disease, injury or infection. Several factors can contribute to 

neuroinflammatory disorders such as cytokine and chemokines that are produced and 

released from peripherally derived immune cells or from locally activated cells such as 

microglia in the brain. The primary function of these cells is to clear inflammation, 

however, following inflammation, circulating monocytes are recruited and enter the CNS 

and contribute to neuroinflammation.  Monocyte-derived macrophages, an important 

component of CNS inflammation, play a pivotal role in mediating neuroinflammatory 

responses. Macrophages are heterogeneous both in normal and in pathological conditions 

due to their plasticity and they are classified in two subsets, classically activated (M1) or 

alternatively activated (M2). There is accumulating evidence suggesting that extracellular 

vesicles (EVs) released from activated immune cells may play crucial roles in mediating 

neurotoxicity in the inflamed brain. EVs may act as antigen-presenting vesicles, carry and 

transfer cytokines and chemokines between cells, stimulate immune responses, and 

induce tolerogenic effects to suppress or induce inflammation. However, the possible role 

of EVs released by activated immune cells such as M1 and M2 macrophages in 

neurotoxicity seen in the inflamed brain is not known. In order to investigate the 

molecular and cellular impact of macrophages and EVs released from macrophage 

subtypes on neuronal functions, we established the conditions for the differentiation of 

monocytic cell lines into M2-like macrophages and characterize their phenotype in the 
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presence of pro-anti-inflammatory cytokines including PMA, TNF alpha, IFN-gamma, 

LPS, DEX, and M-CSF. Furthermore, we also isolated and characterized EVs from M1 

and M2 macrophages and observed no significant changes in their size and numbers. 

Furthermore, we treated primary neurons with M2 derived EVs and found a significant 

reduction in the action potential of neurons when exposed to those EVs. Collectively, 

these data suggested that M1 and M2 macrophages may possess differential neurotoxic 

effects mediated by EVs released by monocytic cells in the concept of 

neuroinflammation. 
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CHAPTER 1  

 

INTRODUCTION 

1.1 Neuroinflammation 

 

Neuroinflammation is explained as an inflammation of the brain and spinal cord. 

Inflammation is a hallmark of various central nervous system pathologies that 

have been associated with neurodegenerative disorders [1, 2]. Inflammation in the 

central nervous system is initiated in response to different cues, such as infection, 

viruses, aging, spinal cord injury, toxic metabolites and stroke (Figure 1.1) [3,4]. 

In the central nervous system, innate immune cells are activated in responses to 

these cues and they produce inflammatory cytokines, including Il-6, TNF α, 

iNOS, Il-23, Il-1, NO and ROS [5,6].  Inflammatory cytokines compromise the 

blood brain barrier and they contribute to chronic inflammation and 

neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and 

Multiple sclerosis [7,8]. Microglia and macrophages are the main and important 

immune cells involved in inflammatory disorders. These distinct roles are due to 

the different microglia and macrophages phenotypes because of M1 population is 

destructive, and the M2 phenotype is neuroprotective [9,10].     
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Figure 1.1. Microglia and macrophage-mediated neuroinflammation. Innate immune cells 
response to the different factors and they are activated in response to these factors.     

 

 

1.2 Monocytes and Macrophages 

 

As primary mediators of an organism’s innate immunity, monocytes and 

macrophages display varying functional phenotypes in order to respond to different 

stimuli and adequately monitor their surrounding environment [11, 12]. Because of some 

factors including tissue damage or infection, monocytes are recruited to the location of 

insult, where they can differentiate into macrophage subtypes [12, 13]. Macrophages are 
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functionally plastic cells, capable of progressively altering their functional activities in 

response to changing signaling molecules generated in their microenvironment [14, 15]. 

In addition, they contribute to a broad spectrum of immune processes, including the 

defense against infectious agents, inflammation resolution, and wound repair [15, 16].  

Furthermore, evidence from clinical as well as animal studies suggests that specific 

macrophages subtypes play causal roles in mediating pathogenesis across multiple 

pathologenesis, including cardiovascular disease, kidney disease, Crohn's disease and 

rheumatoid arthritis [11, 16]. To further examine their role in pathological processes, it is 

increasingly relevant to develop cell lines for specific macrophage subtypes. Several 

studies have emphasized the critical role of macrophages in infection and chronic 

inflammation [17]. Macrophages are functionally heterogeneous, broadly classified into 

two primary subclasses of classical (M1) and alternative (M2) activation (Figure 1.1), and 

they originate from a common myeloid progenitor cell in the bone marrow [17,18]. 

Macrophage induces an immune response by phagocytosis of microorganism or particles, 

they can also regulate local immune response by production of cytokines and other types 

of mediators. These cells range from resting residents to activated inflammatory 

macrophages that depend on the tissue sites and their activation status [17,19].  
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Figure 1.2. Macrophage differentiation and their function. Classically activated (M1) and 
alternatively activated (M2). 

 

M1 and M2 Macrophages are cable of expressing scavenger receptors, 

adhesion molecules and receptors for soluble mediators including cytokines, 

chemokines and growth factors (Figure 1.2) [20]. M1 macrophages produce various 

pro-inflammatory cytokines like TNF, Il-1, Il-6, Il-12 CXCL10, while M2 

macrophages secrete anti-inflammatory cytokines such as Il-10, CCL18, CCL22 and 

CCL 17 (Figure 1.1). Tissue localization and activation status of macrophages lead to 
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the expression of different receptors and a variety of functions (Figure 1. 1) [18].  

Intracellular signal pathways in macrophages are often hard to study due to the fact 

that more than one of these receptors is involved in the biding of one ligand [18,21].  

	

	

Figure 1.3. Macrophage activation in response to different cytokines. For M1 macrophages, 
molecule induced by IFNγ and LPS are shown in green and for M2 polarization, molecule 
induced by Il-10, Il-4 and Il-13 in yellow and red. IFNγ and LPS in M1 macrophages can express 
CD80, CD86 receptors. By contrast, Il-10 in M2 polarization upregulated the scavenger receptors 
and CD14.  

 

              

A subset of M1 and M2 macrophages implicated in multiple conditions are those 

expressing high levels of membrane receptors for M1 such as TLR2, TLR4, CD64, CD80 

and CD86, and some receptors regarding M2 macrophages such as scavenger receptors A 

and B, CD163 and CD14 (Figure 1.2). In inflammatory diseases, these cells may act as a 

precursor to type 2 macrophage, leading to suppression of immune response [22,23]. 
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Interestingly, several studies have been reported that CD16 expressing monocytes that 

correlate with infection also express CD163[24]. 

 

 

1.3 CD163 

 

          Scavenger receptors belong to the group of pattern recognition receptors and are 

known for their broad range of ligand binding [25]. In the group of scavenger receptors, a 

subgroup of scavenger receptor cysteine- rich (SRCR) receptors can be identified and it 

has 100-110 amino acids. The SRCR superfamily is a transmembrane glycoproteins 

family that are divided into two different of the SRCR domains groups, group A and 

group B.  Members of group A have SRCR domains with 6 cysteine residues and are 

encoded by two exons, but those of group B has 8 cysteines and are encoded by a single 

exon. CD163 is a member of the SRCR family class B expressed on subpopulations of 

mature tissue macrophages [26]. CD163 is mapped to the region p13 on chromosome 12 

[27]. CD163 is a monocyte/macrophage-restricted receptor involved in the clearance of 

hemoglobin (Hb) – haptoglobin (Hp) complexes and it is exclusive to a subset of 

monocytes and specific tissue macrophages in humans [21, 28]. CD163 is 130 kDa 

glycoprotein which is containing a single transmembrane element, a short cytoplasmic 

tail and a large extracellular region of 9 SRCR domains with 35 amino acids (Figure 1.3). 
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CD163 expression is induced on alternatively activated (M2) macrophages that are 

recognized as the reparatory or healing macrophages polarity [27,29]. 

                                        

Figure 1.4. Schematic representation of CD163 structure. CD163 contains nine scavenger 
receptor cysteine rich (SRCR) domains. 

 

 

           CD163 expression is raised in the hematoma during 24 hours and it can bind to 

hemoglobin or hemoglobin- haptoglobin complex [30]. Hemoglobin dissociates into αβ 

dimers before getting scavenged by haptoglobin (Figure 1.4.A) and the complex is 

endocytosed via CD163 [31]. In macrophages, heme is released from hemoglobin and it 

is degraded by the inducible heme oxygen (HO-1) to release Fe (II), biliverdin, and 

carbon monoxide inside endosome. Fe (II) is transferred to the endosome by divalent 

metal transporter (DMT-1) [32].  

 



	 8	

             

 

Figure 1. 5. A hemoglobin-haptoglobin-CD163 pathway in macrophages. SRCR domains 
responsible for binding to Hp-Hb complex. The red subsets are presenting Hb αβ dimers and the 
orange subunits are presenting the Hp αβ subunits (smaller is α and bigger one is β).  

