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Abstract

Macrophages derived from human induced pluripotent stem cells (iPSC) have the potential to 

enable the development of cell-based therapies for numerous disease conditions. We here provide 

a detailed protocol for the mass-production of iPSC-derived macrophages (iPSC-Mac) in scalable 

suspension culture on an orbital shaker or in stirred-tank bioreactors (STBRs). This strategy 

is straightforward, robust and characterized by the differentiation of primed iPSC-aggregates 

into so called “myeloid-cell-forming-complex (MCFC)” intermediates by means of a minimal 

cytokine cocktail. In contrast to the “batch-like differentiation approaches” established for other 

iPSC-derived lineages, MCFC-intermediates are stably maintained in suspension culture and 

continuously generate functional and highly pure iPSC-Mac. Employing a culture volume of 120 

ml in the STBR platform, ~1-4 × 107 iPSC-Mac can be harvested at weekly intervals for several 
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months. The STBR technology allows for real-time monitoring of crucial process parameters 

such as the biomass, pH, dissolved oxygen, as well as nutrition levels; the system also promotes 

systematic process development, optimization, and linear upscaling. The process duration, starting 

with the expansion of iPSC until the first iPSC-Mac harvest is 28 days. Successful application 

of the protocol requires expertise in pluripotent stem cell culture, differentiation and analytical 

methods, such as flow cytometry. Fundamental know-how in biotechnology is also advantageous 

to run the process in the STBR platform. The continuous, scalable production of well-defined 

iPSC-Mac populations is highly relevant to various fields ranging from developmental biology, 

immunology and cell therapies, to industrial applications for drug safety and discovery.
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Introduction

Human iPSC-derivatives represent an attractive source of cells for regenerative medicine 

paving the way for the clinical translation of novel cell therapy products. To meet the 

growing demand for therapeutic iPSC-derived effector cells, efficient upscaling technologies 

are of central interest and 3D, suspension-based differentiation culture platforms, which 

are applicable to linear upscaling, have been introduced for several iPSC-derived cell types 
1 . However, suitable systems for the scalable production of iPSC-derived hematopoietic 

cells are limited to a minority of hematopoietic cell types, and although clinically relevant 

numbers of iPSC-derived NK cells 2 or platelets 3 can be produced, methods to generate 

other hematopoietic derivatives from human iPSC are still lacking.

Within the hematopoietic system, one cell type of specific current interest are macrophages, 

including tissue-resident macrophages (TRMs), which are critically involved in organ 

function, tissue homeostasis and immune protection. While macrophages represent the 

first line of cellular immunity and respond to pathogen invasion with phagocytosis and 

activation of the immune response, they are also important for the termination of immune 

responses, tissue repair and homeostasis 4 . Moreover, each TRM population displays 

a unique gene expression profile and fulfills important organ-specific functions such as 

alveolar macrophages which break down surfactant material in the lungs 5 or Kupffer cells 

critically contributing to iron and cholesterol homeostasis in the liver 6 . Therefore, the 

absence or dysfunction of macrophages is associated with a variety of diseases ranging 

from immunodeficiencies, autoimmunity, neurodegenerative disorders, metabolic diseases to 

cancer 7 ; further highlighting macrophages as a highly interesting target for drug discovery 

and the development of novel cell-based therapies.

Given the broad field of applied macrophage research, advanced differentiation systems are 

needed to generate application-specific quantities of well-defined, functional macrophages. 

However, as of yet it remains challenging to derive these cells in suitable quantities 

and qualities 8 . Besides limitations of the availability of suitable healthy blood 

donors and patients, also the number of monocytes that can be isolated from a 
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single apheresis is limited. Moreover, the pronounced batch-to-batch variability between 

monocyte-derived macrophages derived from different donors remains an obstacle for 

macrophage-based research in particular for potential cell-based therapies. In addition, 

monocytes/ macrophages derived from peripheral blood may not properly reflect the 

primitive origin of TRMs and thus may not represent an ideal model system to study TRM 

biology 9 . In this regard, human iPSCs offer an attractive cell source for the well-defined 

production of functional macrophages overcoming these restrictions in basic and applied 

research 9,10 .

Over the past years, a plethora of differentiation protocols to generate iPSC-derived 

macrophages (iPSC-Mac) have been described. The resulting cells have been shown 

to fulfill important functional requirements such as phagocytosis and antimicrobial 

activity in vitro, and, importantly, revealed the potential to adapt to a tissue-specific 

environment in vivo using immunodeficient mouse models 11,12 . As a current drawback 

however, most of these differentiation protocols are performed in 2D adherent-based, non-

controlled cultivation platforms, which have substantial limitations for process upscaling and 

systematic optimization, limiting cell availability in a broader context.

To overcome the current limitations for the derivation of myeloid lineages from human 

PSC, we recently established a strategy for the generation of iPSC-Mac using a scalable 

differentiation technique in 3D suspension culture. This approach is applicable to a 

broad spectrum of conventional culture vessels in laboratory scale as well as to industry-

compatible STBR systems 13 . Here, we present a detailed step-by-step protocol describing 

the differentiation of iPSCs into “myeloid cell forming complexes (MCFC)” which can 

be maintained in suspension culture long-term to continuously produce iPSC-Mac. We 

detail the most critical steps to successfully apply this approach either in tissue culture 

plates agitated on orbital shakers or in STBR systems, thereby covering culture scales 

from 3 ml up to 150 ml. IPSC-Mac generated by these approaches represent a highly pure 

population characterized by a specific surface marker profile of CD45+/CD11b+/CD14+/

CD163+/TRA-1-60- and display critical in vitro and in vivo functionality.

Development of the protocol

The emerging understanding of the in vivo functions and utility of TRMs recently 

promoted the use of in vitro generated iPSC-derived macrophages to study macrophage 

development, biology, and their role in the pathophysiology of certain diseases. A large 

number of recent studies employing iPSC-Mac have utilized protocols that are initiated 

by either an undirected differentiation or mesoderm priming of human iPSC, followed by 

a directed hematopoietic specification phase and allow for the continuous generation of 

macrophages with minimal cytokine supplementation (Interleukin 3 (IL-3), Macrophage 

colony-stimulating factor (M-CSF) and/or Granulocyte-macrophage colony-stimulating 

factor (GM-CSF)). The first description of this technique dates back to 2008, when Karlson 

and colleagues used human embryonic stem cells (ESCs) to generate macrophages 14 . 

Further advancements such as the use of defined, serum-free differentiation media have 

progressed this approach 15 . We made use of this system and established a flexible 

differentiation platform, which allows for the continuous production of iPSC-derived 
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macrophages or granulocytes from “myeloid cell forming complex (MCFC)” intermediates, 

depending on the choice of cytokines 16 . Meanwhile, this protocol has been used in a 

number of studies related to hematopoietic development 17 or disease modeling of (rare) 

diseases such as chronic granulomatous disease (CGD) 18 , pulmonary alveolar proteinosis 

(PAP) 19 , mendelian susceptibility to mycobacterial disease (MSMD) 20,21 and others 
22-26 . However, until recently, most approaches have been limited in scalability as they 

rely on a 2D adherent hematopoietic specification step(s), hampering the transition to GMP-

compatible, iPSC-Mac production at a scale able to produce sufficient cells for clinical 

applications.

The backlog in manufacturing hematopoietic cell lineages is in clear contrast to the progress 

in other areas of iPSC bioprocessing, including the efficient high-density suspension culture 

possible for the pluripotent state 27,28 as well as the directed differentiation into functional 

mesodermal lineages such as cardiomyocytes 29,30 and endothelial cells 31 as well as 

endodermal derivatives 32 in controlled and scalable bioreactor systems. To close this gap, 

we aimed at adapting the advantages of controlled bioreactor technology to the derivation of 

myeloid cell types, while maintaining the unique feature of continuous cell production. As a 

first step, we established the differentiation process in small scale suspension culture using 

multi well-plates placed on an orbital shaker. We found that this simple-to-adapt approach 

is fully compatible with the formation of MCFCs, leading to the continuous production of 

iPSC-Mac with comparable efficiencies to the previously applied static 2D cultures. We 

consequently progressed to an STBR platform in 120 ml process scale. After fine tuning 

of the shear forces resulting from the impeller stirring, we were able to maintain MCFC 

intermediates in the bioreactor process and could demonstrate the continuous production of 

iPSC-Mac for up to 8 weeks 13 . Importantly, the resulting iPSC-Mac show high phenotypic 

and functional similarities to macrophages generated from peripheral blood. However, on 

the transcriptome level, these cells display a more primitive expression pattern in line 

with other studies 33 suggesting their suitability to study TRM biology. As a starting 

point for developing potential clinical applications, we demonstrated that the adoptive 

pulmonary transfer of bioreactor-derived iPSC-Mac reduced bacterial load and ameliorated 

disease pathophysiology in murine models for pulmonary Pseudomonas aeruginosa 13 or 

Staphylococcus aureus infections 34 .

