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Abstract 

Background 

Monocytes and macrophages of the innate immune system play major roles in the onset and 

progression of cardiovascular diseases (CVDs). However, these cells are often not included in model 

systems due to difficulties in consistently isolating these cells out of peripheral blood mononuclear 

cells (PBMCs), warranting an alternative cell source. In this report, I investigated the use of human 

induced pluripotent stem cell (hiPSC) derived monocytes and macrophages to model human 

inflammation, comparing them to PBMC-derived monocytes and macrophages based on the 

following 8 pre-set definitions. Monocytes are round and granulated cells (1) that can be divided into 

3 subsets based on CD14 and CD16 expression (2), should be able to interact with vasculature (3) and 

should be able to differentiate into macrophages (4). Macrophages are granulated cell types (5) that 

can be divided into 3 subsets based on CD163, CD64, CD80 and CD206 marker expression (6) and 

should functionally be able of phagocytosis (7) and cytokine secretion (8). 

Materials and methods 

To research the similarities between hiPSC-derived and PBMC-derived monocytes and macrophages, 

hiPSCs from three different cell lines were differentiated to monocytes. These monocytes were 

phenotypically analysed using microscopy and flow cytometry analysis on monocyte markers CD14, 

CD16, CCR2 and CX3CR1 marker expression, and functionally analysed by determining hiPSC-derived 

monocyte-EC interactions after activation with TNF-α under flow. the hiPSC-derived monocytes were 

polarised into M0, M1 and M2 macrophages and compared to PBMC-derived macropahges using 

flow cytometry analysis on macrophage markers CD163, CD64, CD80 and CD206. 

Results 

I demonstrated the successful differentiation of hiPSC-derived monocytes that could be divided into 

classical, non-classical and intermediate monocytes based on CD14 and CD16 expression, similar to 

PBMC-derived monocytes. These hiPSC-derived monocytes were functional and able to interact with 

endothelial cells under flow, which increased after activation with TNF-α. hiPSC-derived monocytes 

were successfully polarised towards M0, M1 and M2 macrophages that closely resembled PBMC-

derived macrophages based on morphology and CD163, CD64, CD80 and CD206 marker expression.  

Discussion 

I illustrated succesfull hiPSC-derived monocyte generation which phenotypically and functionally 

resembled PBMC-derived monocytes and showed that these monocytes could be polarised into all 

three hiPSC-derived macrophage subsets that were phenotypically similar to PBMC-derived 

macrophages. These data suggest that hiPSC-derived monocytes and macrophages can be used to 

model human inflammation, however, additional macrophage functionality assays are required 

before I can confidenly confirm this hypothesis. 

Layman’s Summary 

While immune cells play a big role in many heart diseases, it is difficult to mimic these immune cells 

and their function outside the human body. These problems appear because these immune cells are 

slightly different in every person, causing different results when we try to experiment with them. In 

this report, I researched if I could make these immune cells out of stem cells, and I compared the 

structure and function of these self-made immune cells to immune cells isolated from the human 

blood, to see if these cells can be used to model heart disease.  



To research the similarities between the self-made immune cells and the cells isolated from the 

human blood, I made immune cells from three different donors. These immune cells were compared 

to blood-isolated immune cells based on looks/structure and expression of different cell surface 

markers that are specific for these immune cells. I also compared the functionality of my self-made 

immune cells to immune cells isolated from human blood by mimicking flow though a human vein, 

and looking at the interactions of the self-made immune cells to the cells of the vein.  

After performing the experiments, I saw that my self-made immune cells looked similar to immune 

cells isolated from the human body through the microscope, and the markers present on the cell 

surface. Additionally, the interactions of the self-made immune cells with the cells of the vein were 

similar to the blood-derived immune cells as well, confirming that the cells I made are functional. 

Therefore, I can conclude that the self-made immune cells are similar to immune cells isolated from 

the human blood, both structurally and functionally. This suggests that the self-made immune cells 

can be used to mimic heart disease outside of the human body. However, before these cells can 

actually be used to mimic human heart disease, more experiments on the functionality of the self-

made immune cells is required.  

  



1. Introduction 

1.1 Monocytes and macrophages in cardiovascular disease 

Cardiovascular diseases (CVDs) are the leading cause of death globally, with limited treatment options 

available until this day (Virani, Alonso et al. 2020, Leong, Joseph et al. 2017). In an attempt to study 

the pathophysiology of these CVDs and to develop novel treatment options, recent research has led 

to the creation of several 2D and 3D in vitro models, including cell types like cardiomyocytes (CMs), 

endothelial cells (ECs) an fibroblasts (Nugraha, Buono et al. 2019). However, while the majority of CVDs 

are inflammation driven, where sustained activation of monocytes and macrophages from the innate 

immune system induces cardiac/vascular damage and remodelling, these innate immune cells are 

severely underrepresented or absent in in vitro models designed to study CVDs (Jaén, Val-Blasco et al. 

2020, Lippi, Stadiotti et al. 2020). Monocytes and macrophages are often not included in disease 

models due to limited knowledge on their origin and function of these cell types, as well as limitations 

in the cell sources that are currently used to acquire these monocytes and macrophages (Lippi, 

Stadiotti et al. 2020). The absence of these innate immune cells result in inaccurate modelling of CVD 

pathophysiology in vitro, greatly hindering our understanding of disease mechanisms and resulting in 

translational problems when trying to bring novel treatments to the clinic (Nugraha, Buono et al. 2019). 

Recent research has illustrated that human induced pluripotent stem cells (hiPSCs) can be 

differentiated towards monocytes and then polarised towards macrophages by mimicking the 

development of tissue-derived monocytes and macrophages. In addition it has been shown that the 

produced hiPSC-derived monocytes and macrophages are similar to their blood-derived counterparts 

(Buchrieser, James et al. 2017, Cao, Yakala et al. 2019, Karlsson, Cowley et al. 2008). I therefore 

hypothesize that hiPSC-derived monocytes and macrophages are phenotypically and functionally 

similar to blood-derived monocytes and macrophages, and can be used to model human inflammation 

in CVDs and vascular dysfunction in vitro. However, before these hiPSC-derived monocytes and 

macrophages can be included in CVD models, additional knowledge on different monocyte and 

macrophage subsets that are created is required, as well as how these hiPSC-derived monocytes and 

macrophages functionally compare to blood-derived monocytes and macrophages. In this study, I 

investigated if hiPSC-derived monocytes and macrophages phenotypically and functionally resembled 

blood-derived monocytes and macrophages according to the monocyte and macrophage definitions 

provided in section 1.2 and Fig.1, to determine if these hiPSC-derived monocytes and macrophages 

can be used to model human inflammation and vascular dysfunction in vitro.  

1.2 monocyte and macrophage definitions 

Monocytes and macrophages are round, granulated cells of the innate immune system (Fig. 1 

definition 1). that can be found both in the systemic circulation and in many tissues of the body like 

the heart, the skin, and the lungs (Monkley, Krishnaswamy et al. 2020). Monocytes and macrophages 

play vital roles in numerous processes throughout life including tissue homeostasis and repair, 

initiation and mediation of immune responses, clearance of pathogens, but also in the 

pathophysiology of many different immune related- and nonimmune related diseases like infections, 

cancer, and CVDs (Monkley et al. e0243807; Wolf et al. 1642). Whilst the different subtypes of 

monocyte and macrophage have been thoroughly researched and classified in mice (Lichanska, 

Browne et al. 1999, Gordon, Taylor 2005), human monocyte and macrophage classification remains 

poorly understood (Gordon, Taylor 2005, Karlsson, Cowley et al. 2008).  