 

 

 

           Mature tissue macrophages that express a high level of CD163 including Kupffer 

cells in the liver, red pulp macrophages in the spleen, cortical macrophages of the 

thymus, resident mature bone marrow macrophages, perivascular and meningeal 

macrophages of the central nervous tissue and scattered macrophages in various other 

tissues [33] [34]. CD163 positive macrophages are found during the healing phase of 

acute inflammation, in chronic inflammation and wound healing tissue, whereas freshly 

infiltrated macrophages are CD163 negative [35]. This shows that CD163 positive 

macrophages play a role in the resolution of inflammation, as they are found in high 

numbers in inflamed tissue [36]. The expression of CD163 depends on several factors 
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such as cyclosporine A, phorbol ester and it is regulated by pro and anti-inflammatory 

mediators. [37] 

 

CD163 is cleaved from the surface of the cell and exists as a soluble form in 

plasma (sCD163) [38,39]. Monocyte CD163 and sCD163 are potential biomarkers tools 

in different disease states [40, 41, 42]. CD163 is a scavenger receptor on the surface of 

macrophages and it has nine SRCR domains in its extracellular region, and it can be 

released of its soluble form by inflammation stimuli in the plasma. Protease ADAM10/17 

mediates shedding of CD163 and cutting juxtamembrane region sequence in human 

CD163 (1044Arg-Ser-Ser-Arg) (Figure 1.5). There are some factors that can upregulate 

the expression of CD163, such as Il-6, Il-10, M-CSF, and there are other factors can 

downregulate it, such as oxidative stress, also Il-4, IFNγ, TNF α, CXCL4 can 

downregulation of CD163 [44, 45]. 
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Figure 1.6. Shedding of soluble CD163. ADAM17/10 can shed the CD163 by inflammatory 
stimuli. CD163 cleaved from the surface of macrophages. Human CD163 is cleaved in 
juxtamembrane region sequence (1044Arg-Ser-Ser-Arg).  

 

 

The regulation of CD163 by pro- and anti-inflammatory factors suggested the 

presence of a link between CD163 immune suppression and the resolution of 

inflammation [46]. Interestingly, studies from inflammatory diseases illustrated a 

relationship between various receptors such as CD4 cells, plasma viremia, and percent 

frequency of CD16 and CD163/CD16 monocytes [47]. 
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Despite their apparent role in pathogeneses, a reliable model of CD16/163 cells 

has yet to be established, therefore limiting studies for their causal contribution to 

pathological mechanisms [48]. In vitro treatment of primary monocytes stimulates 

differentiation to CD163 macrophages and has also been shown to upregulate CD16 

expression [47,48].  Specifically, macrophage colony-stimulating factor (M-CSF) and 

dexamethasone (DEX) have been shown to induce CD163 and CD16 expression in vivo 

and in vitro in primary tissue culture model [49, 50]. However, the conditions necessary 

to establish a reliable cell line, and therefore establishing a model for assessing 

pathological processes, remain to be determined. In the current studies, we utilized 

MonoMac-1 cells to determine conditions that are necessary to differentiate CD16/163 

cells, enabling the establishment of a reliable in vitro model system for examining the 

role of CD16/163 cells. 

 

  

1.4 Extracellular Vesicles 

 

Intercellular communication is pivotal for the multicellular organism and cells can 

exchange information through secretion of soluble factors or direct cell–cell contact [51]. 

Cells release variety a of extracellular vesicles (EVs) into the environment that represents 

an important mode of intercellular communication and the EV membranes shaped by 

lipid bilayer protect the EVs from protease.  EVs contain surface receptors and they carry 
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and deliver various cargos including cytosolic proteins, growth factors, 

cytokines/chemokines, lipids, and RNA that can be transferred to recipient cells [52, 53]. 

Extracellular vesicles are detected in all biological fluids of the body such as blood, urine, 

semen, breast milk and they are secreted in health and pathologies via all tissue cells. 

Extracellular vesicles have been illustrated to confer immune suppression via several 

mechanisms such as enhancing the function of regulatory T cells, reducing natural killer 

and CD8 cell’s activity, and blocking monocyte differentiation [54]. On the other hand, 

the effect of immune activation can be mediated by EVs via proliferation and activation 

of B cells, monocytes and NK cells [55]. EVs are classified based on their cellular origin 

and biological function or based on their biogenesis [44]. These vesicles are 30-1000 nm 

diameter and are released by a variety of cells including immune cells in which they may 

act as antigen-presenting vesicles, stimulating anti-humoral immune responses or 

inducing tolerogenic effects to suppress inflammation [55,56]. They can transport various 

cargoes such as proteins and nucleic acids between cells and are easy to engineer, well-

tolerated in vivo and are capable of intracellular delivery of biomolecules [57]. Three 

main classes of extracellular vesicles are: exosomes, microvesicles (MVs) and apoptotic 

bodies. According to their size and classes, they have various markers, which are 

originated from various regions (Figure 1.6).  
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Figure 1.7. Characterization of the extracellular vesicle based on their size and origin. 

 

 

In inflammatory diseases, macrophages/microglia derived EVs are shown to be 

involved in propagation of inflammatory signals in the mode of cell-to cell 

communication [58, 59]. However, the possible role of EVs released by a different subset 

of macrophages (M1 and M2) in neuroinflammation and inflammation-derived 

neurotoxicity triggered by a variety of pathogenic conditions are not known and need to 

be elucidated.  
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1.5 Microelectrode array 

 

Multielectrode/microelectrode arrays (MEA) system is a compact and innovative 

tool with multiple microelectrodes which has been utilized to measure neuronal activity 

and external action potential, both in vitro and in vivo [60]. The action potential goes 

down an axon and creates the change in polarity across the membrane of the axon [61, 

62]. Sodium (Na+) and potassium (K+) gated ion channels open and close in response to a 

signal from another neuron. First, Na+ channels open and Na+ goes into the axon and 

resulting in depolarization [63]. On the other hand, when the K+ channels open and K+ 

moves out of the axon, causing repolarization. This is creating a change in polarity 

between the outside and inside of the cell [64]. At the resting state, sodium and potassium 

ions have a limited way to go through the membrane. (Figure 1.7) 
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Figure 1.8. Graph of action potential. Measuring of the voltage across the cell membrane against 
time, the action potential starts with depolarization and followed by repolarization. 

	

	

In neurons, action potential plays a central role in cell to cell communication. The 

neurons and muscle cells produce ion currents through their membranes when they get 

excited, and their voltage is changed between inside and outside of the cells [65]. When 

an action potential is recording, the electrodes on a MEA transduce the voltage changes 

from the environment transferred by ions into currents carried by electrons [66].  When 

the neurons are stimulated, through the media the electrodes transduce electronic currents 

into ionic currents. This leads to create the voltage gated of ion channel on the membrane 

and depolarization of the excited cells to form an action potential [67, 68].  
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The standard type of in vitro MEA has a pattern of 8 x 8 electrodes and it has a 

square recording area of 700 µm to 5mm length. Electrodes are made of titanium and 

they have diameters from 10 to 30 µm (Figure 1.8).  

 

 

 

 

Figure 1.9. Overview of a 60 electrodes MEA device.  
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1.5 Thesis objective and hypothesis 

Macrophages function to maintain homeostasis and they are directly involved in 

the development of neuroinflammatory diseases. Moreover, macrophage phenotypes have 

the distinct roles in innate immunity, however their involvement in neuroinflammation is 

not well understood. In inflammatory diseases, macrophage derived EVs are shown to be 

involved in propagation of inflammatory signals in the mode of cell to cell 

communication. However possible role of EVs released by different subsets of 

macrophages in neuroinflammation are not known and this needs elucidation. 

 

          Specific Aim 1: Development and characterization of the M2 like 

macrophages from monocytic cells. 

M1 phenotype is well characterized, yet more studies are required to well 

characterize M2 phenotype in the context of neuroinflammation. In this aim, we have 

used a cell derived from an Acute Myelogenous Leukemia (AML) cell line, MonoMac-1 

and established conditions to induce and differentiate MonoMac-1 in to M2 like 

macrophages.  These conditions appear to involve the glucocorticoid pathway as well as 

cFMS signaling based on the action of dexamethasone (DEX) and macrophage colony 

stimulating factor(M-CSF), in addition to phorbol-12-myristate-13-acetate (PMA), 

lipopolysaccharide (LPS) treatment. We used M2 macrophage markers such as CD 163 

and CD 16 to further confirm and characterize M2 macrophage characteristics by using 

flow cytometry.  



	 18	

  

Specific Aim 2: Isolation and characterization of the extracellular vesicles 

released from M1 and M2 macrophages. 

In this aim, we investigated and characterize the extracellular vesicles (EV) released from 

monocytic cells (M0), (M1) and (M2) macrophages to further explore the role of EVs in 

neuroinflammation and neurotoxicity. We isolated extracellular vesicles from cultured 

media of M1 and M2 cells by i) ultracentrifugation or ii) using ultracentrifuge protocol 

and determine the number of EVs released from these cells and analyzed their size and 

morphologies by using ZetaView technology.  

  

  

 

Specific 3: To investigate the functional impact of extracellular vesicles (EVs) 

released from M1 and M2 macrophages on neuron’s action potential by 

multielectrode array (MEA) studies. 