Applications of the protocol

Macrophages are of central interest for various fields such as developmental biology or 

disease modeling studies. iPSC-Mac generated by our technique may also have potential 

for novel cell-based therapy strategies e.g. replacing (malfunctioning) tissue-resident 

macrophage populations 11,12 or immunotherapy approaches targeting infectious diseases 
13 and beyond.

Given the high plasticity of macrophages, we hypothesize that the cells can also be directed 

to differentiate to numerous tissue-specific macrophage populations in vitro and in vivo 
thereby extending the application from lung diseases to other organs. For example iPSC-

derived microglia were generated by transplantation of iPSC-Mac into the mouse brain by 

Fattorelli and colleagues 35 . Given the prominent role of microglia in the pathophysiology 
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of neurodegenerative diseases, initial attempts have been made to develop a cell therapy 

approach for Metachromatic leukodystrophy (MLD) 36 suggesting future application of 

iPSC-Mac as a direct therapeutic intervention might be feasible. Our own data demonstrate 

similar plasticity of iPSC-derived macrophages generated with our platform 11 , suggesting 

cells generated by this protocol would facilitate the generation and study of various different 

TRM populations in vitro and in vivo. The field of macrophage-based cell therapeutics 

has been continuously growing over the past years, offering numerous opportunities for 

the application of iPSC-Mac. A potential future application of iPSC-Mac was introduced 

by S. Forbes and colleagues, who used adoptive transfer of autologous monocyte-derived 

macrophages to treat liver cirrhosis using a single dose of 107, 108 or up to 109 

macrophages, depending on the yield of the apharesis 37,38 . Given the versatile roles of 

macrophages in cellular immunity, similar monocyte-derived macrophage transfer regimens 

are underway to target cancers 39 , and also to reduce immunosuppression in the field 

of solid organ transplantation, to treat chronic inflammatory conditions 40 or autoimmune 

diseases. As all these attempts rely on the use of defined macrophage populations, the 

technology of iPSC-Mac may represent an attractive tool to meet the growing demand for 

these cells.

In addition the possibility to introduce a plethora of genetic elements to iPSC and thereof 

derived macrophages (such as e.g. the conditional activation of a specific transcription 

factor that alters the macrophage phenotype) would allow the production of well-defined 

cell products for specific applications 41,42 . This off-the-shelf production could potentially 

overcome dose-limitations set by the availability of cells from an apheresis. The high 

quality and reproducibility of the cell product generated with our protocol also enables the 

iPSC-iMac to be used in drug development or (high throughput) drug screening.

Of note, while the production of macrophages is the focus of our work, our STBR-bases 

differentiation strategy can also be used to generate large quantities of other myeloid 

immune cells by simply switching the applied cytokine cocktail in the hematopoietic 

specification and production phase of the process (Figure 1). For example, iPSC-derived 

granulocytes can be generated when MCFCs are exposed to IL-3 and G-CSF 13,43 . 

Moreover, the continuous production of iPSC-derived erythrocytes using IL-3, SCF and 

EPO has been demonstrated in 2D cultures 44 . These results support the idea that a 

myeloid progenitor population develops and resides within the MCFC. This view is also 

supported by the observation that the cultivation of MCFCs with IL-3 only leads to the 

generation of CD45+/CD11b+/CD14-/CD163- myeloid progenitor cells, which can be further 

differentiated into macrophages, granulocytes or erythrocytes when exposed to specific 

lineage instructive cytokines 43 . Given this broad myeloid differentiation capacity, we 

propose that our differentiation strategy could also be applicable to generate e.g. iPSC-

derived megakaryocytes or dendritic cells, thereby highlighting the overall potential and 

modular character of this seminal differentiation platform 16 .

Comparison with other methods

Most hematopoietic differentiation protocols for human pluripotent stem cells (PSCs) are 

either based on co-culture systems with murine stromal cells or the formation of primed 3D-
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aggregate structures, (historically) often referred to as embryoid bodies (EBs). Co-culture 

based protocols often include an intermediate step of generating stem/progenitor cells 

that are purified from the differentiation cultures and can be further directed into the 

target cells i.e. macrophages 45 . As an alternative, other protocols rely on the genetic 

manipulation of PSC to foster the hematopoietic program and accelerate the generation 

of hematopoietic target cells 46,47 . However, these systems lack scalability due to the 

required purification steps and/or adherence-based cultivation conditions. In contrast, our 

3D-suspension STBR based technique provides a scalable and continuous production 

platform for the generation of highly pure iPSC-derived macrophages with in vitro and 

in vivo functionality. Moreover, this protocol is robust and can be used to generate 

several macrophage harvests, thus increasing the overall cell yields compared to alternative 

individual differentiation approaches. If bioreactor technology is used, this allows the 

monitoring and control of numerous process parameters as well as supports the development 

of automated and continuous feeding strategies that facilitate upscaling into larger bioreactor 

platforms 28 .

Experimental design

As schematically presented in Figure 1, our protocol starts with the cultivation of 

undifferentiated iPSC on murine embryonic fibroblasts (MEFs). For differentiation, we 

typically expand the culture to several 6-well tissue culture plates and culture the iPSC 

for 5 days in “full iPSC-medium” (see Reagent Setup). After 5 days, the medium is 

changed to “minimal iPSC-medium” (2D pre-priming). After 9 days, we detach the iPSC 

colonies by enzymatic treatment with collagenase IV (day -5), followed by transition into 

suspension plates on an orbital shaker in priming medium for 5 days (d 0) to induce 

undirected differentiation and mesoderm formation (3D priming). Subsequently, primed 

iPSC aggregates are selected by defined sedimentation, transferred to X-VIVO15 medium, 

and subsequently differentiation cultures are continued in (A) a suspension plate on an 

orbital shaker or (B) a stirred tank bioreactor (Figure 1). Hematopoietic specification in the 

defined differentiation medium X-VIVO15 supplemented only with IL-3 and M-CSF leads 

to the differentiation of primed aggregates into MCFCs (hematopoietic specification), which 

can be maintained in the process and start to produce iPSC-derived macrophages from day 

14 onwards.

The iPSC-Mac can be harvested in the “macrophage production phase” from the medium 

in parallel to the weekly medium change after controlled sedimentation of the MCFCs. 

When undertaking small scale differentiation, one well of a 6-well tissue culture plate 

(culture volume 3 ml) yields approx. 0.4-1x106 iPSC-Mac/week, whereas in the bioreactor 

platform in 120 ml culture volume the generation of approx. 10-40x106 iPSC-Mac/week 

is expected; and the harvest, irrespectively of the process scale, can be continued for up 

to 11 weeks. Importantly, the harvested cell population retains a high purity so there is no 

need for further enrichment strategies. The cells maintain functionality in vitro and in vivo. 

Flow cytometry-based analysis of CD45, CD11b, CD14 and CD163 expression enables 

monitoring of the identity of the generated iPSC-Macs. Macrophage specific functions 

such as the phagocytosis of fluorescence labeled bioparticles (e.g. pHrodo™ Red E. coli 
BioParticles™ (ThermoFisher Scientific)) should also be tested in a functional control stage 
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of quality assurance. A 2D terminal differentiation phase in tissue culture plates can be 

added if experimentally required for downstream applications.

Expertise needed to implement the protocol

All key steps of the small-scale protocol are easy-to-handle and can be implemented by a 

trained cell scientist. In contrast, set-up, handling and operation of the bioreactor platform 

requires specific expertise in bioprocessing. If basic understanding of the bioreactor system-

specific properties is required, technical support can be requested from the bioreactor system 

vendor. It is important users understand how to assemble the reactor, maintain sterility, 

calibrate the sensors and handle the reactor vessel under a sterile hood. After gaining 

familiarity with these technical features, a scientist trained in cell culture technologies 

should be able to successfully follow and apply the detailed, step-wise procedures described 

in this protocol.

Current limitations

Fully defined, xeno-free culture conditions have gained increasing attention as they represent 

an important prerequisite for the envisioned clinical translation of iPSC-based cell therapies. 