However, there are currently three known human monocyte subsets that can be distinguished based 

on their cluster of differentiation 14 (CD14) and cluster of differentiation 16 (CD16) expression and 

function: the CD14++ CD16-classical monocytes, the CD14+ CD16++ non-classical monocytes and the 



CD14++ CD16+ intermediate monocytes (Fig. 1 definition 2) (Kapellos, Bonaguro et al. 2019). The 

classical monocyte’s main function is migration towards site of inflammation through adhesion and 

interaction with vasculature (Fig. 1 definition 3) and facilitation of the anti-microbial response 

through secretion of pro-inflammatory cytokines like interleukin 4 (IL-4) and interleukin 10 (IL-10) 

(Kratofil, Kubes et al. 2017, Kapellos, Bonaguro et al. 2019, Williams, Huang et al. 2019). At the site of 

inflammation, the classical monocytes polarise towards pro-inflammatory “killer” M1 macrophages 

(Fig. 1 definition 4) which are round granulated cell types that usually co-localise closely together 

(Fig. 1 definition 5) and can be recognised by cluster of differentiation 163 (CD163), cluster of 

differentiation 64 (CD64) and cluster of differentiation 80 (CD80) marker expression (Fig. 1 definition 

6). The main function of the M1 macrophage is phagocytosis and secretion of pro-inflammatory 

cytokines like tumor necroses factor-α (TNF-α), interleukin 1 beta (IL-1β) and interleukin 6 (IL-6) (Fig. 

1 definition 7 and 8 (Yao, Xu et al. 2019). While the more mature non-classical monocytes are also 

able to secrete pro-inflammatory cytokines like TNF-α and interleukin 12 (IL-12), transmigrate and 

mediate the anti-microbial response, these monocytes polarise towards the anti-inflammatory 

“builder” M2 macrophages (Fig. 1 definition 4), which are stretched granulated cell types (Fig. 1 

definition 5) that can be recognised by CD163 and cluster of differentiation 206 (CD206) marker 

expression (Fig. 1 definition 6 (Kapellos, Bonaguro et al. 2019). M2 macrophages mainly function in 

prevention of infections, phagocytosis (Fig. 1 definition 7)  angiogenesis, immunomodulation and 

tissue repair through secretion of anti-inflammatory cytokines like IL-10 and growth factors like 

transforming growth factor beta (TGF-β) (Fig. 1 definition 7) (Kapellos, Bonaguro et al. 2019, 

Mantovani, Sica et al. 2004, Yao, Xu et al. 2019, Parisi, Gini et al. 2018). The intermediate monocytes, 

which show similarities to both classical and non-classical monocytes, mainly function in antigen 

presentation, but are also able of pro-inflammatory cytokine secretion (Kapellos, Bonaguro et al. 

2019). These monocytes can polarise into either M1 or M2 macrophages and are able to influence 

inflammation based on the cytokines they encounter (Parisi, Gini et al. 2018, Wong, Tai et al. 2011). 

The full definitions of all known monocyte and macrophage subsets and their main functions are 

summarised in Fig. 1. 



 

1.3 human peripheral blood mononuclear cells in inflammation modelling 

Current human monocyte and macrophage studies are usually performed on monocytes isolated 

from peripheral blood mononuclear cells (PBMCs), however the use of PBMC-derived monocytes has 

several downsides and leads to difficulties in consistency and translatability of research (Monkley, 

Krishnaswamy et al. 2020). First and foremost, it is difficult to obtain enough donor blood for cell 

batches that are large enough to facilitate controlled research, especially for donor blood of patients 

with rare diseases (Cao, Yakala et al. 2019). Another problem is the batch-to-batch variety of the 

monocytes and macrophages. This monocyte and macrophage variety does not only consist between 

different blood donors due to different genetics, but also between batches of the same donor based 

on the physiological state of the donor and antigens that these cells encountered at different 

donations (van Wilgenburg, Browne et al. 2013). These in-donor differences, which can result in the 

isolation of different subsets of monocytes with different levels of activation, requires the use of 

many different donors at once to guarantee that observations made are representative of 

(patho)physiological conditions, increasing the patient burden (van Wilgenburg, Browne et al. 2013).  

In addition to these difficulties in consistency and translatability when using PBMC-derived 

monocytes, recent research has indicated a difference in developmental ontogeny between tissue 

resident macrophages and bone marrow-derived PBMC-derived macrophages. While PBMC-derived 

macrophages decent from hematopoietic stem cells (HSCs) from the aorta-gonad-mesonephros 

region (AGM) in a homeobox A cluster (HOXA) dependent manner during wave 3 of the 



hematopoietic development (Dou, Calvanese et al. 2016, Cao, Yakala et al. 2019), it is now believed 

that tissue resident macrophages are derived from the primitive erythron-myeloid progenitors 

(EMPs) produced in the yolk-sac in a MYB Proto-Oncogene (MYB) independent manner during wave 

1 and 2 of hematopoietic development (Fig. 2) (Buchrieser, James et al. 2017, Cao, Yakala et al. 

2019). The PBMC-derived monocyte and macrophage populations are sustained by myeloid 

precursor cells located in the bone marrow for the remainder of adult life. These precursor cells give 

rise to pro-inflammatory immature CD14++ CD16- classical monocytes, which are the only monocyte 

subset found within the bone marrow, and are immobilised and anchored within the bone marrow 

through CCR2-CXCR4 complexes, marking their immaturity (Kapellos, Bonaguro et al. 2019, Al-

Rashoudi, Moir et al. 2019, Patel, Zhang et al. 2017). After partial CCR2 internalisation in response to 

inflammatory stimuli, classical monocytes are released and migrate towards the circulation, where 

surviving monocytes steadily mature and give rise to CD14++ CD16+ intermediate monocytes and 

eventually the mature anti-inflammatory CX3C chemokine receptor 1  (CX3CR1)+ CD14+ CD16++ non-

classical monocytes (Kapellos, Bonaguro et al. 2019, Al-Rashoudi, Moir et al. 2019, Patel, Zhang et al. 

2017). On the other hand, tissue-resident monocyte and macrophage populations sustain themselves 

independently of circulating monocytes by self-renewal after tissue engraftment in a MYB-

independent manner (Fig. 2) (Ginhoux, Jung 2014). This observation makes it impossible to study 

tissue-resident macrophages and their impact on inflammation and pathophysiology using PBMC-

derived monocytes and macrophages, as these cell types are not present within the donor blood 

(Lee, Kozaki et al. 2018). The above-mentioned problems warrant a novel monocyte and macrophage 

model system, which represents both PBMC-derived and tissue-resident monocytes and 

macrophages that can be consistently harvested in large quantities.   

 

 

 

 

 

 

Figure 2. Development and origin of hiPSC-derived, tissue 

derived and PBMC-derived monocytes and macrophages. 

During the development of yolk sac-derived and hiPSC-derived 

monocytes and macrophages, hPSCs differentiate into 

multipotent progenitors and EMPs in a HOXA independent 

manner, after which tissue-resident monocytes and macrophages 

are formed. These tissue-resident macrophages self-renew in a 

MYB Proto-Oncogene (MYB) independent manner. On the other 

hand, PBMC-derived monocytes and macrophages are created by 

hPSC differentiation into HSCs in a HOXA dependent manner. 

These HSCs are able to differentiate into circulating monocytes 

and macrophages and replenish the circulating monocyte and 

infiltrating macrophage populations through MYB-dependent 

self-renewal. This figure is adapted from (Buchrieser, James et al. 