In this aim, we planned to explore the potential impact of EVs released from monocytic 

cells, M1 macrophages, and M2 macrophages, on neuronal functions. Primary neurons 

(PHFNs) were exposed to different concentrations of M1 and M2 EVs for different time 

points and analyzed by MEA analysis. 
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CHAPTER 2	

DEVELOPMENT AND CHARACTERIZATION OF THE M2 LIKE 

MACROPHAGES FROM MONOCYTIC CELLS 

 

2.1 Rationale 

 

MonoMac-1 is a human cell line, which possesses some properties of blood 

monocytes and it can be used as an in vitro model system for studying the monocytic, 

biochemical, immunological, and genetic functions of monocyte/macrophage lineage 

[69]. Macrophages play a critical role in various pathological conditions such as 

infection, (chronic) inflammation and atherosclerosis [70]. Although macrophages 

originate from a common myeloid progenitor cell in the bone marrow, mature 

macrophages constitute a very heterogeneous. Their functional heterogeneity is due to 

phenotypically diversity between macrophages and ranges from phagocytosis of 

microorganisms or particles to regulation of local immune response by production of 

cytokines and other types of mediators [71]. While it is known that mediators and 

cytokines such as M-CSF and dexamethasone are inducers of CD16 and CD163 

expression in vivo and in vitro in primary tissue culture models [72,73], there are no cell 

lines where the induction of CD16 and CD163 expression can be studied and drug 

candidates evaluated. In view of the inherent difficulty in working with primary cells as 

well as donor variation, cell lines may be preferable to primary cells for their consistency.  
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2.2 Approach 

 

In this work, we planned to create macrophages by differentiation of monocytic 

cell lines. Monocytic cells were seeded at a density of 0.5 × 106 cells/ml and are sub-

cultured until reaching 1× 106 cells/ml. The medium was changed every 2 to 3 days. We 

cultured the cells in 24-well plates with 20 ng/ml phorbol-12-myristate-13-acetate (PMA) 

both individually and combined with 10ng/ml lipopolysaccharide (LPS) for 72 hours at a 

density of 1 × 106 cells/ml. After 72 hours, cells were washed and treated with 

macrophage colony-stimulating factor (M-CSF) and Dexamethasone (DEX) with 5 ng/ml 

and 200 ng/ml for 4 days, respectively. Differentiation of PMA and LPS treated cells 

enhanced after adding M-CSF and DEX for 4 days. Differentiation characteristics were 

determined by morphological changes such as cell clustering, spreading, and cellular 

adhesion to the well’s bottom surface. In another setup step, we incubated the cells with 

Interferon gamma (IFN γ) and Tumor necrosis factor alpha (TNFα) for 24 hours after 4 

days at a final concentration of 10 ng/ml to increase the levels of marker cell expression. 

After treatment, we collected the cells and centrifuge them at 450 g for 5 minutes. The 

supernatants of the cells were analyzed for IL-12 and/or IL-10 levels. IL-12 and IL-10 

concentrations were determined by using an IL-12 and IL-10 sandwich ELISA as 

described by the manufacturer. We also performed flow cytometry to determine the 

frequency of the differentiated cells based on surface antigens. 
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2.3 Expected Results 

 

We expected to determine differentiation conditions for M2 macrophages from 

monocytic cell lines and further characterize them by unique cytokine profile as well as 

surface antigen expressions. We also expected to define and generate M1 macrophages 

from the same original monocytic cell lines by a similar approach to M2 macrophages. 

Flow cytometry results were shown the expression of M2 markers, such as CD163 that 

further confirm M2 differentiation.   Generation of M1 and M2 macrophages from 

monocytic cell lines were further allowed us to overcome the limitations of using primary 

cells.   
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2.4 Materials and experimental design 

 

2.4.1 MonoMac-1 and induction of cellular differentiation  

 

MonoMac-1 was initially derived from the MonoMac parental cell line, which 

was itself established from the peripheral blood of a patient diagnosed with an acute 

peripheral monoblastic leukemia. According to morphological, cytochemical, and 

immunological, this cell line was assigned to the monocytic lineage. MonoMac-1 cells 

were cultured at 37°C in a humidified atmosphere. The atmosphere contained 5% CO2 

using RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum 

(FBS, Sigma), 1% of stable glutamine, 1 mM sodium pyruvic acid, and 1x MEM non-

essential amino acids were added. 

 

 

 

Figure 2. 1. Differentiation of monocytes to macrophages. MonoMac-1 cells induced with LPS 
and PMA for 3 days. DEX and M-CSF were added to cells after 72 hours. Cell and supernatant 
were collected after 4 days.   
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 Cells were seeded at a density of 0.5 × 106 cells/ml and were sub-cultured until 

reaching 1× 106 cells/ml. The medium was changed every 2 to 3 days. For differentiation 

of MonoMac-1 into a monocyte/macrophage-like phenotype, the cells were cultured in 

24-well plates with 20 ng/ml phorbol-12-myristate-13-acetate (PMA, R&D Systems) 

both individually and combined with 10ng/ml lipopolysaccharide (LPS, Sigma-Aldrich) 

for 72 hours at a density of 1 × 106 cells/ml (Figure 2.1). After 72 hours, they were 

washed and incubated in macrophage colony-stimulating factor (M-CSF, R&D Systems) 

and Dexamethasone (DEX, R&D Systems) with 5 ng/ml and 200 ng/ml for 4 days, 

respectively. Differentiation of PMA and LPS treated cells were enhanced after adding 

M-CSF and DEX for 4 days. Differentiation characteristics were determined by 

morphological changes such as cell clustering, spreading, and cellular adhesion to the 

well’s bottom surface. On the other step, cells incubated with Interferon gamma (IFNγ, 

R&D Systems) and Tumor necrosis factor alpha (TNFα, R&D Systems) for 24 hours 

after 4 days incubation at a final concentration of 10 ng/ml in each (Fig. 1). 
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Figure 2. 2. Morphological changes of macrophages with differentiation. Induction of 
differentiation in MonoMac-1 cells by PMA, LPS, DEX and MCSF. MonoMac-1 cells were 
incubated for 72 h without or with PMA+LPS (20 and 10 ng/ml) and followed by DEX and M-
CSF (200 and 5 ng/ml) for 96 h. Phase images are taken at 20X magnification. 

 

 

 

 

2.4.2 IL-12 and IL-10 Elisa 

 

Following treatment, cells were centrifuged at 450 g for 1 min. Supernatants were 

collected and analyzed for IL-12 and/or IL-10 levels. IL-12 concentrations were 

determined using an IL-12 sandwich ELISA (Peprotech), and IL-10 concentrations were 

determined using an IL-10 sandwich ELISA (Biosource, Camarillo, CA, USA) as 

described by the manufacturer.  
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 2.4.3 MCP-1 and M-CSF Elisa 

 

The level of M-CSF and MCP-1 in cell culture supernatant was measured with 

Human Quantikine ELISA Kits (R&D system) according to the manufacturer’s 

instructions. 

  

  

2.4.4 Flow cytometric analyses 

 

 Flow cytometric analyses were carried out on untreated and treated human cell 

line, using fluorochrome-conjugated antibodies, CD14-APC/Cy7 (M5E2, BD, Franklin 

Lakes, USA), CD163- R-PE (Mac2-158; Trillium Diagnostics, Maine, USA), CD16-

Brilliant Violet 510 (3G8, BD), and CD4- PerCP (, BD). The antibody-fluorochrome 

panel was designed according to the optimized detection and the required information. 

Isotype controls were utilized in the construction of the panel in order to ensure the 

specificity of each antibody in the panel. Fluorescence minus one (FMO) and non-stained 

MonoMac-1 tests were used for gating. For each test, 30,000 events were collected on a 

4-laser 13-color LSRII Analyzer (BD) and were analyzed using the FlowJo, (version 

10.1r5) (TreeStar, Ashland). Following identification of single events and live/dead 

discrimination using a Live/Dead Fixable Blue Dead Cell Stain Kit (Invitrogen, Grand 

Island, USA), monocytes were defined within a broad gate, based on forward scatter 
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(FSC) and side scatters (SSC) properties. The identification of monocytes was further 

refined by expression of CD14, a lipopolysaccharide (LPS) receptor routinely used as a 

lineage marker for monocytes. CD14+ monocytes are the parent population for all 

monocyte populations/subsets described in this manuscript.  
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2.4.5 Statistical analyses  

 

Statistical data analysis were performed using the GraphPad Prism (version 6) 

software. P values ≤0.05 were considered to be statistically significant. The percent 

frequencies of expression CD163+, CD16+, and CD4+ monocytes (CD14+) population 

were measured and compared using one-way ANOVA analysis.   
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2.5 Results 

 

2.5.1 The frequency of CD163+ macrophages are increased in combination of 

PMA+LPS+DEX and MCSF 

 

            Several studies have demonstrated that LPS treatment causes an acute shedding of 

human monocyte CD163 [74], followed by an increase in surface CD163 expression[75]. 

For the induction of terminal differentiation to macrophage-like cells, MonoMac-1 cells 

were treated with PMA and PMA+LPS for 3 days. When MonoMac-1 cells were 

stimulated with PMA alone or PMA+ LPS for 3 days, the frequency of expression 

markers CD163+, CD16+ and CD4+ did not change significantly (Fig. 2.4). 
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				B	
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C	

	

	

Figure 2. 3. MonoMac-1 was treated with PMA and PMA+LPS for 3 days followed by addition 
of DEX+M-CSF for 4 days. The direct influence of adding DEX+M-CSF on the expression of 
CD163+, CD16+ and CD4+ was studied by incubation monocytes for 7 days. (A) Although, 
combination of DEX +M-CSF+PMA increases expression of CD163+ significantly, addition of 
LPS has the most effect on expression CD163+. (B)(C) Based on the data, expression of CD16+ 
and CD 4+ is increased with combination of PMA+LPS+DEX+M-CSF as compared to other 
treatment conditions. (*p= <0.05 and ** p= <0.01) 
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To further interrogate differentiation, DEX+ M-CSF was added for 4 days. 