While our protocol employs a defined and potentially GMP-compatible differentiation 

medium (X-VIVO15), the first steps of iPSC maintenance and expansion described here are 

based on murine embryonic fibroblasts and “classical” iPSC medium containing complex 

serum replacement supplement. However, former studies using an adherent-based approach 

of this differentiation strategy 33,48 as well as own unpublished data suggest that the protocol 

can also be implemented when using feeder free culture conditions. Yet, when using feeder 

free cultures as a starting point, supplementation of mesoderm priming cytokines such 

as BMP4, SCF and VEGF seems to be necessary to ensure differentiation. Given the 

heterogeneity seen between the proliferation and differentiation potential of different iPSC 

lines, the protocol may require further line-specific adaptations.

Another practical issue is that when using this protocol iPSC differentiate as multi-cellular 

aggregates. This makes assessment of the exact cell numbers present at each differentiation 

stage challenging as precise cell counts cannot easily be obtained. We provide detailed 

microscopic pictures of every process step to facilitate the monitoring of experimental 

progress. Recent studies show that the directed differentiation of iPSCs in 3D e.g. 

to generate tissue-specific organoids, can closely resemble key aspects of native organ 

development 49 . Our MCFCs also recapitulate important steps of embryonic hematopoietic 

development 17 and apparently seem to maintain a progenitor cell population that can 

give rise to macrophages over a prolonged culture period. Thus, it seems likely that 

differentiation as multi-cellular aggregates is required to generate macrophages long term 

in culture.

Although this protocol includes in-process monitoring of dissolved oxygen (DO) and pH 

when the STBR platform is used, this can be further advanced by establishing feedback-

based control loops to keep these parameters stable. This can be achieved by perfusion-

based feeding (enabled by the STBR technology), allowing for the continuous media 
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replacement and the addition of supplements without process interruption. Applying this 

technique for expanding human PSCs at the pluripotent state, we recently demonstrated 

improved process efficiency, resulting in 10-fold higher cell yields (per given process 

scale) and the parallel reduction of (costly) media consumption by 75% 28 . Moreover, 

implementing monitoring and controlling key metabolites such as the glucose-, lactate- and 

glutamine-concentrations, which can be specifically tailored to the needs of hematopoietic 

cells, could potentially stabilize the differentiation process, increase cell yields, and prolong 

the stable production of macrophages (and other blood cell types generated by an adapted 

version of this protocol). Such optimization might be required to enable generation of 

sufficient cells for treatment of patients. For example cell doses of 107-109 macrophages 

per patient are currently used to treat liver cirrhosis 38 . Given the current process 

efficiency, weekly production of 108-109 iPSC-Mac seems feasible if the protocol is applied 

on a production scale of 0.6-6 l. Such production scales are generally feasible using 

currently available GMP-compliant bioreactor technologies. In addition to further upscaling, 

cryopreservation of iPSC-Mac is an option to enable larger cell doses to be collected 

and pooled from repetitive harvests. Freezing enables the required quality control of cell 

products to be undertaken fully prior to use of the product. Whereas cryopreservation of 

macrophages has been proven challenging, some recent publications describe the efficient 

cryopreservation of macrophages, including from iPSC 50 . Ensuring STBR-derived iPSC-

Mac can be cryopreserved will be an important future step required for clinical translation. 

As an alternative to cryopreservation, short term storage of iPSC-Mac in a spinner flask has 

recently been described 48 , which may be included in this protocol alongside other strategies 

that enable iPSC-Mac to be stored for limited periods of time.

Materials

Biological Materials

Human pluripotent stem cells—We used two human induced pluripotent stem cell 

lines derived from mobilized peripheral blood CD34+ cells (hCD34iPSC11 51 /MHHi015-

B: https://hpscreg.eu/cell-line/MHHi015-B) and hCD34iPSC16 19 /MHHi015-A: https://

hpscreg.eu/cell-line/MHHi015-A) to establish this protocol, which can be obtained from our 

laboratory upon request. CRITICAL Both of the iPSC lines used to establish this protocol 

were derived from female donors. In principle, any human iPSC line, regardless of the 

origin, reprogramming method, sex or donor age can be used in this protocol. Using the 

small-scale version of the protocol, we and collaborators efficiently used iPSC lines from 

either male and female donors, which were derived from fibroblast or hematopoietic cells, 

and which have been reprogrammed either by lenti- or Sendai viral systems 11,17,20,41,52-54 . 

However, as cell production efficiencies can vary between iPSC lines, we recommend 

evaluating several lines whilst establishing the protocol.

CRITICAL The iPSC lines used should undergo regular quality control such as karyotype 

analysis or Comparative Genomic Hybridization (aCGH), mycoplasma test, as well as flow 

cytometric analysis for expression of pluripotency markers (e.g. TRA-1-60, SSEA-4) 19,51 .
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! CAUTION Before working with human PSCs, ensure National regulations will be 

followed, required institutional ethics and review board approval is obtained and any 

individual funding agency requirements are adhered to.

CAUTION The generation and the use of human iPSCs described here was approved by the 

local ethical committee (Approval numbers: 1427-2012, 2127-2014, 1303-2012).

Murine Embryonic Fibroblast—The growth of undifferentiated iPSCs in culture 

was supported by murine embryonic fibroblast (MEF) which were derived from CF-1 

strain. Suitable primary MEFs can be purchased from Merck (EmbryoMax® Primary 

Mouse Embryonic Fibroblasts, Cat. # PMEF-CFL-P1). Further information about seeding, 

expanding and irradiating MEFs can be found in the Reagent set up section entitled 

“Preparation of irradiated murine embryonic fibroblasts”.

Reagents

Cell culture components

• KnockOut-DMEM (1×), 500 ml (Thermo Fisher Scientific_Gibco, cat. no. 

10829-018)

• RPMI 1640 Medium (1×), 500 ml (Thermo Fisher Scientific_Gibco, cat. no. 

21875-034)

• X-VIVO 15 medium, 500 ml (Lonza, cat.no. BE02-060F)

• DMEM, low glucose, DMEM 1g/l D-Glucose; 500 ml; (Thermo Fisher 

Scientific_Gibco, cat. no. 31885-023)

• KnockOut™ Serum Replacement, 500 ml (Thermo Fisher Scientific_Gibco, cat 

no. 10828-028)

• Fetal Bovine Serum (FBS), 500 ml (Merck, cat. no. S0615)

• DPBS (1×) w/o CaCl2, MgCl2; pH 7.0 - 7.3, 500 ml (Thermo Fisher 

Scientific_Gibco, cat. no.14190-094)

• Ethylenediamine tetraacetic acid disodium salt dehydrate (EDTA), 250g (Carl 

Roth, cat. no.8043.1)

• Rho Kinase Inhibitor (RI) Y-27632 (Tocris, cat. no. 1254)

• L-Glutamin 200 mM (100×), 100 ml (Thermo Fisher Scientific_Gibco, cat. no. 

25030-024)

• Albumin Fraction V, 50g (Carl Roth, cat. no. 8076.2)

• Non-essential amino acids (100×), MEM-NEAA, 100ml (Thermo Fisher 

Scientific_Gibco, cat. no.11140-035)

• 2-Mercaptoethanol 50 mM, 10 ml (Thermo Fisher Scientific_Gibco, cat. no. 

31350-010)

! CAUTION This reagent is toxic.
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• Penicillin Streptomycin,100 ml (Thermo Fisher Scientific_Gibco, cat. no. 

15140-122)

• Collagenase type IV, 1g (Thermo Fisher Scientific_Gibco, cat. no. 17104-019)

• Trypsin-EDTA (0.05%), phenol red (Thermo Fisher Scientific_Gibco, cat. no. 

25300062)

• Ampuwa, sterile pyrogen-free water, 1000 ml (Fresenius Kabi, cat. no. 108813)

Cytokines

• Recombinant Human M-CSF (Peprotech cat.no. 300-25)

• Recombinant Human IL-3 (Peprotech cat.no. 200-03)

• Recombinant Human FGF-basic (bFGF) (Peprotech, cat.no. 100-18B)

CRITICAL: In our lab, most of the differentiations were performed using cytokines 

purchased from Peprotech. As it is likely there are differences in cytokine activity 

amongst cytokines produced by different vendors, we recommend Peprotech cytokines 

when following this protocol. Of note, cytokines purchased from Miltenyi Biotec have been 

applied in successful differentiation runs as well, using the same concentrations, so can be 

used as an alternative.

Equipment

• 15 and 50 ml conical tubes (Sarstedt, cat. nos. 62.554.502 and 62.547.254)

• 5, 10, 25 and 50 ml serological pipettes (Sarstedt, cat nos. 86.1253.001, 

86.1254.001, 86.1685.001, and 86.1689.001)

• Serological Pipette Controller - Pipetus (Hirschmann Laborgeräte, cat. no. 

9907200)

• 1000 μl, 200 μl, 20 μl, 10 μl sterile filter pipette tips (Sarstedt cat. nos. 