2017 



1.4 hiPSC-derived monocytes and macrophages as cell source for inflammation modelling 

Recent studies have indicated the possibility to produce monocytes out of hiPSCs, which can be 

further polarised into macrophages as an alternative cell source to PBMC-derived monocytes and 

macrophages (Buchrieser, James et al. 2017, Happle, Lachmann et al. 2018, Karlsson, Cowley et al. 

2008, Lang, Cheng et al. 2018). The advantage of these hiPSC-derived monocytes and macrophages 

are that they are of human origin and are therefore translatable into the clinic (Yanagimachi, Niwa et 

al. 2013, Monkley, Krishnaswamy et al. 2020).  

Additionally, these hiPSC-derived monocytes and macrophages can be genetically manipulated to 

model certain disease phenotypes or can be derived in a patient specific manner to fully mimic 

disease genetics (Monkley, Krishnaswamy et al. 2020). Practical advantages of these hiPSC-derived 

monocytes and macrophages are that they are an indefinite cell source and do not display the batch-

to-batch differences of PBMC isolated monocytes and macrophages, due to their genetic stability and 

consistent activation state (Monkley, Krishnaswamy et al. 2020). hiPSCs-derived monocytes are made 

by hiPSC differentiation into early hematopoietic progenitor cells, which in turn can give rise to 

hiPSC-derived monocytes and macrophages through MYB and HOXA independent myeloid 

differentiation, similar to yolk sac-derived EMPs found in mice (Fig. 2) (Cao, Yakala et al. 2019, Choi, 

Vodyanik et al. 2009, Dou, Calvanese et al. 2016, Buchrieser, James et al. 2017). As mentioned 

earlier, tissue resident monocytes and macrophages are derived from these yolk sac-derived EMPs 

(Cao, Yakala et al. 2019), suggesting a reliable cell source for the study of tissue-derived monocytes 

and macrophages in vitro. Buchrieser et.al demonstrated the successful hiPSC to monocyte and 

macrophage differentiation and elucidated their developmental ontogeny using an iPSC CRISPR-Cas9 

knock-out system. They also illustrated that these monocytes and macrophages were 

morphologically similar to PBMC-derived monocytes and macrophages and started functional 

characterisation of these monocytes and macrophages. However, a more in-depth monocyte and 

macrophage characterisation on both phenotype and function (as described in Fig. 1) is required to 

confidently state that hiPSC-derived monocytes and macrophages resemble their human 

counterparts and can reliably be used as a model system for human blood and tissue-derived 

monocytes and macrophages.  

Here, I illustrated the successful differentiation of three hiPSC lines (NP0 143-18, NP0 115-4H and 

NP0 144-41, characteristics of which are shown in Table 1) into monocytes according to the 

Buchrieser et al. protocol (Buchrieser, James et al. 2017). The harvested monocytes were 

characterised into classical, non-classical and intermediate monocytes based on CD14 and CD16 

expression, after which their maturity and inflammatory potential was determined using CCR2 and 

CX3CR1 flow cytometry gating. These monocytes were then polarised towards M0, M1 and M2 

macrophages and analysed on morphology compared to PBMC-derived monocytes. Additional hiPSC-

monocyte functionality was then researched to determine monocyte-EC interactions under flow to 

mimic vascular dysfunction.  



2. Materials and methods 

2.1 Cell culture 

hiPSCs from three healthy donors were used for the hiPSC to monocyte differentiation. The hiPSC-ECs 

used for the monocyte adherence under flow experiments were derived from these same three 

healthy donors. An overview of the characteristics of all three hiPSC donors is shown in Table 1. 

Table 1. hiPSC donor overview showing donor number, sex, age, ethnicity and method of transfection 

Donor Sex Age Ethnicity Method of 
transfection 

NP0 143-18 Female 22 Caucasian Sendai Virus 

NP0 115-4H Female 36 Chinese Sendai Virus 

NP0 144-41 Male 31 Caucasian Sendai Virus 

 

hiPSC cell culture 

hiPSCs from all three donors were plated out on Matrigel (1.2 mg/ml Matrigel phenol red free growth 

factor reduced (Corning 356231, USA; in DMEM/F-12 (1:1) + GlutaMAX; Gibco 31331-028, UK) coated 

6-wells plates (Corning 3506) in 2 mL Essential 8 (E8) culture medium (Gibco A15171-01, USA) 

containing 10 µM Rock inhibitor (Y-27632; BD Biosciences 562822, USA). hiPSCs received a daily E8 

culture medium refresh and were passaged at 80% confluency by washing with Ca+ and Mg2+ free 

phosphate-buffered saline (PBS; pH 7.4 (1x; Gibco 10010-015)) after which hiPSCs were incubated with 

0.5 mM Ethylenediamine tetraacetic acid (EDTA) (Invitrogen  15575-038, USA) for 3 min at 37 °C and 

detached by flushing with E8 medium. The flushed cells were transferred to new Matrigel coated 6-

wells plates in a 1:7 to 1:20 ratio depending on the desired cell concentration.  

hiPSC endothelial cell culture 

hiPSC-ECs from all 3 donors were plated out on fibronectin (Sigma-Aldrich F1141, USA; diluted 1:50 in 

PBS) coated T25 culture flasks (Greiner bio-one Cellstar 690175, Germany) in iPSC-EC complete 

medium: endothelial cell basal medium 2- (Lonza CC-3156, Belgium) supplemented with 1% penicillin-

streptomycin (Pen/Strep; Gibco 15140-122), 10% heat inactivated fetal bovine serum (FBS) (Corning 

35-079-CV) and 1% GlutaMAX (2 mM, 100x; Gibco 35050-038). hiPSC-ECs received a complete culture 

medium refresh every other day and were passaged at 100% confluency by washing with Ca+ and Mg2+ 

free PBS after which hiPSC-ECs were incubated with Accutase (Innovative Cell Technologies AT-104, 

USA; diluted 1:2 in 500 mL distilled H2O) for 3 min at 37 °C. Detached cells were centrifuged for 5 min 

at 350 xG, resuspended in iPSC-EC complete medium and transferred to a new T25 or T75 flask.  

2.2 hiPSC to monocyte differentiation 

During the hiPSC to monocyte differentiation, hiPSCs were differentiated towards primitive 

mesoderm, after which they differentiate along the myeloid lineage from hematopoietic progenitor 

cells to monocytes and macrophages. During this differentiation, hiPSCs were first clustered together 

to form embryonic bodies (EBs), which were matured, transferred to a gelatine coated 6-wells plate, 

and co-cultured with human macrophage colony-stimulating factor (hM-CSF) Peprotech AF-300-25; 

100ng/mL) and human interleukin-3 (hIL-3) (Peprotech 200-03; 25ng/mL) to produce monocytes and 

macrophages, which could be harvested weekly. The different culture media used and the factors with 

which they were supplemented can be found in Table 2. 

 



Table 2. Culture media used during the hiPSC to monocyte differentiation 

EB medium: Used for generation of EBs and EB 
culture medium refresh on day 1 and day 2 of the 
hiPSC to monocyte differentiation.  

E8 medium supplemented with: 
Human bone morphogenic protein 4 (hBMP4) 
(Peprotech 120-05, USA) (50 ng/mL)  
Human stem cell factor (hSCF) (Peprotech 300-
07) (20 ng/mL) 
Human vascular endothelial growth factor 
(hVEGF) (Peprotech AF-100-20) (50 ng/mL) 
Rock Inhibitor (10 µM) 

MM Differentiation medium: Used for EB 
transfer to gelatine coated 6-wells plates and 
every culture medium refresh afterwards.  