Differentiation of PMA and LPS treated cells was enhanced after adding M-CSF and 

DEX as indicated by morphological changes such as cell clustering, spreading, and 

cellular adhesion to the well’s bottom surface. After 72 h and 96h, the cells had the 

morphological characteristics of macrophages (Fig. 2.2).  

 

Identification of monocytes was further refined by expression of CD14, a 

lipopolysaccharide (LPS) receptor routinely used as a lineage marker for monocytes As 

CD14+ monocytes are the parent population for all monocyte population flow cytometry 

analysis revealed that these cells that are treated with PMA, LPS, M-CSF and DEX 

expressed high levels of CD14 (Fig. 2. 3) and macrophage-specific differentiation 

antigen, compared to untreated MonoMac-1 cells. Monocytes were defined within a 

broad gate, based on forward scatter (FSC) and side scatters (SSC) properties. 

Representative dot plots demonstrate gating strategies used in identifying the CD14+ 

parent population and specific monocyte subsets under different treatment conditions. 

 

Unlike those cells treated with PMA only, the combination of DEX+M-CSF in 

cells treated with PMA+LPS resulted in significantly increased expression of CD163+; 

moreover, the frequency of CD163+ reached to the highest level in those cells treated with 

LPS in the preceding days (Fig. 2.4. A). Our data suggest that LPS is critical for the 

expression of CD4+ and CD16+ (Fig. 2.4. B, 2.4. C). Together these data suggest that 

expression of CD163+ CD16+ and CD4+ is increased with the combination of PMA+LPS, 
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followed by a combination of DEX+M-CSF (mM2) as compared to other treatment 

conditions.  

 

 

2.5.2 Down-regulation of CD163 expression via c-fms inhibitor 

                

After we demonstrated that M-CSF and DEX promote expression of CD163, 

CD16, and CD4, we next sought to further investigate the mechanism by engaging 

antagonists of DEX and M-CSF, namely glucocorticoid and c-fms receptor antagonists, 

respectively. Pexidarinib (PLX3397) was chosen as a c-fms receptor antagonist and 

mifepristone (RU486) was chosen as a glucocorticoid receptor antagonist. MonoMac-1 

cells cultured with PMA+LPS+DEX and M-CSF (mM2) in the presence of pexidartinib 

and mifepristone to prevent engagement of the c-fms and glucocorticoid receptors. The 

frequency of CD163+ cells was significantly reduced by glucocorticoid receptor inhibitor 

and c-fms inhibitor. In addition, the frequency of CD163+ cells were significantly reduced 

following PLX3397 (Fig. 2.6. A). The blockage of both M-CSF and DEX receptors can 

affect the reduction of CD4+ and CD16+ considerably and the activation of both c-fms and 

glucocorticoid was inhibited (Fig 2.6. B, 2.6. C). Also, we cultured mM2 with different 

concentrations of PLX3397 and RU486 (500 nM, 1uM and 2uM) and the 1uM was the 

most effective on the blocking receptors (data are not shown). Together with the 

observation from Fig.2.6, these data suggest that both PLX3397 and RU486 as c-fms and 
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glucocorticoid inhibitor receptors block their receptors and it causes the reduction in 

expression of CD163+ and CD16+ and CD4+ significantly.  

 

					A	

	

																							B	
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 Figure 2. 4. Blocking the c-fms and glucocorticoid receptors by RU486 and PLX3397. 
MonoMac-1 cells treated with PMA+LPS+DEX and M-CSF and cultured with pexidartinib 
(PLX3397- 1uM) and mifepristone (RU486– 1uM) for 24h. Although, c-fms inhibitor has the 
most effect on the reduction of CD163+ (A) CD16+ (B) and CD4+ (C), RU486 dropped the 
frequencies of these cells' expression significantly. (*p= <0.05 and ** p= <0.01) 

 

 

 

2.5.3 Expression of CD16 and CD163 of mM2 cells cultured in the presence of IFN 

gamma and TNF alpha 

 

              MonoMac-1 cells respond to tumor necrosis factor alpha (TNFα) and interferon 

gamma (IFNγ) in a manner similar to primary macrophages [76, 77]. As mentioned 

above, the culture of MonoMac-1 cells with PMA+LPS for 3 days and adding DEX and 

M-CSF followed by 4 days results in a significant increase in expression of CD16 and 
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CD163 as determined by flow cytometry. To assess whether different cytokines could 

influence CD163 and CD16 expression, mM2 were cultured in a different timeline (1/2, 

2, 4, 6 and 24 hours) in the presence of both IFNγ and TNFα at the concentrations 

10ng/ml each. The cells were then subjected to staining and flow cytometric analysis as 

described previously. The frequency of CD163+ was elevated by adding TNFα and IFNγ 

significantly after 24 hours (Fig.2.7. A). Expression of CD163+ was not changed 

considerably during the 1/2 ,2, 4 and 6 hours (data are not shown). CD16+ expression was 

not changed over first ten hours (data are not shown) while maximal increases were 

observed after 24hours (Fig.2.7. B). CD4+ expression was not significantly different 

following IFNγ and TNFα treatment (data are not shown). Together these data suggested 

that IFNγ and TNF increase the expression of CD163 and CD16. 
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A 

 

B 

	

Figure 2. 5. Significant effect of TNFα and IFNγ on CD16+ and CD163+ expressions. TNFα and 
IFNγ were added to mM2 which was treated with PMA+DEX+M-CSF+LPS. IFNγ and TNFα 
were added together and separately for 24hr. Based on the data, TNFα and IFNγ had significant 
effects on increasing the CD163+ expression (A) and CD16+ expression (B). By adding the TNF 
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and IFN together this expression went to the highest level and they had the strongest effect on 
cells expressions. (*p= <0.05 and **p=<0.01, ***p=<0.001, **** p=<0.0001.) 

 

 

2.5.4 CD163 up-regulation is concomitant with increased production of IL-10  

 

       Differential cytokine production is a key feature of polarized macrophages. The M1 

phenotype is typically IL-12high and IL-10low [17], whereas M2 macrophages are typically 

IL-10high [68] and IL-12 low [17]. To determine whether IFNγ and TNFα could influence 

the ensuing cytokine profile of macrophages in mM2, we measured the Il-10 and Il-12 in 

culture supernatants 1/2, 2, 4 and 6 hours after incubation with IFNγ TNFα, or both 

cytokines. IFNγ significantly decreased the level of Il-10 during the first 2 hours. 

However, IL-10 levels increased by 4 hours and rapidly declined thereafter. Increases in 

Il-12 were also observed, with the highest level at 30 mins and IFN dropped it 

significantly from 5 pg /ml to 0 after (Fig.2.8. A). TNFα increased the level of Il-10 

rapidly between 4 and 6 hours, but in contrast, Il-12 was significantly reduced at 6 hours 

(Fig.2.8. B). Interestingly, the effect of the combination of both cytokines on Il-10 

production during the last 2 hours was considerable compared to the previous 4 hours of 

incubation (Fig.2.8. C). Furthermore, Il-12 increased slightly in 30 mins but dropped 

during the remainder of the treatment. Together these results indicate that TNFα 

produced Il-10 significantly and it has a role in Il-10 concentration 
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A 

	

B	
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C	

	

	

Fig 2. 6. Effect of TNFα and IFNγ on the stimulation Il-12 and Il-10 releases. mM2 were treated 
with TNFα and IFNγ (10 ng/ml) for 1/2, 2, 4 and 6 h in the presence alone(A)(B) and 
combination (C) of TNFα and IFNγ and supernatants were collected.   

 

2.5.5 Upregulation of MCP-1 concentration in mM2 by IFNγ and TNFα  

 

MCP-1 is a chemoattractant for human monocytes [79]. MCP-1 is a member of 

the CC chemokine family and promotes migration of cells by chemotaxis and integrin 

activation [79,80], and it has been reported to recruit monocytes from the blood into 

atherosclerotic lesions [80]. We next examined the concentration of MCP-1 in mM2 

cultured with IFNγ and TNFα. As we explained above IFNγ and TNFα were added to 

mM2 in different timing and MCP-1 concentration is measured. Figure 2.9 demonstrates 

that both IFNγ and TNFα increase the level of MCP-1 concentration and its level raised 



	 40	

from 200 (pg/ml) to 800(pg/ml) during 6 hours. Also, the combination of both cytokines 

on MCP-1 concentration is considerable from 2 to 6 hours. These data suggested that 

both cytokines have the main role in increasing MCP-1 concentration.   	

 

 

 

 

Fig 2. 7. Upregulation of MCP-1 expression by TNFα and IFNγ. mM2 were cultured with TNFα 
and IFNγ for 1/2, 2, 4 and 6 hours. TNFα and IFNγ increased the level of MCP-1 concentration 
and it is peaked by 6 hours. 
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2.6 Discussion 

 

         Monocytes and macrophages constitute an important component of immune 

responses against viruses, bridging innate and adaptive immunity [81]. Macrophage 

differentiation is correlated with a downregulation in the nucleocytoplasmic ratio due to a 

growth in cytoplasmic volume [82]. Macrophage heterogeneity is influenced by the 

differentiation state, with marked differences between monocytes and macrophages [1,8]. 