70.3050.255, 70.760.211, 70.760.213, 70.1130.210)

• 6-well tissue culture dishes (Biochrom, cat-no. P 92406) and (NUNC, cat.no. 

140675)

• Glass beads, Ø1.7-2.1mm (Carl Roth, cat.no. A556.1)

• PluriStrainer 70μm (PluriSelect, cat. no. 43-50070-01)

• 0,22 μm Vacuum Filtration “rapid”-Filtermaxx 250 ml (TPP, cat. no. P 99250)

• Syringe filters 0,22 μm (TPP, cat. no. P 99722)

• Glass Pasteur pipette (sterilized at 180 °C for >3 h; Brand, cat. no. 747715)

• Disposable syringes, Omnifix 5 ml with Luer-lock (B. Braun Melsungen, cat. no. 

4617053V)

• Disposable syringes, Omnifix 50 ml with Luer-lock (B. Braun Melsungen, cat. 

no. 8728810F)
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• Technical Buffer pH 4.01 (WTW, cat. no. 108 800)

• Technical Buffer pH 7.00 (WTW, cat. no. 108 802)

• Hamilton Storage Solution, 500 ml (Hamilton, cat. No. 238931)

• Terg-a-zyme® enzyme detergent pack (Sigma-Aldrich, cat. no. Z273287-1EA)

• Orbital shaker Celltron (Infors, cat. no. 6922)

• Humidified incubator, model MCO-18AIC, 37 °C, 5% CO2 (SANYO, cat. no. 

SA-MCO18)

• Water bath GFL TYP 1083 (Omnilab, cat. no. DE 67770231)

• Cell culture cabinet/laminar flow, HERAsafe KS 12 (Thermo Scientific, cat. no. 

107922482

• Benchtop centrifuge, Heraeus Multifuge 3SR+ (Thermo Scientific, cat. no. 

75004371)

• DASbox Mini bioreactor system for cell culture applications (Eppendorf, cat. no. 

76DX04CC)

• DASbox Mini bioreactor vessel for cell culture applications (Eppendorf, cat. no. 

76DS0250ODSS)

• DASware® control (Eppendorf, cat. no. 78600167)

• Stereo microscope (Leica S9i, SZX16-ILLT, Olympus)

• Inverted fluorescence & phase contrast microscope (IX71, Olympus)

• Hemocytometer, Neubauer improved (Carl Roth, cat. no. T728.1)

• Sampling valve (Eppendorf, cat. no. 78200077)

• Mohr pinchcock clamp (Carl Roth, cat. no. KY01.1)

• DASGIP Dip Tube Pg 13.5, 220 mm (Eppendorf, cat. no. 76DGDT220)

• Female Luer-lock connector (Carl Roth, cat. no. CT62.1)

• Male Luer-lock plug (Carl Roth, cat. no. CT70.1)

• Silicone tubing, inner diameter (i.d.) 1.0 mm, outer diameter (o.d.) 3.0 mm (Carl 

Roth, cat. no. HC61.1) hose reduction piece (Carl Roth, cat. no. CT46.1)

• Silicone tubing, inner diameter (i.d.) 4.8 mm (Watson-Marlow, cat. no. 

913.A048.024)

• DASbox exhaust system (Eppendorf, cat. no. 76DXOFF)

• DASbox exhaust condenser, Peltier (Eppendorf, cat. no. 76DXCOND)

• Polytetrafluoroethylene (PTFE) membrane inline vent filter; pore size 0.2 μm 

(mdi Membrane Technologies, cat. no. ITFX0801BBXX109)

• EasyFerm Bio PHI K8 120 (Hamilton, cat. no. 243632-1513)
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• OxyFerm FDA 225, 215 mm (Hamilton, cat. no. 237452)

• DASGIP compression fitting, for outer diameter (o.d.) 12 mm, w/Pg 13.5 male 

thread (Eppendorf, cat. no. 76DGCF12)

• DASbox overhead drive (Eppendorf, cat. no. 76DXOHD)

• Impeller: Pitched-Blade Impeller, 8-blade, 60° pitch, stainless steel, O.D. 34 mm, 

I.D. 5 mm (Eppendorf, cat. no. 78100604)

• Holding Sleeve, for 8-blade impeller, stainless steel with set screw, I.D. 8 mm, 

for shaft with O.D. 5 mm (Eppendorf, cat. no. 78100595)

• Sigmacote (Sigma-Aldrich, cat. no. SL2)

Reagent Setup

Minimal iPSC Medium

To prepare 500 ml minimal iPSC medium, add the following supplements to 384 ml 

KnockOut DMEM: 100 ml Knockout Serum Replacement (final concentration 20% vol/

vol), 5 ml L-glutamine (final concentration 2 mM), 5 ml nonessential amino acid (final 

concentration 1% vol/vol), 5 ml Penicillin/Streptomycin (final concentration 1% vol/vol), 

and 1 ml β-mercaptoethanol (final concentration 0.2% vol/vol). Filter the medium using 0.22 

μm Stericup vacuum filtration system. iPSC medium can be stored at 4 °C for up to two 

weeks.

Full iPSC Medium

To prepare full iPSC medium, add bFGF to minimal iPSC medium to give a final 

concentration of 10 ng/ml. Full iPSC medium can be stored at 4 °C for up to 1 week.

CRITICAL To ensure the activity of bFGF over time, avoid repeated warming of the bFGF 

iPSC medium.

MEF Medium

To prepare MEF medium, combine 450 ml DMEM-Low Glucose (1 g/L) with 50 ml 

fetal bovine serum (final concentration 10% vol/vol), 5 ml nonessential amino acid (final 

concentration 1% vol/vol), 5 ml Penicillin/Streptomycin (final concentration 1% vol/vol), 

and 1 ml β-mercaptoethanol (final concentration 0.2% vol/vol). MEF medium can be stored 

at 4 °C for up to two weeks.

CRITICAL If DMEM-Low Glucose medium is not already supplemented with L-

Glutamine, add 5 ml L-glutamine to the final concentration of 2 mM.

Complete X-VIVO 15 Medium

To prepare complete X-VIVO 15 medium, supplement 500 ml X-VIVO 15 medium 

with 5 ml L-glutamine (final concentration 2 mM), 5 ml Penicillin/Streptomycin (final 

concentration 1% vol/vol), and 1 ml β-mercaptoethanol (final concentration 0.2% vol/vol). 

X-VIVO 15 medium can be stored at 4 °C for up to one month.
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Differentiation Medium I

Prepare differentiation medium I by adding M-CSF (final concentration of 50 ng/ml) and 

IL-3 (final concentration of 25 ng/ml).

CRITICAL Add cytokines immediately before use to the volume of medium needed, and do 

not store cytokine-supplemented medium.

Complete RPMI Medium

To prepare complete RPMI medium, supplement 445 ml RPMI 1640 medium with 50 ml 

fetal bovine serum (final concentration 10% vol/vol), and 5 ml Penicillin/Streptomycin (final 

concentration 1% vol/vol). Complete RPMI medium can be stored at 4 °C for up to one 

month. CRITICAL If RPMI 1640 medium is not supplemented with L-Glutamine, add 5 ml 

L-glutamine to the final concentration of 2 mM.

Differentiation Medium II

Prepare differentiation medium II by adding M-CSF (final concentration of 50 ng/ml). 

CRITICAL Add cytokines immediately before use to the volume of medium needed. Do not 

store cytokine-supplemented medium.

Collagenase type IV

To prepare 25000 U/ml stock solution (100×) of collagenase type IV, dissolve 1 g of 

collagenase IV powder in an appropriate volume of Hank’s Balanced Salt Solution (HBSS) 

with Ca2+ and Mg2+. Vortex to ensure it is completely dissolved and filter-sterile the solution 

through a 0.22 μm syringe filter. Divide the stock solution into 1 ml aliquots and store them 

at -20 °C for up to one year. Prepare working solution by diluting the 1 ml stock solution in 

100 ml KO DMEM medium. Aliquot the working solution and store at -20 °C for up to 2 

months.

! CAUTION Collagenase type IV may cause allergy or asthma symptoms or breathing 

difficulties if inhaled. Avoid breathing dust/fume/gas/mist/vapours/spray. Wear personal 

respiratory protection.

Rho-kinase inhibitor (RI) Y-27632

To prepare a 10 mM stock solution (1000×), dissolve 10 mg of Y-27632 powder in 3.12 

ml of pure water. Filter-sterile the solution using a syringe filter, prepare small aliquots and 

store them at -20 °C for up to 3 months. Dilute 10 mM ROCK inhibitor in cell culture 

medium to achieve a final concentration of 10 μM.

CRITICAL avoid repeated freeze-thaw cycles.