X-VIVO Basal Medium 15 (Lonza BE02-060R) 
supplemented with: 
1% Pen/Strep   
1% GlutaMAX (2 mM, 100x)  
0.1% ß-MercaptoEthanol (1000x, 55mM; Gibco 
31350-010) 
hM-CSF (100 ng/mL) 
hIL-3 (25 ng/mL)  

Macrophage Differentiation Medium: Used in 
the first week of monocyte to macrophage 
polarisation.  

X-VIVO Basal Medium 15 supplemented with: 
1% Pen/Strep   
1% GlutaMAX (2 mM, 100x)  
0.1% ß-MercaptoEthanol (1000x, 55mM) 
hM-CSF (100ng/ml) 

 

Embryonic body generation (day 0) 

EBs were generated by washing 2 wells of hiPSCs (80% confluency) with Ca+ and Mg2+ free PBS, after 

which the hiPSCs were detached by incubating 0.5 mL TrypLE Express (Gibco 12604013) for 3 min at 

37 °C. hiPSCs were counted, centrifuged at 350 xG for 3 min and resuspended to 1.25 x 10^5 cells/mL 

in EB medium (Table 2). hiPSCs were plated out by transferring 100 µL cell suspension (1.25 x 10^4 

hiPSCs) to 48 wells of a 96 wells ultra-low attachment plate (Corning 7007) and centrifuged for 3 min 

at 100 xG to form EBs, which were carefully stored at 37 °C. The EBs were matured for the next 4 days 

of the differentiation protocol.  

Embryonic body medium refresh (day 1 and 2) 

The next 2 days, EBs received an EB culture medium refresh by carefully aspirating 50 µL of culture 

medium after which 50 µL of fresh EB medium was added to the wells. EBs maturation was monitored 

by checking EB size, structure and EB core density after each culture medium refresh (Fig. 3A column 

1). 

Embryonic body transfer to gelatine coated 6-wells plates (day 4) 

On day 4 of the hiPSC to monocyte differentiation, the EBs were transferred to a 0.2% gelatine (gelatine 

from porcine skin; Sigma-Aldrich 9000-70-8; 5 gram in 500 mL milli-Q = 1% stock solution, stock diluted 

to 0.2% in Ca+ and Mg2+ free PBS) coated 6-wells plate. 8 EBs were transferred per well of the gelatine 

coated 6-wells plate. The EB medium was then carefully removed from the plate without aspirating 

any EBs, after which each well received 2 mL of MM differentiation medium (Table 2). The EBs were 

carefully spread over the surface of the well and stored at 37 °C and 5% CO2 in the incubator. The 6-

wells plate and the incubator were not touched for the next 6 days.  

 



Outgrowth medium refresh (day 10) 

On day 10 of the hiPSC to monocyte differentiation protocol, all wells in the 6-wells plates carefully 

received 1 mL of MM differentiation medium (Table 2) without aspirating any old culture medium. 

hiPSC-derived monocyte harvest (Once every 5-7 days) 

Once every week for the next 5 weeks, the hiPSC derived monocytes were harvested by carefully 

aspirating two thirds of the MM differentiation medium, after which all wells received 2 mL of fresh 

MM diff medium. Attached monocytes were carefully flushed from the outgrowths by pipetting 

aspirated medium over these complexes in a dropwise manner.  

2.3 PBMC and monocyte isolation from whole blood 

As a control to hiPSC monocytes, mini donor dienst (MDD; blood donated at- and collected from the 

university medical centre (UMC) Utrecht after informed consent; code: F1P50) monocytes were 

isolated from PBMCs originating from the whole blood of healthy donors. PBMCs were isolated by 

Ficoll-paque plus (GE healthcare 17-1440-03, The Netherlands) density gradient centrifugation. 

Monocytes were isolated from these PBMCs using the STEMCELL technologies EasySep human 

monocyte enrichment kit without CD16 depletion (STEMCELL technologies 19058, Canada). The 

PBMCs were treated with deoxyribonuclease (DNAse; Stemcell 07900) for 15 min at RT, after which 

the cells were strained and transferred to a 5 mL polystyrene round-bottom tube (Corning 352058, 

Mexico), and the human monocyte enrichment cocktail (STEMCELL 19058C.2) was incubated for 10 

min at 4 °C.  After incubation, the EasySep D magnetic particles for human monocytes (STEMCELL 

19550) were added to the cells and incubated for 5 min at 4 °C, after which the cells were placed in 

the EasyEight EasySep magnet (STEMCELL 18103, USA) for 2.5 min. Monocytes in suspension were 

then plated out for macrophage polarisation or stained for flow cytometry analysis.   

2.4 Monocyte to macrophage polarisation 

Freshly harvested hiPSC monocytes and freshly isolated PBMC-derived monocytes were resuspended 

in a density of 3.0 x 10^5 cells/mL in their corresponding culture media as mentioned in Table 3 and 

plated out in 24-wells plates (Corning 3524). 

Table 3. Culture media used during the monocyte to macrophage polarisation 

RMPI complete medium: Culture medium used 
during the monocyte to macrophage 
polarisation of PBMC-derived monocytes. 

RMPI 1640 (1x) [+] L-Glutamine (Gibco 21875-
034) medium supplemented with: 
1% Pen/Strep 
10% heat inactivated FBS 

X-VIVO basal complete medium: Culture 
medium used during the monocyte to 
macrophage polarisation of hiPSC-derived 
monocytes 

X-VIVO Basal Medium 15 supplemented with: 
1% Pen/Strep 
10% heat inactivated FBS 
1% GlutaMAX (2 mM, 100x) 
0.1% ß-MercaptoEthanol (1000x, 55mM) 

The monocytes were polarised towards M0 macrophages by optimized stimulation conditions (100 

ng/mL hM-CSF for hiPSC monocytes and 50 ng/mL hM-CSF for PBMC-derived monocytes), with a 

culture medium refresh containing hM-CSF once every 2 days. After 6 days, the M0 macrophages were 

polarised towards either M1 or M2 macrophages by culturing them with the following factors for 4 

days (culture medium refresh supplemented with stimuli after 2 days): 

• M0: RMPI1640 complete or X-VIVO basal complete. 



• M1: RMPI 1640 or X-VIVO basal complete containing 10 ng/mL lipopolysaccharide (LPS) 

(Peprotech) 

• 297-473-0)  and 50 ng/mL human interferon gamma (hIFN-γ) (Peprotech P01579.1). 

• M2: RMPI 1640 or X-VIVO basal complete containing 10 ng/mL human interleukin-4 (hIL-4) 

(Peprotech 130-093-924).  

After successful monocyte to macrophage polarisation, the macrophages were detached by incubating 

with Accutase for 10 min at 37 °C, after which the macrophages were flushed with ice-cold PBS. Cells 

that were still attached to the plate were scraped with a P1000 pipette.  

2.5 Flow cytometry analysis of hiPSC- and PBMC-derived monocytes and macrophages 

To analyse hiPSC and PBMC-derived monocytes and macrophages, we created three flow cytometry 

panels:  

• The monocyte characterisation panel: this flow cytometry panel was used for monocyte 

characterisation into classical, non-classical and intermediate monocytes based on CD14 and 

CD16 expression, as well as determination of monocyte maturity and inflammatory potential 

based on CCR2 and CX3CR1 expression (Table 4). 

• The macrophage characterisation panel: this flow cytometry panel was used for macrophage 

characterisation into M0, M1 and M2 macrophages based on CD163, CD64, CD80 and CD206 

expression (Table 5). 