Commonly used protocols induce macrophage differentiation in monocytic cell lines but 

derivation towards a highly differentiated macrophage phenotype has not been a major 

focus of prior studies. In this study, we have identified several macrophage characteristics 

associated with differentiation which vary in MonoMac-1 cells treated with different 

protocols. We showed that a protocol of treating MonoMac-1 cells with PMA and LPS 

followed by a period of further cultured with M-CSF and DEX drives cells towards a 

differentiated macrophage phenotype. Here, we demonstrated that PMA+LPS 

differentiates monocytes to macrophages and M-CSF+DEX promotes the expansion of 

the CD4+, CD16+, and CD163+ macrophages.   

Several studies have shown the potential role for CD163+/CD16+ monocytes in 

inflammation production and disease progression, making CD163+/CD16+ monocytes a 

useful biomarker for inflammatory diseases [47]. Our results demonstrated that M-CSF 

and DEX increase the expansion of the CD16+CD163+ macrophages numbers.  We 

further confirmed the role of these pathways through the use of inhibitors for the M-CSF 

and dexamethasone receptors, cFMS, and glucocorticoid receptors, respectively.  Here 
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the level of CD163+, CD16+, and CD4+ were decreased significantly. Several studies 

have examined the effect of IFNγ and TNFα on M2 markers expression [83]. We next set 

out to determine that stimulation of macrophages with PMA+LPS+DEX+M-CSF and 

IFNγ / TNFα result in a significant increase in CD16+ and CD163+ production and 

combination of TNFα and IFNγ lead to CD163+ and CD16+ production that is greater 

than treatment with individual cytokines.  	

              To further characterize the relationship between M1/M2 polarizations, we 

measured the level of Il-12 and Il-10 in different treatments. Typical M2 macrophages 

produce high levels of Il-10 but exhibit a low level of Il-12. We demonstrate that 

monocytes, which are treated by mM2 (PMA+LPS+DEX+M-CSF) plus TNFα produce 

more levels of Il-10 compared to mM2 treatment alone. Also, the combination of IFNγ 

and TNFα with mM2 increased the level of MCP-1 in the culture medium.  	

               Results presented here provides information regarding the pathways required for 

further differentiation of this acute myeloid leukemia cell line.  For the first time, we 

provided a method to promote monocytic expression of CD16 and CD163 using the 

promyelomonocytic cell line Monomac-1.   This approach should provide an 

experimental system for drug screening or evaluating drug candidates where the 

modulation of CD16 and CD163 is desired.	
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CHAPTER 3 

ISOLATION AND CHARACTERIZATION OF THE EXTRACELLULAR 

VESICLES RELEASED FROM M1 AND M2 MACROPHAGES 

 

3.1 Rationale 

Extracellular vesicles (EVs) play critical roles in cell to cell signaling [41]. 

Isolation of extracellular vesicles with reliable quality and dividing them into their 

categories are different challenges. Base on the previous chapter, for the first time, we 

characterized M2 macrophages and here we purpose to characterize and compare the 

extracellular vesicles isolated from M1 and M2 macrophages by ultracentrifugation. The 

isolated EVs were characterized based upon the size, concentration, ALIX and HSP70 

protein expression and using complementary methods such as ZetaView, western blot, 

and Elisa.  

 

3.2 Approach 

 

In order to characterize EVs released from M1 and M2 macrophages, as described 

in Aim 1, we first induce monocytic cells via PMA (20 ng/ml) and LPS (10 ng/ml) and 

differentiated them into M1 and M2 macrophages by G-MCSF (5 ng/ml) and M-CSF (5 

ng/ml) + DEX (200 ng/ml), respectively.   EVs were purified from supernatants of M1 

and M2 macrophages by utilizing differential centrifugation. Cells were first pelleted by 
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centrifugation at 300 × g for 10 min. Additional centrifugation at 2000 × g for 10 min 

was used to pellet and remove dead cells. The supernatant were filtered through a 0.22-

μm filter and ultracentrifuge at 10,000 × g for 30 min to remove any cell debris. This was 

followed by ultracentrifugation at 100,000 × g for 70 min in a Beckman Ultracentrifuge. 

The resulting pellet were re-suspended in 100 μl of PBS. All spins were performed at 4 

°C. Protein levels of the exosomes were determined using a Bradford Protein Assay and 

an AchE enzymatic assay. EVs were also analyzed by ZetaView for concentration and 

size distribution. We further characterized EVs by Western blot analysis using EVs 

specific markers such as ALIX, HSP 70 and TSG 101. We also studied the correlation of 

CD 163, M2 marker, with M1 and M2 macrophages by using ELISA. 

 

3.3 Expected Results 

 

We did not expect to see any differences between the size and distribution of EVs 

isolated from M1 and M2. However, we expected to see that CD163 was released in 

association with EVs isolated from M2 macrophages. This finding may explain the 

neurotoxicity effects of M2 EVs. 
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3.4 Materials and experimental design  

 

3.4.1 MonoMac-1 and induction of cellular differentiation   

 

MonoMac-1 cells were acquired from DSM (Braunschweig, Germany).  The 

MonoMac-1 cell line was initially derived from the Mono-Mac parental cell line, which 

was itself established from the peripheral blood of a patient diagnosed with an acute 

peripheral monoblastic leukemia. According to morphological, cytochemical and 

immunological traits, this cell line was assigned to the monocytic lineage. Cells were 

cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine 

serum (Sigma, Location of Company), 1% stable glutamine, 1 mM sodium pyruvic acid, 

and 1X Minimum Essential Medium non-essential amino acids (Company, Location of 

Company). Cells were maintained in a humidified chamber kept at 37°C and 5% CO2.  

Cells were seeded at a density of 0.5 × 106 cells/ml and sub-cultured to 1× 106 cells/ml, 

with a complete media change every 2-3 days. To promote macrophage-like 

differentiation, MonoMac-1 cells were seeded at a density of 1 × 10 6 cells/ml in 100mm 

dishes and cultured in the same media supplemented with 20 ng/ml phorbol-12-myristate-

13-acetate (R&D Systems, Location of Company). Furthermore, half of the cells were 

incubated with10ng/ml lipopolysaccharide (Sigma-Aldrich, Location of Company) for 24 

hours. Afterwards cells were washed twice in phosphate buffer saline (PBS) and 

differentiated to M1 and M2 macrophages phenotypes. Cells incubated in culture media 

containing 5 ng/ml granulocyte- macrophage colony-stimulating factor (GM-CSF) (R&D 



	 46	

Systems) to differentiate the M1 phenotype macrophages for 3 days (Fig. 3.2). GM-CSF 

was added to cells daily. The differentiated M2 macrophages were treated with 5 ng/ml 

macrophage colony-stimulating factor (M-CSF) (R&D Systems) and 200 ng/ml 

dexamethasone (DEX, R&D Systems) daily (Fig. 3.2).  

 

 

3.4.2 Purification of the extracellular vesicle from monocyte and   

macrophages   

 

Supernatants were obtained either from the un-treated MonoMac-1 (M0) or M1 

and M2 macrophages. EVs were purified from these supernatants utilizing differential 

centrifugation. Approximately 10ml supernatants from the monocytes and macrophages 

supernatants were first centrifuged at 3000 × g for 30 min at 4oC (Eppendorf Centrifuge, 

5804R) to clear cell debris followed by a centrifugation at 10000 × g for 30min at 4oC 

(HB-6 rotor, Sorval Centrifuge, RC6+, Thermo Scientific) followed by filtration 

(Corning Incorp., NY, USA). At this step, clear supernatants were stored at 4oC for 

ultracentrifugation. Ultracentrifugation was performed at 100000 × g for 4h in a 

Beckman Ultracentrifuge (Figure 3.1). After centrifugation, the tubes were inverted to 

remove the remaining liquid then the pellets were resuspended in 200ul 1 x PBS buffer.  
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Figure 3.1. Isolation and purification of EVs from M0, M1, and M2 culture media. 

 

 

 

 

 

 

 

 



	 48	

3.4.3 Extracellular vesicle analyses with ZetaView  

 

All samples were diluted (1:250) in PBS to a final volume of 2 ml. For each 

measurement, three cycles were performed by scanning 11 cell positions each and 

capturing 60 frames per position (video setting: high) under following settings: Focus: 

autofocus; camera sensitivity for all samples: 92.0; Shutter: 70; Scattering Intensity: 4.0; 

Cell temperature: 25°C. After capture, the videos were analyzed by the in-build 

ZetaView Software 8.02.31 with specific analysis parameters: Maximum particle size: 

1000, Minimum particle size 5, Minimum particle brightness: 20. Hardware: embedded 

laser: 40 mW at 488 nm; camera: CMOS.  