! CAUTION Y27632 is toxic. Avoid ingestion, inhalation and skin contact. Wear protective 

gloves and eye protection when you are preparing the stock solution.
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bFGF

Dissolve 100 μg of bFGF in 200 μl Tris HCl 5 mM (pH 7.5) to prepare 500 ng/ml stock 

solution. Dilute 50 μl of stock solution in 1.2 ml of 0.1% bovine serum albumin (BSA) 

solution in PBS to prepare 20 μg/ml working solution (2000×). Aliquots can be stored at -20 

°C for up to 6 months.

CRITICAL Avoid repeated freeze-thaw cycles and thawing aliquot in temperatures above 

room temperature (20–25 °C).

M-CSF and IL-3

To prepare 100 μg/ml stock solution (2000× and 4000×, respectively), dissolve 100 μg 

lyophilized cytokine in 1 ml 0.1% bovine serum albumin (BSA) solution in PBS. Aliquots 

can be store at -20 °C for up to 6 months.

CRITICAL Avoid freeze-thaw cycles. Avoid thawing aliquot in temperatures above room 

temperature (20–25 °C).

Gelatin solution

To prepare gelatin solution (final concentration 0.1% wt/vol), dissolve 0.5 g in 500 ml sterile 

pyrogen-free water. 0.1% gelatin solution can be stored at 4°C for up to 2 months.

Preparation of irradiated Murine Embryonic Fibroblasts (MEFs)

CRITICAL MEF cells can be purchased from different vendors (e.g. Merck, see “biological 

material”) or can be directly isolated from mouse embryos.

1. Thaw the cryovial of frozen non-irradiated MEFs.

2. Seed 0.4- 0.5 × 104 cells/cm 2 in gelatin-coated 15 cm dishes.

3. Place the cells in a 37 °C incubator at 5% CO2.

4. Passage every 3-4 days. To passage, first remove the old medium, then add 4 ml 

trypsin-EDTA, and incubate at 37 °C for 3 min. Stop trypsin reaction by adding 8 

ml MEF medium.

5. Collect cell suspension in a conical tube, and centrifuge the cell suspension at 

300 × g for 5 min at room temperature.

6. Expand cells by plating at a ratio of 1:3- 1:4 on gelatin-coated 15 cm dishes.

7. Continue expanding the cells up to passage 6 by repeating steps 4-6.

8. After expansion, collect all cells in 30 ml of MEF medium in a 50 ml conical 

tube and inactivate MEFs with gamma irradiation at 661,6 keV.

9. Freeze MEFs in appropriately sized aliquots, e.g. as 1 x 106 cells to be used for 

one 6- well tissue culture plate or 3 x 106 cells to be used for three 6-well tissue 

culture plates.

▲ CRITICAL STEP Evaluate each MEF batch to ensure they enable hiPSC to retain 

pluripotency. We recommend testing MEFs provided by other vendors or prepared in house 
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by comparing them with the EmbryoMax ® primary MEFs provided by Merck (Cat. # 

PMEF-CFL-P1)

Seeding irradiated MEFs for iPSC culture

1. Coat 6-well tissue culture plates with pre-warmed 0.1% gelatin solution and 

incubate for at least 20 min at room temperature.

2. For each 6-well tissue culture plate, defrost a vial containing 1 × 106 y-irradiated 

MEFs and resuspend cells in 12 ml of MEF medium.

3. Aspirate gelatin from the 6-well tissue culture plates and distribute cells across 

a 6-well tissue culture plate, (~ 1.6 × 105 cells/well, 2ml medium per well). 

Distribute MEFs evenly with a back/forth and right/left movement of the plate 

and place in a CO2 incubator at 37 °C.

CRITICAL Due to batch-to-batch differences in MEF viability and quality, different seeding 

densities need to be tested to reach the optimal density required for iPSCs maintenance. 

Each batch should be tested before use.

Procedure

Passaging of human iPSCs on murine embryonic fibroblasts (MEFs) TIMING ~ 1 h

CRITICAL Human iPSCs should be passaged when colonies are reaching > 1500 μm 

diameter and the culture is semi-confluent (see Figure 2).

1. 1-2 days before passaging iPSCs, seed γ-irradiated MEFs in 6-well tissue 

culture plates as described in Reagent Setup (“Seeding irradiated MEFs for iPSC 

culture” section). ? TROUBLESHOOTING

2. On day of passage, obtain a 6-well tissue culture plate of semi-confluent iPSC 

culture maintained on MEFs in full iPSC culture medium containing 20% 

Knock-Out Serum Replacement and 10 ng/ml bFGF.? TROUBLESHOOTING

3. Aspirate medium and wash cells once with pre-warmed PBS without Ca2+ and 

Mg2+ (1 ml per well).

4. Aspirate PBS, add 500 μl pre-warmed Collagenase type IV per well and incubate 

at 37°C for 30-40 min.

5. Add 1 ml minimal iPSC medium per well and carefully break down the colonies 

by gentle pipetting up and down 2-3 times using a 1 ml tip to detach the colonies 

as small cell aggregates.

▲ CRITICAL STEP When detaching the colonies, gently pipette the medium a 

max. of 3-4 times to obtain iPSC aggregates of an appropriate size. If colonies do 

not detach completely, transfer the cell suspension into a conical tube, and repeat 

step 5. Alternatively, use autoclaved glass beads (Ø 1.7-2.1 mm) for mechanical 

dissociation. To do this, add sufficient beads to cover approximately half the 

surface of each well. Tap or move the plate slowly until all cells are detached. 

Use a 1 ml tip to collect only the cell suspension. Since the beads are larger than 
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the tip head, they cannot pass through the tip and will remain in the well and 

only colony fragments will be collected. Rinse the beads 1-2 times with PBS 

to collect all colony fragments. Transfer the cell suspension to a conical tube to 

collect colony fragments.

? TROUBLESHOOTING

6. After transferring the cell suspension to a conical tube, centrifuge cell clumps at 

100 x g for 3 min at room temperature.

7. Aspirate the supernatant without disturbing the pellet and carefully resuspend the 

cells in full iPSC medium using a 1 ml tip. Add 1 ml of medium for each well 

detached from a 6-well plate.

8. Gently resuspend cell clumps in the medium using a 1 ml tip to reach a 

homogenous suspension.

▲ CRITICAL STEP Resuspension of the pellet should be performed very 

gently and be limited to prevent further dissociation of the colony fragments 

and generation of single cells.

9. Take the pre-seeded MEFs from the incubator, aspirate the old medium, wash 

with 2 ml pre-warmed PBS/well and add 2 ml full iPSC medium.

10. Add an appropriate volume of homogenously resuspended iPSC to each well, 

distribute the aggregates evenly with a back/forth and right/left movement of the 

plate and place the plate in the incubator at 37 °C, 5% CO2.

▲ CRITICAL STEP For maintenance, passage a semi-confluent iPSC culture 

in a ratio of 1:20 to 1:40. Different splitting ratios may need to be tested for 

individual iPSC lines to reach optimal cell growth and confluency (see Figure 2).

Maintenance of iPSCs on MEFs TIMING 7 days

11 Feed the iPSC culture 1-2 days after seeding. Aspirate old medium, wash the 

cells with 1 ml pre-warmed PBS/well and add 2 ml full iPSC medium.

12 From day 4 onwards change 3-4 ml medium/well every two days and passage 

the iPSC culture every 7 days by following steps 1-10.

▲ CRITICAL STEP Observe the iPSC under a microscope before medium 

change. If differentiation occurs, differentiated colonies should be eliminated 

during maintenance.

Expansion & pre-priming of human iPSC in preparation of macrophage differentiation 
TIMING 9 days 

CRITICAL For small-scale differentiation in 6-well tissue culture plates on an orbital 

shaker, expand iPSC culture in at least 3 wells of a 6-well tissue culture plate to generate 1 

well of primed aggregates within 3 ml culture volume. For large-scale differentiation using 

the bioreactor with a culture volume of 120 ml, expand the iPSC culture to 18 × 6-well 

plates (90 wells, see table 1).
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13 Use a semi-confluent iPSCs maintenance culture, preferably large colonies, and 

expand the iPSC to the required number of plates following steps 1-11.

14 After 5 days of culture, replace the full iPSC medium with minimal iPSC 

medium (3- 4ml/well) to induce a 2D pre-priming. Keep the iPSC culture in 

minimal iPSC medium for an additional 4 days without passaging (total culture 

period 9 days). On day 7 of the total culture period, remove the medium and add 

3-4 ml fresh minimal iPSC medium/well.