• The hiPSC-derived monocyte purity panel: this flow cytometry panel was used to determine 

monocyte purity in the hiPSC harvests based on CD14 and CD16 monocyte marker expression, 

cluster of differentiation (CD3) T-cell marker expression, cluster of differentiation (CD9) 

neutrophil marker expression and cluster of differentiation (CD19) B-cell marker expression 

(Table 6). 

For the flow cytometry analysis of the monocytes and macrophages, cells were resuspended in 100 µL 

flow cytometry buffer (Ca+ and Mg2+ free PBS containing 5% heat inactivated FBS and 0.2% EDTA), after 

which a portion of cells from all conditions was transferred to the blank condition as a negative control. 

All conditions apart from the blank condition were stained with either the monocyte characterisation 

panel, macrophage characterisation panel or monocyte purity panel as displayed in the tables below 

for 30 min at 4 °C, after which the cells were washed with PBS and the viability staining was incubated 

for 30 min at 4 °C. The stained monocytes and macrophages were then centrifuged at 350 xG for 5 

min, resuspended in 250 µL flow cytometry buffer and transferred to a 96-wells ultra-low attachment 

(ULA) plate and analysed on the Cytoflex (Beckman Coulter Inc, the Netherlands) using the CytExpert 

2.2 software.  

 

 

 

 

 

 

 

 

 



Table 4. Flow cytometry monocyte characterisation panel. 

 

Table 5. Flow cytometry macrophage characterisation panel 

 

Table 6. Flow cytometry hiPSC monocyte purity panel. 

 



2.6 hiPSC-derived monocyte-EC interactions under flow 

As a functional experiment, we analysed hiPSC-derived monocyte-EC interactions after hiPSC 

monocyte stimulation with TNF-α (Peprotech 300-01A) under flow using the IBIDI pump system. The 

day prior to the IBIDI experiment 2.4 x 10^5 hiPSC-ECs were resuspended in 150 µL iPSC-EC complete 

medium and attached to a µ-Slide (IBIDI 80186, Germany) for 2 hours at 37 °C. Afterwards the slides 

were connected to an IBIDI perfusion set (yellow and green, 50 cm, ID 1.6 mm; IBIDI 250210) which 

was filled with 10 mL iPSC-EC complete medium. The air bubbles within the tubing were removed by 

running the air bubble removal program for 30 min (IBIDI PumpControl software; Flow Parameters: 

pressure: 30.0 mbar, flow rate: 18.47 ml/min, unidirectional: 10.00 s and oscillating 0.50 s). The 

working program was then initiated (Flow parameters: pressure: 9.3 mbar, flow rate: 4.99 ml/min, 

shear stress: 3.00 dyn (pressure unit)/cm^2, shear rate: 300 1/s, unidirectional: 20.00 s and oscillating 

0.50 s) and ran overnight.  

The next day, hiPSC monocytes were harvested as described above. In total 5.0 x 10^5 to 2.0 x 10^6 of 

these monocytes, dependent on the monocyte harvest (equal number of monocytes within one 

experiment) were resuspended in X-VIVO basal complete medium and plated out in a 96-wells ULA 

plate. Half of these monocytes were stimulated with 10 ng/mL TNF-α for 4 hours. Simultaneously, the 

iPSC-EC complete medium in the IBIDI pump system was replaced with iPSC-EC starvation medium 

(Endothelial cell basal medium-2 containing 1% Pen/Strep and 0.5% FBS). After 4 hours, the TNF-α 

stimulated monocytes and control monocytes were flown over the hiPSC-ECs for 2 hours, after which 

the experiment was terminated and the slides fixated with 4% M/V paraformaldehyde (PFA) (Klinipath 

4186, the Netherlands). 

2.7 Monocyte adherence under flow: hiPSC endothelial cell and monocytes staining  

To analyse monocyte adherence, ECs and monocytes were stained with CD31 and CD68, respectively. 

Cells were permeabilized with 0.1% Triton X-100/PBS (Sigma-Aldrich T9284_500mL, USA) for 10 min at 

RT after which the slides were blocked with 10% normal goat serum (NGS) (Vector Laboratories S1000, 

USA) in PBS for 60 min at RT. After 1 hour the primary antibodies CD31 polyclonal rabbit anti-human 

(Santa Cruz Technologies SC-1506, USA; 1:300) and CD68 monoclonal mouse anti-human (Invitrogen 

14-0688-82; 1:300) in 1% PBSA (Bovine Serum Albumin Fraction V; Sigma-Aldrich 10735086001, 

Germany; in PBS) were incubated at 4 °C overnight. The next morning, secondary antibodies Goat anti-

Mouse IgG (Alexa Fluor 488; 1:400 in 1% PBSA; Invitrogen A11001, USA) and Goat anti-Rabbit IgG 

(AlexaFluor 555; 1:400 in 1% PBSA; Invitrogen A21428) were incubated for 60 min at RT in the dark. 

Finally, the nuclei of the cells were stained by incubating Hoechst (Invitrogen H1399; 1:10 000 in PBS) 

for 3 min at RT in the dark. Analysis of the slides was performed on the OLYMPUS BX53 (DP71) at 10x 

magnification. During analysis, number of adherent monocytes were counted on 5 randomly selected 

points of the IBIDI slide. The mean of the number of adhered monocytes was then compared between 

control monocytes and monocytes activated with TNF-α. 

 

 

 

 

 

 



 

3. Results 

3.1 Hematopoietic differentiation of hiPSC-derived monocytes from three healthy donors  

To investigate, if hiPSCs-derived monocytes and macrophages from three donors NP0 143-18, NP0 

115-4H and NP0 144-41 phenotypically resembled PBMC-derived monocytes and macrophages as 

defined in Fig. 1, hiPSCs from these three donors were first differentiated into monocytes. Fig. 3A 

displays the different stages of the hiPSC to monocyte differentiation for all three cell lines. After four 

days of maturation, EBs were successfully created for all three donors and were equally mature 

based on structure and core density (Fig. 3A left). After ten days, successful outgrowth formation 

could be distinguished in all three cell lines, which closely resembled stromal like cells attached to 

the bottom of the well (Fig. 3A middle; scalebar 400 µm). From day 18 on, round and granulated cells 

(proofing definition 1 shown in Fig. 1) which phenotypically resembled monocytes were formed 

within the outgrowths (Fig. 3A right; scalebar 200 µm and column 4; scalebar 100 µm). These hiPSC-

derived monocytes were harvested weekly for the duration of 5 weeks, with a mean harvest of 5.0 x 

10^5 monocytes per well per week (Fig. 3B).  

  

Figure 3A. hiPSC to monocyte differentiation of cell lines NP0 143-18, NP0 115-4H and NP0 144-41. EBs were successfully 

generated for all 3 hiPSC donors (left). After EB maturation, they were  transferred to gelatine coated 6-wells plates and formed 

outgrowths after approximately 10 days (middle; scalebar 400 µm). From day 18 onwards, outgrowths produced round 

granulated cells which phenotypically resembled monocytes (right; scalebar 200 µm and column 4; scalebar 100 µm). 