  

 

3.4.4 Elisa  

 

Following treatment, cells were centrifuged at 450 g for 5 min. Supernatants were 

collected and analyzed for IL-6, soluble CD163, TNF alpha and IFN gamma levels. IL-6, 

TNF alpha, and IFN gamma concentrations were determined using an IL-6, TNF alpha, 

and IFN gamma sandwich ELISA (R&D system), and soluble CD163 concentrations 

were determined using a soluble CD163 sandwich ELISA (R&D system) as described by 

the manufacturer.  
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3.4.5 Preparation of the EVs, monocyte and macrophages cell lysates, and 

SDS PAGE/western blotting  

 

 At the end of incubations, cells were washed in PBS and harvested by 

trypsinization.  The M), M1, and M2 macrophage lysates were prepared by using TNN 

buffer with 1% NP40 supplemented with mammalian protease inhibitors. For 10% SDS-

PAGE/western blot, 50μg proteins per well were used. The protein concentrations were 

determined by Bradford Protein Quantification assay. Protein samples were first 

denatured in SDS loading dye, heated at 95oC for 5min, then separated on 10% SDS-

PAGE. After electrophoresis, gels were transferred onto 0.45μm nitrocellulose 

membranes for 2h at 250mA, alternatively overnight at 40mA in 1 × cold transfer buffer 

(100mM TrisHCl, pH 7.4, 150mM NaCl, 20% methanol). Membranes were blocked in 

either 1 x PBST buffer containing 10% milk or 1 x LI-COR blocking buffer at least 1h at 

room temperature. The primary monoclonal antibodies, anti-alix, anti-beta tubulin class 

III, anti-HSP-70, and anti-CD163 were diluted 1/1000 in buffer containing 5% milk and 

added to membranes where needed and were incubated overnight at 4oC with gentle 

shaking. After washing the membranes with 1 X PBST buffer three times, the secondary 

antibodies (LI-COR goat against rabbit 680 for polyclonal, LI-COR goat against mouse 

800 for monoclonal) were added to the membranes and incubated for 45min at room 

temperature followed by three times (5min) washing with 1 X PBST buffer and a final 

wash with 1 X PBS buffer. Washed membranes were stored in 1 X PBS before scanning 
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images on an ODISSEY Clx instrument. The intensity of each protein band was 

calculated using ImageJ (NIH) software (https://imagej.nih.gov/ij) and bar graphs were 

produced in the Microsoft Excel program.  

  

  

 

 

3.4.6 Statistical analyses   

 

All frequencies of data were compared using one-way repeated measures 

ANOVA with Tukey’s post-hoc test. Statistical analyses were performed using GraphPad 

Prism (version 6) software.  P values ≤0.05 were statistically significant.  
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3.5 Results 

 

3.5.1 Characterization of M1 and M2 macrophages 

 

Monocytic cell lines differentiation with phorbol 12-myristate 13-acetate (PMA) 

are widely used as a model for the function and biology of human macrophages [69]. As 

we have shown in chapter 2, MonoMac-1 cells differentiated into macrophage-like cells 

by incubation in the presence of PMA and lipopolysaccharides (LPS), which led to a 

macrophage-like phenotype characterization by changes in morphology. Since both the 

PMA and LPS treatment affect monocyte differentiation [69, 74], we started by 

incubating MonoMac-1 cells with both PMA (20 ng/ml) and LPS (10 ng/ml) for 24 hours 

(Figure 3.2.A). As assessed microscopically, during 24 hours of differentiation, 

MonoMac-1 cells become larger, more flattened and became adherent to culture dishes 

(Figure 1B). To differentiate the cells to classical macrophages (M1), granulocyte-

macrophages colony-stimulating factor (GM-CSF), the main cytokine associated with M1 

activation, was added for 72 hours daily (Figure 3.1.A). On the other hand, (macrophage 

colony-stimulating factor) M-CSF alone and combined with dexamethasone (DEX) for 

differentiation M2 macrophages were utilized for 72 hours and added to cells daily 

(Figure 3.1. A). M1 polarized macrophages showed morphology with large filopodia 

while M2 polarized macrophages showed a rounded and spindle shaped morphology 

(Figure 3.2. B). We also examined the expression of pro-anti-inflammatory cytokines 

with the highest rank for M1 and M2.  
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MonoMac-1 cells and macrophages respond to tumor necrosis factor-alpha 

(TNFα) and interferon-gamma (IFN γ) in a manner like primary macrophages [76, 77]. 

Here, we demonstrated that the level of TNFα in the M1 macrophages was significantly 

higher than those in the M0 and M2 macrophages (Figure 3.3. A). Also, the expression of 

IFN γ in the supernatant was higher in the M1 phenotype in compared to M0 and M2 

(Figure 3.3.B). To gain additional understanding of the M1 and M2 phenotypes, we 

measured the level of interleukin-6 (Il-6) as M1 marker. Il-6 is a pro-inflammatory 

cytokine that has specific functions [77]. It is involved in the regulation of immune 

reactions and the inflammatory state. Figure 3.2.C illustrates that the level of Il-6 was 

significantly higher in M1 macrophages compared to M0 and M2. 
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Figure 3.2. Morphological changes of macrophages with differentiation. (A) MonoMac-1 cells 
(untreated-M0) differentiate to macrophages by adding PMA+LPS for 24 hours and culture with 
the fresh media for 4 days. GM-CSF added daily to macrophages cells for 72 hours to 
differentiate into M1 macrophages. M-CSF alone and a combination of DEX+M-CSF added to 
macrophages individually for M2 phenotypes for 72 hours. (B) Induction and differentiation of 
MonoMac-1 cells by PMA, LPS, DEX, GM-CSF and M-CSF. Phase images are taken at 20X 
magnification. A measure of levels of IFNγ, Il-6, TNFα in supernatant utilized as M1 markers 
and CD163, soluble CD163 used as M2 phenotypes markers. 

 

 

Next, we analyzed M2 macrophage phenotype. As we had observed and reported 

previously (chapter 2), CD163 is used as a marker to assess the M2 macrophages 

distribution. Here, the expression of CD163 and its soluble form were analyzed (Figure 

3.3.D.E). Flow cytometry analysis revealed that the highest level of CD163 expression 

was produced in the M2 phenotype (90%), while M1 and M0 expressed CD163 in cells 

less than 5% (Figure 3.3.D). Besides, cleaved CD163, as soluble CD163 in M2 serum, 

was approximately 60 ng/ml, while it was released less than 10 ng/ml in M0 and M1 

macrophages. (Figure 3.3.E).	

 

A 

	



	 55	

							B	
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Figure 3.3. Differential cytokine expression with macrophage differentiation. (A-C) GM-CSF has 
the main role in increasing the M1 macrophages phenotype and it increased the level of M1 
markers. (A) Il-6 level in M1 was 30 pg/ml and it was 3 times more than in M0 and M2. (B) 
Serum level of TNF α and (C) IFN γ  in the M1 phenotype was much more than M0 and M2. (D) 
M-CSF+DEX were the main factors to induce the levels of M2 markers and according to flow 
cytometry, the frequency of CD163 expression was 90%. Also, (E) shedding of CD163 in plasma 
was much higher in M2 macrophages compared to M0 and M1. (*p= <0.05 and **p=<0.01, 
***p=<0.001) 
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3.5.2. Isolation and characterization of extracellular vesicles released from M1 and 

M2 macrophages 

 

Cells release a variety of extracellular vesicles (EVs) representing an important 

mode of intercellular communication due to carrying and delivering various cargos 

including cytosolic proteins, lipids, and RNA to target cells [52]. EVs from monocyte 

cells M0, M1 and M2 macrophages were isolated from culture media using a series of 

centrifugation, filtration, and ultracentrifugation. The EVs were visualized and analyzed 

by ZetaView (Figure 3.4.A). based on our analysis, the average size of the vesicles 

released from macrophages (M1 and M2) were around 125 nm and they had a similar 

average size compared to monocytes-M0 (figure 3.4.B). Also, no significant differences 

were found between the number of EV particles isolated from monocytes and 

macrophages (Figure 3.4.C).	
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Figure 3.4. Characterization of EVs isolated from M0, M1, and M2.  (A) ZetaView measurement 
of the EVs extracted from M0, M1 and M2 macrophages. Size distribution in 4 cycles- 11 
positions and digital view of EVs isolated from M0, M1, and M2 were analyzed. (B) The size and 
(C) concentration of EVs extracted from monocytes (M0), M1 and M2 macrophages. (D) Whole-
cell protein lysates and EVs lysates purified from M0, M1, and M2 were separated on SDS-
PAGE, transferred on a nitrocellulose membrane and analyzed by western blotting for the 
detection of ALIX and HSP70 using specific antibodies. Tubulin was also probed in the same 
membranes as a loading control. (*p= <0.05 and **p=<0.01, ***p=<0.001) 
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EVs are also known to carry various marker proteins such as ALIX and HSP70 

[84]. To investigate whether M0, M1 and M2 and EVs isolated from them are carrying 

these proteins, lysates from cells and EVs from their supernatants were harvested for 

whole-cell protein extraction and analyzed by western blotting. We were able to detect 

HSP70 and ALIX expression in 25ug of the protein lysates and 50ug of the EVs isolated 

from monocytes and macrophages (Figure 3.4. D).  Tubulin was used as a loading control 

for cell lysates. As expected, western blot analyses demonstrated that EVs isolated from 

M0, M1, and M2 contained EV proteins. These data indicate the successful isolation and 

purification of EVs from monocytes and macrophages.	