▲ CRITICAL STEP The timing of pre-priming may need to be adapted for 

individual iPSC lines and can be initiated between day 3 and 7. Smaller 

colonies or cultures already showing some spontaneous differentiation should 

be kept longer in complete iPSC medium (initiation of pre-priming on day 

5-7), whereas large colonies of 1000-2000 μm and cultures without spontaneous 

differentiations can be subjected to pre-priming between day 3-5.

Preparation of 3D priming cultures TIMING ~ 1-3 h (depending on scale)

15 Obtain semi confluent pre-primed iPSC cultures with large colonies.

▲ CRITICAL STEP The quality of the iPSC colonies is important for the 

generation of primed aggregates. The colonies should be quite large and > 1500 

μm diameter (if necessary cultivation time to obtain these colonies can be up to 

10 days). Note that pre-priming can induce some spontaneous differentiation of 

the colonies.

16 Aspirate old medium and rinse cells with PBS. Add 500 μl pre-warmed 

Collagenase IV per well and place in the incubator at 37 °C for 30-40 min.

17 Add 1 ml minimal iPSC medium per well.

18 Tilt the plate, pipette perpendicular up and down 2-3 times using a 1 ml tip 

until some colonies are detached as cell aggregates. Transfer the suspension to 

a 50 ml conical tube. Repeat gentle pipetting and transfer remaining colony 

fragments into the conical tube until all colonies are detached.

▲ CRITICAL STEP The success in generating high-quality primed aggregates 

highly depends on the size of cell aggregates. Therefore, minimize pipetting 

times and remove colonies fragments from wells to the conical tube directly 

after detachment.

? TROUBLESHOOTING

19 Centrifuge cell clumps at 100 × g for 3 min at room temperature. Aspirate the 

supernatant without disturbing the pellet and carefully resuspend the pellet in 

minimal iPSC medium containing 10μM ROCK inhibitor. Add 4 ml of medium 

for 3 detached wells of a 6-well suspension culture plate.

20 Gently pipette the clumps up and down in a 10 ml serological pipette 1-2 times 

to generate a homogenous suspension. Transfer 4 ml of the cell suspension to 

one well of a 6-well suspension culture plate (three wells of iPSC culture are 

transferred to one well of 3D priming culture, see table 1). When processing a 
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larger number of plates, gently invert the tube during pipetting or gently pipette 

up and down with the serological pipette to remain a homogenous suspension of 

iPSC aggregates.

21 Place the plate on an orbital shaker installed in the 37 °C, 5% CO2 incubator 

(this is day -5, see Figure 1).

▲ CRITICAL STEP The optimal speed of the orbital shaker (shaking throw 

25 mm) is 85 rpm. An incorrect shaker speed can impact the development of 

primed aggregates, moreover higher or lower shaker speed can affect the size of 

primed aggregates. If using another shaker model, the speed has to be adjusted 

carefully.

? TROUBLESHOOTING

Generation of primed aggregates and induction of differentiation TIMING 5 days

22 Observe the plate on day 1 and 2 after transition into suspension culture to check 

aggregates are developing (Figure 3A).

23 Refresh ~70-80% of the medium on day 2 of 3D priming. Carefully tilt the plate 

by 4060°, let the aggregates settle to the edge and remove 3 ml of medium from 

the top of each well using a 1 ml tip. Add 3 ml of minimal iPSC medium or 

ROCK inhibitor to each well.

24 Place the plate back on the orbital shaker installed in the 37 °C, 5% CO2 

incubator. CRITICAL STEP If planning to use a bioreactor, note that assembly 

and preparation of the bioreactor (BOX 1) should be started at least 2 days 

before inoculation of the bioreactor on day 5, i.e. on day 3 of priming.

25 Feed the primed aggregates by refreshing ~80% of the medium on day 4.

▲ CRITICAL STEP When changing medium, tilt the plate by 40-60° to 

accumulate primed aggregates at the edge of the well. Cystic and translucent 

primed aggregates specifically observed towards the end of 3D priming (day 

4-5) require more time to settle down. Do not use the vacuum aspirator to 

remove the old medium as this might result in the loss of aggregates. If the pH 

drops too low (indicated by a change of the medium to yellow color), change the 

medium of the 3D priming culture daily from day 2 onwards.

26 Continue the culture till day 5.

Selection of primed aggregates TIMING ~ 30-60 min

CRITICAL Primed aggregates should be selected and transferred to hematopoietic 

specification after 5 days (day 0, see Figure 1).

27 Prepare Differentiation medium I (3 ml/well for small scale and 120 ml for 

bioreactor scale).

28 Observe quality and quantity of generated, primed aggregates under the 

microscope.
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▲ CRITICAL STEP The majority of primed aggregates should be large (> 

300-500 μm diameter), cystic and translucent at this stage (see Figure 3A). 

Typically, primed aggregates generated in one well of 6-well plate can be 

transferred to a culture volume of 3-6 ml (see table 1).

? TROUBLESHOOTING

29 Transfer all primed aggregates and medium to 15 or 50 ml conical tubes using a 

1 ml tip or 10 ml serological pipette, respectively.

30 Allow the primed aggregates to sediment by gravity for 3-4 min.

31 After sedimentation of the largest primed aggregates, slowly aspirate the 

supernatant using a 10 or 25 ml serological pipette.

▲ CRITICAL STEP Sedimentation by gravity allows separation of larger and 

smaller aggregates. The sedimentation time may need to be adapted depending 

on the size and quality of aggregates. Monitor under the microscope whether any 

large and cystic aggregates remain in the supernatant. If this is the case, increase 

sedimentation time until all big and cystic aggregates settle.

32 Carefully aspirate the remaining supernatant without disturbing sedimented 

aggregates.

Hematopoietic specification TIMING 14 days

33 For hematopoietic specification in small-scale differentiation in 6-well 

suspension plates on an orbital shaker follow option A. If aiming for large-scale 

differentiation in the bioreactor follow option B.

(A) Small scale hematopoietic specification in 6-well suspension plates TIMING ~ 30 min to 
set up cultures and ~14 days of culture

Preparing small scale differentiation cultures

i. Prepare appropriate amount of differentiation medium I (3 ml/differentiation 

well).

ii. Add 2 ml of differentiation medium I to each well of a 6-well suspension plate.

iii. Carefully resuspend selected, primed aggregates in 1 ml Differentiation medium 

I per well using a 5 or 10 ml serological pipette and gently pipette up and down 

using the serological pipette 2-3 times to generate a homogenous suspension.

iv. Add 1 ml of the aggregate suspension to each well of the differentiation plate 

using a 1 ml tip to achieve a final culture volume of 3 ml/well. To achieve a 

consistent distribution of primed aggregates between the wells, resuspend the 

aggregates in suspension by regular trembling the tube.

v. Place the differentiation plate on the orbital shaker installed in the 37 °C, 5% 

CO2 incubator (this is day 0 of differentiation)

▲ CRITICAL STEP The optimal speed of the orbital shaker (shaking throw 

25mm) is 85 rpm.
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Hematopoietic specification in small scale

vi Refresh ~ 80% of the medium at day 7 of differentiation. Carefully tilt the plate 

by 40-60°, let the developing MCFCs settle to the edge and remove 2.5 ml 

of medium from the top of each well using a 1 ml tip. Add 2.5 ml of fresh 

differentiation medium I to each well.

▲ CRITICAL STEP It is important not to remove the cystic MCFCs during 

the medium change. Therefore, the process should be performed using a 1 ml 

pipette.

(B) Large scale hematopoietic specification in STBR TIMING ~ 1 h to set up cultures (plus 
preparation of the bioreactor) plus ~14 days of culture

Preparing large scale differentiation cultures

i. Assemble and prepare the DASbox Mini bioreactor according to instructions in 

BOX 1 (shown in Figure 4, all ensuring it is clean (cleaning instructions are 

given in BOX 2). Start at least two days before inoculation of the bioreactor as 

the vessel needs to be coated and the DO sensor calibration requires overnight (> 

6 h) sensor polarization.

ii. Prepare 120 ml Differentiation medium I

iii. Pool the selected, primed aggregates from different 50ml tubes and resuspend in 

20 ml Differentiation medium I using a 25 ml serological pipette.

iv. Detach the bioreactor from the bioreactor station and place it under laminar flow. 

Open the bioreactor and hold the head plate in one hand while whilst adding 100 

ml Differentiation medium I with your other hand.

v. Add 20 ml of primed aggregates in suspension from step (ii) into the bioreactor 

vessel.

TROUBLESHOOTING

vi. Place the head plate back on the vessel and screw it tight.

vii. Place the bioreactor vessel into the bioreactor station and connect temperature, 

pH and DO sensors as well as overhead drive, exhaust condenser and overlay gas 

supply. Start stirring (50 rpm, up-flow [counter clockwise with the here described 

impeller]), overlay gassing (3 sl/h with 21% O2 and 5% CO2), heating (37 °C) as 

well as on-line recording of temperature, pH and DO in the software.