        Day 4                         Day 10                            Day 18 

Embryonic bodies Outgrowths hiPSC monocytes 



 

3.2 Characterisation of hiPSC-derived monocytes 

The harvested monocytes were further characterised to prove production of viable monocytes, 

compare monocyte marker expression to blood-derived monocytes as defined in Fig 1 definition 2, 

and exclude production of other immune cells including T-cells, B-cells and neutrophils. For 

monocyte characterization, flow cytometry analysis was performed on monocyte markers CD14, 

CD16, CCR2 and CX3CR1 in week 1, 3 and 5 to analyse monocyte subsets and to prove consistent 

production of the same monocyte subsets (Fig. 4A), flow cytometry gating strategy is described in 

Supplementary Fig. 1. As Fig. 4A column 1 illustrates, most harvested monocytes were CD14++ CD16- 

classical monocytes (about 60% of the viable monocyte population), except for NP0 143-18 and NP0 

115-4H harvest 1. CD14++ CD16+ intermediate monocytes made-up a smaller percentage of the 

harvested monocytes (about 10%), while CD14+ CD16++ non-classical monocytes made up about 5% 

(Fig. 4A column 1). These results confirm that I produced hiPSC-derived monocytes, which could be 

classified into 3 distinct subsets based on CD14 CD16 expression as defined in Fig. 1 definition 2. 

Further monocyte characterization on monocyte maturity and inflammatory potential was 

performed using the CCR2 CX3CR1 scatterplots. Fig. 4A column 2 indicates that most of the harvested 

classical monocytes displayed an immature pro-inflammatory CCR2+ phenotype consistent with hiPSC 

monocyte immaturity after harvesting, suggesting that harvested hiPSC monocytes resemble bone 

marrow monocytes in maturity as explained in the introduction. Intermediate monocytes, which are 

phenotypically in between classical and non-classical monocytes were positive for both CCR2 and 

CX3CR1 (Fig. 4A column 3), while a small increase in CX3CR1+ cells could be seen in the non-classical 

monocyte subset, suggesting that the more mature anti-inflammatory monocytes were present in 

small quantities (about 3%) (Fig. 4A column 4).  

  

Figure 3B. hiPSC monocyte harvest per cell line per week. hiPSC-derived monocyte counts per harvest per well 

are displayed, with monocyte counts of the 3 hiPSC donors on the Y-axis and harvest week on the X-axis. N=2 

for cell lines NP0 144-41 and NP0 115-4H week 1-3. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4A. Flow cytometry 

analysis of harvested hiPSC-

derived monocytes.  hiPSC-

derived monocytes harvested 

on weeks 1, 3 and 5 were 

analysed using flow 

cytometry on monocyte 

markers CD14 and CD16, and 

CCR2 and CX3CR1 to 

determine monocyte maturity 

and inflammatory potential. 

Most harvested monocytes 

were CD14++ CD16- classical 

monocytes, with smaller non-

classical and intermediate 

monocyte subsets (column 1). 

Further hiPSC-derived 

monocyte characterisation 

using the CCR2 CX3CR1 gating 

strategy illustrated that most 

of the harvested classical 

monocyte population 

displayed an immature pro-

inflammatory CCR2+ 

phenotype(column 2). 

Intermediate monocytes were 

positive for both CCR2 and 

CX3CR1 (column 3), while a 

small increase in CX3CR1 

positive cells could be 

distinguished in the non-

classical monocyte subset 

(column 4).  



To investigate the potential of these hiPSC-derived monocytes to model human inflammation, the 

CD14, CD16, CCR2 and CX3CR1 flow cytometry analysis was repeated on PBMC-derived monocytes 

from MDD donors and compared to bone marrow monocytes analyses from literature (Patel, Zhang 

et al. 2017). The PBMC-derived monocytes showed comparable monocyte subset division, with a 

majority of CCR2+ CD14++ CD16- classical monocytes (17%), and smaller subsets of CX3CR1+ CD14+ 

CD16++ non-classical monocytes (5%) and CCR2+ CD14++ CD16+ intermediate monocytes (5%), while 

CD14 CD16 flow cytometry analysis of bone marrow biopsies and aspirates revealed that the bone 

marrow exclusively contains immature CD14++ CD16- classical monocytes (Fig. 4B) (Patel, Zhang et al. 

2017). Comparison of flow cytometry data revealed that the hiPSC-derived monocytes showed 

similarities to both bone marrow and PBMC-derived monocytes and are phenotypically in between 

these two cell types. Fig. 4C summarizes these flow cytometry data, displaying percentages of the 

classical-, non-classical- and intermediate monocyte populations per hiPSC donor per harvest with 

PMC-derived monocytes as control. To confirm monocyte purity, a flow cytometry analysis on the T-

cell marker CD3 (Schuh, Berer et al. 2016), the neutrophil marker CD9 (Meeuwsen, de Vries et al. 

2020) and the B-cell marker CD19 (Ferrara, Kolnik et al. 2018) was performed, while including 

monocyte markers CD14 and CD16 as positive control for monocytes. Fig. 4D illustrates a higher 

percentage of cells positive for monocyte markers CD14 and CD16 compared to blank, while T-cell 

marker CD3, neutrophil marker CD9 and B-cell marker CD19 are absent, confirming creation of hiPSC 

monocytes and no other immune cell types.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4C. Harvested hiPSC-derived monocyte subsets per donor per week. Percentage of harvested monocyte subsets per donor 

per week is shown based on the CD14 CD16 flow cytometry scatterplots displayed in figure 4A and 4B, with the percentage of total 

monocytes on the y-axis, the harvested hiPSC-derived monocytes from all 3 donors per week on the X-axis and the different 

monocyte subsets in blue, red, and green. 

Figure 4B. Flow cytometry analysis of PBMC-derived monocytes and bone marrow monocytes. To enable comparison of PBMC-derived, 

hiPSC-derived and bone marrow monocytes, a CD14, CD16, CCR2 and  CX3CR1 flow cytometry analysis was performed on blood isolated 

PBMC-derived monocytes (scatterplot 1-4) and bone marrow monocytes (scatterplot 5-7). The bone marrow derived flow cytometry 

analysis was adapted from (Patel, Zhang et al. 2017). 



 

 

 

 

 

 

 

 

 

 

3.3 Characterisation of hiPSC-derived M0, M1 and M2 macrophages 

To further characterise the harvested hiPSC-derived monocytes, they were polarised towards 

macrophages (Italiani, Boraschi 2014). Fig. 5A shows the successful M0, M1 and M2 macrophage 

polarisation for all three donors (row 1, 2 and 3), confirming hiPSC-derived monocytes can 

differentiate towards macrophages as defined in Fig. 1 definition 4. To enable comparison, a 

schematic overview of human M0, M1 and M2 macrophage populations was adapted from (Wentzel, 

Petit et al. 2020) (row 4) showing similar phenotypic traits between hiPSC donors and the schematic 

control: clustered M1 macrophage populations and more stretched M2 macrophage phenotypes as 

defined in Fig. 1 definition 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4D. Confirmation of harvested hiPSC-derived monocyte purity by flow cytometry. To confirm purity of hiPSC-derived monocytes a flow 

cytometry analysis on harvested hiPSC monocytes was performed on the T-cell marker CD3, the neutrophil marker CD9 and the B-cell marker 

CD19. Monocyte markers CD14 and CD16 were used as control.. 

Blank 

Stained 

CD16 

CD16 

Figure 5A. hiPSC-derived monocyte to M0, M1 and M2 macrophage polarisation. M0, M1 and M2 macrophages were 

successfully formed out of hiPSC-derived monocytes from all 3 donors (row 1-3). The bottom row of pictures displays a 

schematic overview of blood-derived M0, M1 and M2 macrophages adapted from Wentzel et al., 2020 to enable phenotype 

comparison of hiPSC-derived macrophages to human macrophage subsets.  