	

	

3.5.3. CD163 is a marker of M2 macrophages and released from these cells in 

association with EVs 

 

CD163 is expressed on the membrane of M2 macrophages for the uptake of 

hemoglobin-haptoglobin complexes [28]. This human receptor sheds from the 

macrophage surface by cleavage through the inflammation inducible TACE/ADAM17 

enzyme [85]. Previously, it has been found that plasma soluble CD163 (sCD163) is a 

biomarker for M2 macrophage activity and inflammation [85]. Here, we sought to further 

explore the expression of CD163 by M2 macrophages and its possible association with 

EVs released by these cells. We performed ELISA analyses against the extracellular 

domain of CD163 in cells and EV lysates isolated from M0, M1, and M2 macrophages. 



	 61	

We found that there is a significant increase in CD163 expression level in whole cell 

protein extracts isolated from M2 macrophages (5500 ng/ml) as expected (Figure 3.5.A).	
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Figure 3.5. Soluble CD163 is associated with exosomes. (A) The level of CD163 in whole-cell 
protein lysates from M0, M1, and M2 was measured by ELISA. CD163 expressed significantly in 
M2 phenotypes compare to M0 and M1. (B) Soluble CD163 level of M0, M1, and M2 in the 
supernatant. CD163 was shedding significantly in M2 phenotype macrophages. ( C ) Soluble 
CD163 level of EVs isolated from M2 was higher significantly compare to M0 and M1. (D) 
sCD163 level of EVs depleted in media. Decrease the level of sCD163 in EVs depleted media 
compare to the supernatant. (*p= <0.05 and **p=<0.01, ***p=<0.001) 
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We also analyzed CD163 in growth media of cells M0, M1, M2) Figure 4.B. We 

found that 60 ng/ml of CD163 was cleaved and released into the media of M2 

macrophages. To further investigate possible association of CD163 with EVs isolated 

from monocyte and macrophages, we measured the level of CD163 in EV lysates and 

EVs depleted media. Interestingly, the level of CD163 in EVs from M2 macrophages 

(300 ng/ml) were significantly higher than M0 and M1 macrophages (Figure 3.5.C). 

Also, the level of sCD163 in M2-EVs depleted media was less than 20 ng/ml (Figure 

3.5.D). In conclusion, our data confirms that CD163 is a M2 macrophage marker. We 

also showed for the first time that CD163 is released from M2-like macrophages into the 

extracellular space in association with EVs.	
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3.6 Discussion 

 

             In this study, we demonstrated the characterization of M1 and M2 macrophages 

by measuring the expression of cytokines levels. Further, we isolated extracellular 

vesicles from monocyte and macrophages. Extracellular vesicles (EVs) are potent 

vehicles of intracellular signaling and cells transfer information through the secretion of 

these vesicles [86]. Extracellular vesicles have been isolated from bodily fluids and they 

have a key role in both regulation of normal physiological processes and pathology 

underlying several diseases [87]. Quantitatively, we compared the size and concentration 

of EVs isolated from monocytes and macrophages phenotypes via ZetaView.  The size 

and concentration of EVs isolated from human monocyte cell line, M1 and M2 

macrophages were in the same level. Moreover, for the first time, we illustrated the 

association of CD163 with extracellular vesicles. The level of CD163 in EVs isolated 

from M2 was significantly higher than M1 and it was shown that CD163 was associated 

with extracellular vesicles of macrophages type 2. Our results suggest that CD163+ EVs 

may serve as a marker of inflammation mediated by M2 macrophages.  
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CHAPTER 4	

INVESTIGATION OF THE FUNCTIONAL IMPACT OF EXTRACELLULAR 

VESICLES (EVs) RELEASED FROM M1 AND M2 MACROPHAGES ON 

NEURON ACTION POTENTIAL BY MICROELECTRODE ARRAY (MEA) 

STUDIES. 

 

4.1 Rationale 

 

In neurons, action potential plays a critical role in cell to cell communication, and 

there is a potential interaction between neurons and macrophages. Little is known if EVs 

released from macrophages possess any impact on neuronal action potential in the 

concept of neuroinflammation. In order to gain insight into the outcome of isolated EVs 

from macrophages on neuronal network, we isolated the EVs of macrophages type 1 and 

2, treated neurons with these EVs, and analyzed neural action potential by microelectrode 

array assays.  
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4.2 Approach 

 

In order to illustrate the impact of extracellular vesicles released by different 

subsets of macrophages (M1 vs M2) on neuronal functions, we used microelectrode array 

approach to record the action potentials. All the recordings were performed using the 

MEA-1060 system. The core component of this system is an MEA consisting of 60 

titanium nitrite electrodes covering a rectangular grid.  The MEAs are sterilized via 70% 

ethanol and then exposing the arrays to UV light for 30 minutes. As the MEA surface is 

hydrophobic, poly-D-lysine was applied to hydrophilize the MEA and provide a layer to 

increase cell adhesion to the MEA. To this end, poly-D-lysine is washed with PBS and 

laminin1X was added to plate overnight to promote long lasting cellular adhesion. 

Primary neurons were dissociated and plated on MEA dishes with an average density of a 

million cells/ml. Neurons were cultured for at least 21 days for the best quality of the 

recording. Neurons were exposed to different concentrations of EVs derived from M1 

and M2 macrophages as 500, and 1000 EVs per cell and analyzed by MEA recording at 

0, 3, 8, 24, 30, and 48 hours post-treatments. 
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4.3 Expected Results 

 

We expected to determine significant variation in neuronal action potentials that 

were induced by EVs derived from M1 and M2 macrophages. 

 

 

4.4 Materials and experimental design 

 

3.4.1 Purification of the extracellular vesicle from monocyte and 

macrophages     

Supernatants were obtained either from the un-treated MonoMac-1 (M0) or 

macrophages (M1 and M2). EVs were purified from these supernatants utilizing 

differential centrifugation. Approximately 10ml supernatants from the monocytes and 

macrophages supernatants were first centrifuged at 3000 × g for 30min at 4oC (Eppendorf 

Centrifuge, 5804R) to clear cell debris followed by a centrifugation at 10000 × g for 

30min at 4oC (HB-6 rotor, Sorval Centrifuge, RC6+, Thermo Scientific) followed by 

filtration (Corning Incorp., NY, USA). At this step, clear supernatants were either stored 

at 4oC or being proceeded for ultracentrifugation. Ultracentrifugation was performed at 
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100000 × g for 4h in a Beckman Ultracentrifuge. The EVs pellets at this stage were 

small. After centrifugation, the tubes were inverted to remove the remaining liquid then 

the pellets were resuspended in 200ul 1 x PBS buffer.  

 

 

 

4.4.2 Extracellular vesicle analyses with ZetaView  

 

All samples were diluted (1:250) in PBS to a final volume of 2 ml. For each 

measurement, three cycles were performed by scanning 11 cell positions each and 

capturing 60 frames per position (video setting: high) under following settings: Focus: 

autofocus; Camera sensitivity for all samples: 92.0; Shutter: 70; Scattering Intensity: 4.0; 

Cell temperature: 25°C. After capture, the videos were analyzed by the in-build 

ZetaView Software 8.02.31 with specific analysis parameters: Maximum particle size: 

1000, Minimum particle size 5, Minimum particle brightness: 20. Hardware: embedded 

laser: 40 mW at 488 nm; camera: CMOS. 
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4.4.3 MEA recordings  

 

All the recordings were performed using the MEA-1060 system (Multichannel 

Systems, Reutlingen, BW, Germany). The core component of this system is an MEA 

consisting of 60 titanium nitrite (TiN) electrodes covering a rectangular grid. Each 

electrode contains a circular TiN pad of 30μm diameter where the array spacing between 

each two neighboring electrodes varies in the range of 100–500μm. Before plating the 

cells, the MEAs underwent sterilization via applying 70% ethanol and then exposing the 

arrays to UV light for 60min. As the MEA surface is originally hydrophobic, poly-D-

lysine was used to hydrophilize the MEAs, as well as to provide a layer to enhance cell 

adhesion to the MEA. To this end, poly-D-lysine (Sigma-Aldrich) was diluted in PBS 

with a final concentration of 1mg/ml and applied to the MEA surface for 2h at 37°C. In 

addition to poly-D-lysine, laminin (Invitrogen/Thermo Fisher, Inc., Waltham, MA, USA) 

was also introduced to the MEA surface (overnight at 37°C) to promote long-lasting 

cellular adhesion (to culture cells for >10 days) and to improve the neural processes 

development. Once the MEAs were sterilized and coated, primary neural cells were 

plated on them with the average density of a million cells/ml. Rat hippocampal cells were 

dissociated from the hippocampi of E18 prenatal embryos. After preparations, the 

suspended cells were directly placed onto the MEA surface where they settled adhered to 

the array within the next 3–4h. For the best recording, quality neurons are required to stay 

and develop processes on the MEA for at least 21–30 days (Figure 4.1).  
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Figure 4.1. Neuron culture growing on a MEA plates. Primary neurons were plated and cultured 
in MEA dishes for 30 days. 