▲ CRITICAL STEP Make sure the temperature sensor is connected before 

starting temperature control to exclude system overheating.

TROUBLESHOOTING

Hematopoietic specification in STBR

viii After 7 days of culture, stop temperature control, stirring and gassing, detach the 

bioreactor from the bioreactor station and place it under the laminar flow.
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ix Let the primed aggregates settle for 3 minutes

x Open the bioreactor and hold the head plate in one hand while with the other 

remove 100 ml supernatant using a 50 ml serological pipette. About 20mL 

medium with MCFCs will remain in the bioreactor vessel.

xi Carefully add 100 ml of differentiation medium I to the bioreactor

xii Place the head plate back on the vessel and screw it tight.

xiii Place the bioreactor vessel into the bioreactor station and connect temperature, 

pH and DO sensors as well as overhead drive, exhaust condenser and overlay 

gas supply. Restart temperature control, stirring and gassing.

Macrophage production TIMING 7 days (per harvest)

34 For macrophage production in small-scale differentiation in 6-well suspension 

plates on an orbital shaker follow option A. If aiming for large-scale 

differentiation in the bioreactor follow option B.

(A) Harvest of iPSC-derived macrophages from 6-well suspension plates (continuously 
every 7 days) TIMING ~ 1 hour

i. Prepare the required amount of Differentiation medium I (2.5 ml/well).

ii. Remove the differentiation plate from the incubator and monitor the plate under 

the microscope for macrophage production (Figure 5).

iii. Create short, circular motions in the plate to accumulate all MCFCs in the 

middle of the well.

iv. Slowly tilt the plate by 40-60°, and let the MCFCs to settle to the edge of the 

well.

v. Carefully collect the 2.5 ml medium including iPSC-Mac from the top of the 

well using 1 ml tip. Pass the cells through a 70 μm cell strainer, and collect them 

in a conical tube.

vi. Centrifuge iPSC-Mac at 300 × g for 5 min at room temperature.

vii. Resuspend iPSC-Mac in PBS (0.5 ml/well) and count the cells using a 

hemocytometer and TrypanBlue live/dead staining

TROUBLESHOOTING

(B) Harvest of iPSC-derived macrophages from STBR (continuously every 7 days) TIMING 
~ 1hour

▲ CRITICAL STEP Monitor macrophage production (Figure 5) before detaching the 

bioreactor as described in BOX 3.

i. After 4 days of macrophage production culture, control the pH value of the 

bioreactor. If the pH has dropped to 6.7 or lower, please follow steps ii.-v. If the 

pH is >6.7, continue with step vi.
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ii. Stop temperature control, stirring and gassing, detach the bioreactor from the 

bioreactor station and place it under the laminar flow.

iii. Open the bioreactor and hold the head plate in one hand while with the other add 

additional 30 ml Differentiation medium I.

iv. Place the head plate back on the vessel and screw it tight.

v. Place the bioreactor vessel into the bioreactor station and connect temperature, 

pH and DO sensors as well as overhead drive, exhaust condenser and overlay gas 

supply. Restart temperature control, stirring and gassing.

vi. After 7 days, stop temperature control, stirring and gassing, detach the bioreactor 

from the bioreactor station and place it under the laminar flow.

vii. Let the MCFCs settle for 3 minutes.

viii. Open the bioreactor and hold the head plate in one hand while with the other 

pipet 130 ml of the medium containing iPSC-Mac through a 70 μm cell strainer 

into three 50 ml conical tubes. About 20 mL medium with MCFCs will remain in 

the bioreactor vessel.

▲ CRITICAL STEP If no additional medium was added on day 4, only remove 

100 ml medium from the bioreactor.

ix. Invert the strainer and flush remaining MCFCs with 25 ml fresh Differentiation 

medium I back into the bioreactor. Carefully add 75 ml Differentiation medium I 

to the vessel.

x. Place the head plate back on the vessel and screw it tight.

xi. Place the bioreactor vessel into the bioreactor station and connect temperature, 

pH and DO sensors as well as overhead drive, exhaust condenser and overlay gas 

supply. Restart temperature control, stirring and gassing.

xii. Centrifuge iPSC-Mac at 300 × g for 5 min at room temperature.

xiii. Resuspend iPSC-Mac in 10 ml PBS and count the cells using a hemocytometer 

and TrypanBlue live/dead staining

TROUBLESHOOTING

OPTIONAL: Terminal Differentiation of Macrophage TIMING ~ 7 days

CRITICAL For further maturation/maintenance of macrophages, freshly harvested iPSC-

derived macrophages can be cultured in differentiation medium II for up to 7 days.

35 Prepare the required amount of Differentiation medium II (1 ml/ 0.5×106 cells).

36 Centrifuge the desired quantity of iPSC-Mac derived from step 34 A vii. or 34 B 

xiii. at 300 × g for 5 min at room temperature.
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37 Resuspend the cells in Differentiation medium II (1 ml/0.5×106 cells), and seed 

5 × 105 cells/ cm 2 of a tissue culture plate (1.25×106/well of a 6-well plate), and 

place in a CO2 incubator at 37 °C.

▲ CRITICAL STEP Macrophages should attach to plate within 24 hours after 

seeding.

38 Feed the cells with fresh Differentiation medium II 4 days after seeding. 

Carefully remove the old medium and add 2.5 ml fresh Differentiation medium 

II. Matured iPSC-Mac are ready for use in further experiments after 4-7 days.

Timing

Passaging of iPSCs on murine embryonic fibroblasts (MEFs) (steps 1-10) TIMING ~ 1 h 

Maintenance of iPSCs on MEFs (steps 11-12) TIMING 7 days

Expansion & pre-priming of iPSC in preparation of macrophage differentiation (steps 13-14) 

TIMING 9 days

Preparation of 3D priming cultures TIMING ~ 1-3 h (steps 15-21) (depending on scale) 

Generation of primed aggregates and induction of differentiation (steps 22-26) TIMING 5 

days Selection of primed aggregates (steps 27-32)TIMING ~ 30-60 min

Hematopoietic specification (step 33) TIMING 14 days

(A) Small scale hematopoietic specification in 6-well suspension plates TIMING ~ 

30 min to set up cultures and ~14 days of culture

(B) Large scale hematopoietic specification in STBR TIMING ~ 1 h to set up 

cultures (plus preparation of the bioreactor) plus ~14 days of culture

Macrophage production (step 34) TIMING 7 days

(A) Harvest of iPSC-derived macrophages from 6-well suspension plates 

(continuously every 7 days) TIMING ~ 1 hour

(B) Harvest of iPSC-derived macrophages from STBR (continuously every 7 days) 

TIMING ~ 1hour

OPTIONAL: Terminal Differentiation of Macrophage (steps 35-38) TIMING ~ 7 days

BOX 1 | Preparation of the bioreactor TIMING 5 h (plus overnight vessel coating plus 

overnight DO sensor polarization)

BOX 2 | Cleaning of the bioreactor TIMING 1 h (plus overnight incubation)

BOX 3 | Sampling from the stirred tank bioreactor TIMING 30min

BOX 4 | Quality control of iPSC-derived macrophages by flow cytometry TIMING 3 h

BOX 5 | Evaluating the phagocytosis potential of iPSC-derived macrophages TIMING 6 h
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TROUBLESHOOTING

Troubleshooting advice can be found in Table 2. General guidance on issues related to 

setting-up the bioreactor system were described before 30 . More specific issues specifically 

related to the generation of iPSC-Mac in the STBR platform are outlined in Table 2 below.

Anticipated results

To perform macrophage differentiation in suspension culture, as a first step primed 

aggregates are generated by cultivating fragmented iPSC colonies in a 6-well suspension 

plate placed on an orbital shaker. After 24 hours, the fragments should have formed 

aggregates of different sizes. After 5 days in 3D priming culture, large (~300-500 μm 

diameter) primed aggregates comprising some cystic structures and appearing translucent 

should have formed (Figure 3A). If the primed aggregates do not show the desired size 

distribution and morphology, respective trouble shooting measures outlined in table 2 should 

be followed. While the translucent morphology with some cystic structures within the 

aggregate is an important quality criterion at this stage, the formation of some budding 

cystic structures is optional here and can also happen later during the hematopoietic 

specification phase. During the subsequent hematopoietic specification period, primed 

aggregates typically become more cystic (including some budding cystic structures) and 

develop into MCFCs (Figure 5). Between day 14 and day 21, we have observed that 

most iPSC lines tested by us start to produce iPSC-Mac, which appear as large round 

cells (approx. 20 μm diameter) under the microscope (Figure 5). Typically, upon the first 

medium change (day 7/week 1), only low numbers of iPSC-Mac are present (Figure 6A). 