NP0 144-41 

Blood-

derived 

monocytes 



The polarised M0, M1 and M2 macrophages were then characterised using flow cytometry on 

general macrophage marker CD163, the M1 macrophage markers CD64 and the CD80 and M2 

macrophage marker CD206 as defined in Fig. 1 definition 6 (Yao, Xu et al. 2019). Fig. 5B shows the 

scatterplots of this flow cytometry analysis for the M0, M1 and M2 macrophages of all three hiPSC 

donors and PBMC-derived macrophages. This same flow cytometry analysis is visualised in a 

histogram overlay (Fig. 5C) and in heatmaps that express percentage of positive cells per macrophage 

subtype per marker for all hiPSC donors and PBMC-derived macrophages (Supplementary Fig. 2). 

These 3 flow cytometry figures (Fig. 5B, Fig. 5C and Supplementary Fig. 2) illustrated an increase in 

CD163 marker expression in all 3 macrophage subsets of all hiPSC donors, confirming the ability of 

hiPSC-derived monocytes to polarise into phagocytotic macrophages (Fig. 1 definition 4). M1 

macrophage markers CD80 and CD64 were increased in the M1 macrophage subsets, but not in the 

M0 and M2 macrophage subsets, illustrating the successful creation of M1 macrophages in all 3 

hiPSC donors (Fig. 5B/5C). However, M2 macrophage marker CD206 was only increased in the M2 

subset of hiPSC donor NP0 144-41, and showed equal expression in M0, M1 and M2 macrophages in 

the other 2 hiPSC donors (Fig. 5B/5C). These flow cytometry results suggest that while I am able to 

successfully create hiPSC-derived M1 macrophages, the creation of hiPSC-derived M2 macrophages is 

more difficult. This can be explained by the fact that I mainly harvest CD14++ CD16- classical 

monocytes which polarise into pro-inflammatory M1 macrophages, while the number of CD14+ 

CD16++ non-classical monocytes, which polarise towards anti-inflammatory M2 macrophages is lower 

in the hiPSC monocyte harvests (Fig. 4A). I have now demonstrated that the classical, non-classical 

and intermediate hiPSC-derived monocytes are able to polarise towards their corresponding 

macrophage subset which are phenotypically distinct and closely resemble PBMC-derived 

macrophages. However, before these hiPSC-derived monocytes and macrophages can be used to 

model human inflammation, functional assessment (Fig. 1 definition 7 and 8) is required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

M0: CD163 

M1: CD64 & CD80 

M2: CD206 

PBMC 

monocytes 

Figure 5C. Flow cytometry analysis of hiPSC and PBMC-derived M0, M1 and M2 macrophages – Histogram overlay. A 

histogram overlay of general macrophage marker CD163, M1 macrophage markers CD80 and CD64 and M2 macrophage 

marker CD206, with the M0 macrophages (blue), M1 macrophages (green) and M2 (red) macrophage populations of each 

donor (row 1,2 and 3) and PBMC-derived macrophages (row 4) in the same histogram overlay plot to enable comparison.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5B. Flow cytometry analysis of hiPSC- 

and PBMC- derived M0, M1 and M2 

macrophages. To characterise the hiPSC-

derived M0, M1 and M2 macrophages, a flow 

cytometry analysis was performed on general 

macrophage marker CD163 (column 1), M1 

macrophage markers CD80 and CD64 (column 

2 and 3) and M2 macrophage marker CD206 

(column 4). This figure shows the scatterplots 

of M0 (row 1 for each donor), M1 (row 2 for 

each donor) and M2 macrophages (row 3 for 

each donor) for the markers mentioned above 

for all 3 hiPSC donors, as well as PBMC-derived 

macrophages as a control.  

 

PBMC 

NP0 143-18 

NP0 115-4H 

NP0 144-41 



3.4 Functional characterisation of hiPSC-derived monocytes under flow 

In addition to the phenotypical characterisation of the hiPSC-derived monocytes and macrophages, I 

performed a functional characterisation experiment. As defined in Fig. 1 definition 3, an important 

functional property of monocytes is adhesion to ECs and interaction with vasculature. Fig. 6A shows  

adherence of monocytes after monocyte adherence under flow using control or TNF-α stimulated 

hiPSC-derived monocytes and hiPSC-ECs from donors NP0 143-18 and NP0 115-4H. This figure 

illustrates increased monocyte adherence after monocyte activation with TNF-α for both NP0 143-18 

EC conditions, with smaller increases in the NP0 115-4H EC conditions. Representative pictures of 

stained hiPSC-derived monocytes (top row), hiPSC-ECs (middle row) and cell nuclei (bottom row) are 

displayed in Fig. 6B. These results confirm that hiPSC-derived monocytes are functionally able to 

interact with the vasculature, and that iPSC monocyte-EC interactions increases after monocyte 

activation, which is an important functional property to include in models of human systemic 

inflammation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1= NP0 143-18 ECs + monocytes 

2= NP0 143-18 ECs + NP0 115-4H monocytes 

3= NP0 115-4H ECs + monocytes 

4= NP0 115-4H ECs + NP0 143-18 monocytes 

Figure 6A. IBIDI: hiPSC monocyte adherence under flow. For the functional characterisation of hiPSC-derived monocytes, 

the harvested monocytes were stimulated with TNF-α and flown over hiPSC-ECs in the IBIDI flow system, with relative 

monocyte adherence of the Y-axis (control put on 1 for each separate experiment) and the different hiPSC monocyte and 

EC combinations on the X-axis. TNF-α activated monocytes showed  increased monocyte adherence compared to control 

(approximately 2.5x increase in monocyte adherence). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6B. IBIDI: hiPSC monocyte adherence under flow staining analysis. Adherent hiPSC-derived monocytes (top row, individual  

adherent monocytes depicted with arrows), ECs (middle row) and their corresponding nuclei (bottom row) were stained. Corresponding 

with figure 4A, an increase in adhered hiPSC-derived  monocytes can be observed after monocyte activation with TNF-α. 



4. Discussion 

While the majority of CVDs are inflammation driven, monocytes and macrophages from the innate 

immune system are often not included in the in vitro models designed to study CVDs (Lippi, Stadiotti 

et al. 2020). Current research on the origin, development, and function of these innate immune cells 

utilise PBMC-derived monocytes and macrophages. However, these cells are hard to obtain in large 

quantities, are difficult to genetically modify, show batch-to-batch differences and are unable to 

produce tissue-resident macrophages, warranting a novel monocyte and macrophage cell source 

(Monkley, Krishnaswamy et al. 2020, van Wilgenburg, Browne et al. 2013).  

I hypothesised that hiPSC-derived monocytes and macrophages are phenotypically and functionally 

similar to human PBMC-derived monocytes and macrophages and can in the future be used to model 

human inflammation in CVDs and vascular dysfunction. I illustrated the successful differentiation of 

three independent hiPSC cell lines into hiPSC-derived monocytes and macrophages and showed that 

these hiPSC-derived monocytes could be consistently harvested for all three cell lines, averaging 

approximately 5x10^5 cells per well of a 6-wells plate, which can easily be upscaled. I demonstrated 

that the harvested hiPSC-derived monocytes were round granulated cells, which could be divided into 

classical, non-classical and intermediate monocytes based on CD14 and CD16 expression. These 

monocytes were also able to interact with ECs and to polarise towards macrophages. hiPSC-derived 

macrophages were granulated cell types, which could be divided into M0, M1 and M2 macrophages 

based on CD163, CD64, CD80 and CD206 marker expression. These data provide substantial evidence 

that hiPSC-derived monocytes and macrophages closely resemble their PBMC-derived counterparts 

and are a promising cell type to model human inflammation in CVD in vitro. However, additional 

research to macrophage functionality and optimization of the differentiation protocol is required 

before I can confidently accept my hypothesis.  