 

 

During this period, neurons were maintained and fed using an appropriate 

medium in a regular manner. Experimental recordings were started when the cultures 

were 30 days old after the cells were treated by extracellular vesicle isolated from 
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monocytes (M0), extracellular vesicle isolated from classical and alternative 

macrophages (M1 and M2). After placing the MEAs on the amplifier, recordings were 

performed using the MC_ Rack software (Reutlingen, BW, Germany) at a sampling 

frequency of 2000kHz (Figure 4.2). To reduce the amount of noise while making sure to 

acquire important information from neural spiking, an online built-in low pass filter (300 

Hz cutoff frequency) was used throughout the recordings. The recorded spiking data (in 

μV versus time) and amplitude were transferred to the MATLAB environment for further 

offline analysis. 
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Figure 4. 2. 60 channel electrode arrangement from MEA dishes of neurons on MC-Rack 
software 

 

 4.4.4 MEA signal processing 

 

 All MEA recording were performed with a 2kHz frequency and they recorded on 

a MEA60 system. The raw data were transferred into the MATLAB environment and 

they are transformed to the ASC|| format. To develop the signal to noise ratio, we utilized 

Fast Fourier Transform (FFT) to characterize the frequency content of each signal from 

the channels. Based on the resulting spectrum, we filtered the raw signals with 6th-order 
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low pass Butterworth filter (300 Hz cutoff frequency). After the filtration of the signals, 

spikes were detected and amplitude thresholding was utilized. The threshold was placed 

as a multiple of the baseline noise level, and it was estimated using a measure based on 

the median in the presence of multiple spikes.   

 

 

4.4.5 Conduction velocity estimation 	

 	

Conduction velocity (CV) test is the measurement of speed at which electrical 

activity is transmitted between the electrodes through the medium. Dividing the distance 

between two electrodes (Δl i, j) by their activation time distance (Δt i, j) is leading to signal 

CV between electrode i and j, V i,j.  	

Vi,j= Δl i, j / Δt i, j 	

The mean CV for each electrode (Vi) is calculated using the equation below: 	

Vi= (Σ 60 j=1, j#i    Vi,j ) / n-1   

(n is number of electrodes) 	

 	

The overall signal CV is calculated as an average signal velocity calculated for 60 

electrodes:  

Signal CV = Σ 60 
i =1 Vi  / 60  
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4.4.6 Synchrony analysis 

 The MATLAB peak detection algorithm was performed to the filtered MEA data 

to recognize each individual channel peaks. All channels peaks were plotted next to each 

other, and the raster plots were utilized to identify whether the peaks of the electrodes at 

the onset of a spiking activity represented synchrony.  

4.5 Results 

 

4.5.1 Effect of extracellular vesicles (EVs) released from M1 and M2 macrophages 

on neuronal action potentials  

 

To examine the effect of extracellular vesicles (EVs) isolated from M1 and M2 on 

the neuronal action potentials, we employed MEA that provides a multisite, simultaneous 

and non-invasive platform to study neuronal activity. Primary embryonic rat neurons 

(PERNs) were plated and cultured in MEA dishes as described in the Material and 

Methods section. EVs were purified and characterized by culture supernatants of 

monocytes (M0) and macrophages (M1 and M2). PERNs were treated with EVs released 

from M0, M1, and M2 through 48 h. MEA extracellular action potential recording was 

performed at 0 (pre-treatment), 3, 8, 24, and 48 hours post-treatment. The recorded 

electrophysiological activities are shown for a 60 seconds duration of recordings. First, 

the activity of neurons was recorded before starting the treatment (pre-treatment t=0h). 
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Following the recordings, we analyzed the rank of the signals for different treatments on 

the neurons. As illustrated in Figure 4.4.1 the action potentials of neurons treated with 

EVs isolated from M1 and M2 were suppressed 8 hours post-treatment. The suppression 

of activity continued over 48 hours post-treatments. Both M1 and M2-EVs treatments 

eliminated the average autocorrelation effect of the MEA signals, suggesting that there  

was a potent effect of EVs isolated from M1 and M2 macrophages on neuronal firing in 

terms of the self-correlation behaviors. To investigate the effect of EVs isolated from 

macrophages phenotype on neuronal activity, we calculated the firing rate of the neural 

spikes within 48 hours post-treatment. Our results illustrated that M1-EVs treatment 

dropped the spike frequency 8 hours post-treatment significantly and was reduced to 0.2 

compared to initial frequency and control condition over 48 hours (Figure 4.4.1.B). 

Furthermore, EVs isolated from M2 macrophages also suppressed the spike frequency 

between 8 and 48 hours. We also analyzed absolute amplitude (Figure 4.4.1.B), which 

was greater than: 

| mean – 3* Standard deviation of recorded the data |. 

Data showed that signal amplitudes of neuronal firing in both EVs isolated from 

M1 and M2 conditions were reduced in 8 hours post-treatment. Over 48 hours, spike 

amplitudes in both M1 and M2-EVs treatments were dropped to 0.3 compared to pre-

treatment and control conditions. 
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Figure 4.3. Effect of extracellular vesicles isolated from M0, M1 and M2 on neuronal activity by 
MEA. (A) Extracellular action potential recording of pre-treatment  and post- treatment shows 
that M1 and M2 attenuated neuronal activity over 48 hours. After 48 hours, treatment with 
bicuculline increased the signal firing. (B) Time variations of the normalized firing frequency and 
amplitude of extracellular vesicles isolated from M1 and M2 macrophages over 48 hours.  

 

 

We hypothesized that the reduced activity of action potential was due to increased 

activity of inhibitory receptors of the neurons, caused by the EVs.  To test this, we 

utilized bicuculine, an antagonist of inotropic GABAA receptors. Next, to examine the 

possibility of EVs isolated from macrophages increased inhibitory behavior, EVs-induced 

silenced neurons were treated with bicuculline (25 µM) at 48 hours post-treatment. 

Within 20 min of bicuculline treatment, neurons with M1 and M2-EVs treatments 

produced regularly spaced and medium to high amplitude bursts compared to the pre-

bicuculline. (Figure 4.4.1). In both treatments of M1 and M2-EVs, bicuculline led to a 

significant increase in the number of spikes. This study signifies that the neurons are 

viable under EV treatments.  

 

On the other hand, to further study the effect of macrophages-EVs on the neuronal 

network, we applied our approach to calculate directed conduction velocities (CV) of the 

wave propagation (Figure 4.4.2). The CV was measured for the control (M0-EVs) and 

EVs isolated from macrophages treatments on primary neurons. We then calculated the 

mean of maximum CV for each treatment and we found that EVs isolated from M0 and 

M1 condition, neurons’ CV were increased over 48 hours. 
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 Interestingly, EVs isolated from M2 macrophages decreased the conduction 

velocities by approximately more than 50% compared to the pre-treatment and control 

(M0-EVs) conditions. This reduction was more apparent in the last 24 hours. Within 20 

minutes of bicuculline treatment, although CV of neurons was treated with EVs-

M0 increased compared to the pre-bicuculline, CV of neurons did not restore in the EVs-

macrophages treatments.  
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Figure 4.4. Effect of EVs isolated from macrophages on neuronal conduction velocity (CV). 
Conduction velocity was calculated and quantified using 60 simultaneous recordings. As depicted 
here, the maximum CV decreased upon treatment with M2-derived EVs as opposed to M1-
derived and M0-derived EVs. Bicuculline was added to neurons at 48 hours post-treatment for 20 
minutes to investigate whether the M2-EV induced loss of conduction velocity can be (partially) 
restored as the GABAA receptors are inhibited. The quantification (lower row). 
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4.6 Discussion 

 

Our MEA studies of EVs-macrophages treated primary hippocampal neurons 

showed that EVs isolated from M1 and M2 suppress hippocampal neuronal network 

activity.  Several studies showed that in the brain, in addition to classical synaptic 

neurotransmission, neurons transfer information through the secretion of extracellular 

vesicles that can contribute to the range of neurobiological functions [88, 89]. Here, as a 

first study of a network-wide activity assessment, we utilize MEA analyses of 

hippocampal neurons in the presence of EVs isolated from macrophages. We illustrated 

the effect of extracellular vesicles isolated from macrophages in different aspects of 

neuronal firing including, spikes, firing amplitude and conduction velocity. The 

frequency of spikes and amplitudes in neurons decreased in both M1 and M2-EVs 

treatment 8 hours post-treatment. The activity of the neurons was partially restored after 

treatment with bicuculline 48 hours of both EVs- macrophages post-treatments. This 

restoration is more apparent in the neuronal amplitude. Although the peak amplitude did 

not recover completely compared to the pre-treatment conditions, our data indicated that 

EVs transferring M1 macrophages restore rather quickly in comparison with M2-EVs 

treatment. On the other hand, inhibition of GABAA, did not restore the neuronal 

excitability completely in the presence of EVs isolated from M2 macrophages. This 

observation may explain the stronger inhibitory and neurotoxic effect of M2-EVs on 

neuronal activity. In addition to classical synaptic neurotransmission, our novel 

observation supported the hypothesis that there is the interaction between EVs isolated 
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from macrophages and neurons action potential, and this suggests that extracellular 

vesicles possess the inhibitory neurotransmitter effects. 
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APPENDIX  

 

               In this work, we planned to create macrophages by differentiation of monocytic 

cell lines. Here, we utilized different human monocytic cell lines such as THP-1 and 

U937 to differentiate them from macrophages. The cells were treated with PMA, LPS, 

DEX, and M-CSF. 

 

 

 
 

 

 

 

Figure A. U937 and THP-1 were treated with PMA and PMA+LPS for 3 days followed by 
addition of DEX+M-CSF for 4 days. The direct influence of adding DEX+M-CSF on the 
expression of CD163+, CD16+ and CD4+ was studied by incubation monocytes for 7 days.  

 

 