Additional experiments 

Additional experiments to proof my hypothesis could include the determination of macrophage 

functionality, through internalisation of pathogens and cytokine secretion as defined in definition 7 

and 8 of Fig. 1 (Kapellos, Bonaguro et al. 2019, Kratofil, Kubes et al. 2017). Future experiments should 

therefore compare hiPSC-derived macrophage phagocytotic ability to PBMC-derived macrophages, an 

example of which is the measurement of fluorescently labelled zymosan uptake previously illustrated 

by (Buchrieser, James et al. 2017). Additionally, pro-inflammatory cytokine (IL-6, TNF-α and IL-1β) and 

anti-inflammatory cytokine (IL-10) secretion of hiPSC-derived macrophages should be investigated in 

the different macrophage subsets and compared to PBMC-derived macrophages using e.g. ELISA, to 

illustrate pro-inflammatory M1 macrophage and anti-inflammatory M2 macrophage functionality, as 

previously illustrated (Cao, Yakala et al. 2019). Confirmation of hiPSC-derived macrophage 

functionality would provide additional evidence that hiPSC-derived monocytes and macrophages 

closely resemble their PBMC-derived counterparts and that they can be implemented in a CVD model 

to model human inflammation. 

Limitations of generated monocyte types 

One of the major limitations of the hiPSC to monocyte differentiation protocol lies within the hiPSC-

monocyte subsets that are created and in the immaturity of this monocyte subset. As Fig. 4A and Fig. 

4B illustrate, most of the hiPSC-derived monocytes belong to the immature CD14++ CD16- classical 

monocyte subset, while little to no mature non-classical monocytes are produced similar to the 

human body, where classical monocytes make up approximately 85% of circulating monocytes (Patel, 

Zhang et al. 2017). The observation that I mainly created pro-inflammatory monocytes and their 

corresponding M1 macrophages suggest that hiPSC-derived monocytes and macrophages are 



suitable to model pro-inflammatory processes in CVDs like chronic atherosclerosis, systemic 

inflammation and vascular dysfunction (Muhammad, Ayoub et al. 2021, Jaén, Val-Blasco et al. 2020). 

However, CVDs like chronic heart failure (HF), where anti-inflammatory processes facilitated by non-

classical monocytes and their corresponding M2 macrophages cause and progress disease 

phenotype, cannot be modelled using the harvested hiPSC-derived monocytes and macrophages, 

due to low non-classical monocyte cell count and difficulty of M2 macrophage production (Adamo, 

Rocha-Resende et al. 2020, Tanai, Frantz 2015). This warrants tweaking of the differentiation 

protocol, to enable production of larger amounts of non-classical monocytes. Previous research has 

indicated that the bone marrow exclusively produces immature classical monocytes, which have a 

half-life of approximately 20 hours after entering the circulation and either transmigrate, die or give 

rise to intermediate and non-classical monocytes (Patel, Zhang et al. 2017, Yona, Kim et al. 2013). A 

logical thought would therefore be to remove the produced hiPSC-derived classical monocytes from 

their niche, plate them out and let them mature into non-classical monocytes. This is practically not 

feasible however, since hiPSC-monocyte plating on plastic can cause phenotype alterations and 

activation (Sauter, Yi et al. 2019). Additionally, research has elucidated that neurogenic locus notch 

homolog protein 2 (Notch 2) signalling, through Notch 2 activation with Notch ligand delta-like 1 

(Dll1) produced by ECs, controls classical to non-classical monocyte conversion (Gamrekelashvili, 

Giagnorio et al. 2016). Future experiments should therefore include the co-culture of Dll1 during the 

hiPSC to monocyte differentiation, either after monocyte harvest or fully included within the 

differentiation protocol by supplementing MM differentiation medium with Dll1, in order to research 

hiPSC-derived non-classical monocyte production. Control over produced monocyte subsets would 

allow for customization of harvested classical, non-classical and intermediate monocytes to perfectly 

match your research question and specific CVDs or mechanisms you want to investigate.  

Future perspectives 

The next step would be to incorporate these hiPSC-derived monocytes and macrophages in advanced 

3D models like cardiac organoids, that fully mimic the cardiac cell type composition, cardiac structure 

including extracellular matrix (ECM) and cardiac function (Seguret, Vermersch et al. 2021). Current 

cardiac organoid models usually comprise of CMs, fibroblasts and ECs and are able to recapitulate 

the complex 3D organization of the native human heart (Seguret, Vermersch et al. 2021, Lewis-

Israeli, Wasserman et al. 2021). While CVDs like hypertrophic cardiomyopathy, restrictive 

cardiomyopathy and dilated cardiomyopathy have readily been modelled within these cardiac 

organoids, immune cells which promote and influence many other CVDs are not included (Seguret, 

Vermersch et al. 2021). Recent research has illustrated the use of antibody- based immunotherapy 

and cytokines within cardiac organoids to model inflammation-induced cardiac dysfunction and 

cardiac toxicity within these organoids, mimicking monocyte and macrophage function (Mills, 

Humphrey et al. 2021, Kumar, Thangavel et al. 2020). However, monocyte and macrophage 

phenotype and function is altered based on the signals provided by their local environment, 

displaying intricate crosstalk between monocytes and macrophages and their surrounding CMs, 

fibroblasts and ECs (Roberts, Lee et al. 2017, A-Gonzalez, Quintana et al. 2017). To accurately model 

monocyte and macrophage interactions with their environment, in order to research their 

contribution to CVD onset and progression within the human body, functional hiPSC-derived 

monocytes and macrophages should be included within these cardiac organoid models. These 

models can be customised by genetically modifying these hiPSC-derived monocytes and 

macrophages to precisely mimic CVDs genetics, enabling controlled and translatable research to CVD 

mechanisms and drug testing (Cui, Franz et al. 2021). Future research should therefore focus on the 

incorporation of these hiPSC-derived monocytes and macrophages in advanced 3D cardiac models, to 



accurately mimic inflammation-induced CVD onset, progression, and pathophysiologic mechanisms, 

allowing for better understanding of these diseases and creating a novel platform for drug screening. 

Conclusion 

In conclusion, hiPSC-derived monocytes and macrophages phenotypically resemble their PBMC-

derived counterparts and are a promising cell type to mimic human inflammation in CVDs in vitro. 

However, further functional characterisation of hiPSC-derived macrophages, as well as more control 

over produced monocyte subsets is required before these cells can be used to mimic human 

inflammation. therefore, I can partially accept my hypothesis, stating that sufficient evidence is 

provided to suggest that hiPSC-derived monocytes and macrophages are a suitable cell type to model 

pro-inflammatory CVDs and vascular dysfunction in vitro. However, for the modelling on anti-

inflammatory processes within these CVDs, further tweaking of the protocol is required. In the 

future, these hiPSC-derived monocytes and macrophages should be included in complex 3D cardiac 

models to include tissue context and to research monocyte and macrophage contribution to 

inflammation driven CVDs and better understand disease mechanisms, enabling the creation of novel 

treatment options.  
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Supplementary Figure 2. Flow cytometry analysis of iPSC- and PBMC-derived M0, M1 and M2 macrophages – Heatmap 

percentage positive cells. A heatmap overview with percentage positive cells of the flow cytometry data including general 

macrophage marker CD163, M1 macrophage markers CD80 and CD64 and M2 macrophage marker CD206 for macrophages from 

all three hiPSC donors and PBMC-derived macrophages as control. 

PBMC 

Supplementary figure 1. Flow cytometry analysis gating strategy. Before every flow cytometry analysis, cells were gated for 

singlets to remove duplicates and triplicates from the analysis, debris was then removed by gating for all cells, after which the dead 

cells were excluded from the analysis using the viability dye. 
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