However, during subsequent weekly harvests, one well of a 6-well suspension plate typically 

yields ~0.4-1 × 106 iPSC-Mac/week and the bioreactor platform at 120 ml culture scale 

typically generates approximately 10-40 × 106 iPSC-Mac/week (Figure 6A) when operating 

at optimal conditions. Once initiated, the production phase typically extends for up to 

three months. Although we did not observe a reduced cell quality when the quantity of 

the production drops, we typically discontinue the cultures when the macrophage yield 

drops below 10 × 106 in the bioreactor platform or below 300,000 for the 6-well culture. 

Generated iPSC-Mac should be large cells (diameter approx. 20 um) with vacuoles and 

some filopodia visible on microscopic evaluation. Furthermore, cytospin preparations can 

confirm typical macrophage morphology such as a large cytoplasm filled with vacuoles 

(Figure 5). Flow cytometry should be used to more specifically investigate the macrophage 

identity and functionality. If the protocol is implemented correctly, an iPSC-Mac population 

harvested from our protocol should comprise >90% CD45+ and CD11b+ and >80% CD14+ 

and CD163+ cells after the correct pre-gating for viable cells (see Figure 7 and BOX 4). 

More than 80% of the analyzed cells should demonstrate efficient phagocytosis of pHrodo™ 

BioParticles (see Figure 8 and BOX 5). Live cell imaging can be applied as an alternative 

strategy to study the rate of phagocytosis 56,57 .

We did not observe differences in these quality criteria for iPSC-Mac generated by the 

two production platforms described here. Moreover, the expression pattern of the described 

surface markers as well the functional features of iPSC-Mac should remain stable and 

essentially unchanged across the entire harvest period i.e. for up to 3 months.
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Box 1

Preparation of the bioreactor • TIMING 5 h (plus overnight vessel coating 
plus overnight DO sensor polarization)

Vessel coating

1 Make sure that the glass vessel as well as the installations are completely 

clean and dry. (If not follow cleaning instructions in BOX 2).

2 Siliconize the bioreactor glass vessel under the flow hood by repeatedly 

pipetting 1 mL of Sigmacote solution to the sides and bottom of the vessel 

until no solution is left. Keep the vessel at RT overnight.

3 On the next day: Rinse the bioreactor vessel thoroughly with water to remove 

any residues of Sigmacote.

! CAUTION Sigmacote is harmful if swallowed or inhaled. Wear protective 

gloves and work under the fume or flow hood.

▲ CRITICAL STEP Non-coated areas of the inner vessel wall could cause 

unwanted attachment of cells.

Head plate configuration (shown in Figure 4C)

4 To enable sampling without process interruption, add a piece of silicone 

tubing (i.d. 1.0 mm) with a Mohr pinchcock clamp, a female Luer-Lock 

connector and a Luer-Lock sampling valve to the sample port. Fix 

connections with cable ties.

5 Exhaust and inlet air filter by first adding a piece of silicone tubing (i.d. 4.8 

mm) with a vent filter to the exit port of the exhaust gas line. Assemble a 

piece of small silicone tubing (i.d. 1.0 mm) with a piece of larger silicone 

tubing (i.d. 4.8 mm) with the help of a hose reduction piece. Attach a vent 

filter to the larger tube and connect everything to the headspace gassing port 

(for overlay gassing), Fix connections with cable ties; make sure that the 

filters are free.

Impeller installation

6 Make sure that the impeller is completely clean.

7 Mount the impeller (8-blade impeller, 60° pitch) on the lowest position of 

the impeller shaft and tighten with the help of the holding sleeve (shown in 

Figure 4B and 4D). Make sure that the impeller is properly fixed to prevent 

damage to sensors.

pH sensor calibration

8 Remove pH sensor from storage solution and check that the pH sensor’s 

diaphragm is undamaged.

9 Attach the probe to the cable of the bioreactor station.
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10 Rinse the sensor with pure water and carefully dry with a tissue without 

rubbing at the diaphragm. Place the pH and temperature sensor into pH 7.00 

calibration buffer. Make sure that the pH sensor diaphragm is completely 

submerged.

11 Wait until the pH reading is stable, and reset the calibration offset value at the 

bioreactor control unit. The raw offset value should be 0+/-25 mV.

12 Repeat steps 10 - 11 with a pH 4.01 calibration buffer. Wait until the pH 

reading is stable, and calibrate the slope value.

▲ CRITICAL STEP pH measurement is temperature dependent, therefore 

correct temperature measurement is necessary. To ensure correct calibration, 

use fresh buffers. For high precision of pH measurement recalibrate pH 

sensors by additional offline measurement.

? TROUBLESHOOTING

Bioreactor sterilization

13 Cover the bottom of the vessel with pure water to prevent pH probes drying 

out during steam autoclaving.

14 Make sure that all O-rings (underside of the head plate, pH and DO probe) 

are undamaged

15 Screw the bioreactor’s head plate onto the coated vessel. At this point, make 

sure that the assembled bioreactor looks like Figure 4A.

16 Check whether the membrane of the DO sensor is clean and undamaged.

17 Screw sensors into the respective head space ports and cover their plugs with 

caps.

▲ CRITICAL STEP The DO probe is not directly screwed into the head 

plate but rather fixed with the DASGIP compression fitting. When attaching 

the DO probe, the lowest point of the probe should end slightly above the 

impeller to ensure a more homogenous aggregation. If the probe is too low, 

the impeller can be damaged by the probe (shown in Figure 4D).

18 Wrap vent filters with aluminium to protect from humidity. Close silicone 

tubing of sampling port with the Mohr pinchcock clamp.

19 Autoclave bioreactor for 20 min at 120 °C.

20 Place sterilized bioreactor under the laminar flow and fill vessel with 100 ml 

PBS.

▲ CRITICAL STEP Bioreactor should be filled with medium or PBS as 

soon as possible to avoid draining of the pH sensor’s diaphragm.

21 Place the bioreactor vessel into the bioreactor station and connect to the 

overhead drive, exhaust condenser and temperature sensor.

Dissolved oxygen sensor calibration
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22 Connect gas supply of the bioreactor station with the inlet filter and start 

overlay gassing with 21% O2 (and 5% CO2, only necessary when calibration 

is conducted in culture medium). Start stirring and temperature control at 

process conditions (stirring at 50 rpm, 37 °C). Attach the probe to the cable 

of the bioreactor station and polarize the sensor for at least 6 h or overnight.

23 Perform a one-point slope calibration at 100% DO. The slope is expected to 

be between 85% - 105%.

▲ CRITICAL STEP For highly accurate DO measurement, additionally 

apply gassing with pure N2 until the PBS is saturated followed by zero point 

calibration.

? TROUBLESHOOTING
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Box 2

Cleaning of the bioreactor

• TIMING 1 h (plus overnight incubation)

1 Disconnect bioreactor from the bioreactor station.

2 Fill the bioreactor vessel with 250 ml of Terg-a-zyme® enzyme detergent 

solution and close the vessel via the head plate to place the impeller and the 

inner installations into the disinfectant solution. Place the bioreactor in the 

bioreactor station again and connect the overhead stirrer and the temperature 

probe. Set the temperature to 37 °C and the stirring rate to 150 rpm. Discard 

the disinfectant solution afterwards.

3 Rinse the sample option tubing thoroughly with enzyme detergent solution 

and incubate for 24 h.

4 Wash and rinse three times with pure water after incubation.

5 Unscrew DO and pH sensors off the head plate. Place pH sensor back into the 

storage solution.

6 Rinse the bioreactor vessel and inner installations with 70% ethanol.

7 Repeat steps 4| + 6| twice. Ultimately wash the bioreactor vessel and inner 

installations thoroughly with pure water and pat dry.

▲ CRITICAL STEP Visually check that the bioreactor’s vessel, inner 

installations and tubing are free of any culture or cleaning residues after 

these cleaning steps.
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Box 3

Sampling from the bioreactor

• TIMING 30 min.

This enables sampling via the self-sealing sample valve from the bioreactor without 

interrupting the process:

1 Remove the cap from the valve and spray with 70% ethanol.

2 Connect a sterile Luer-Lock syringe to the valve (shown in the images 

below), create an under pressure and open the Mohr pinchcock clamp of 

the sampling tube. Carefully draw up ~1.0 ml culture into the syringe as 

clearance volume. Close the clamp before unplugging the syringe and discard 

the clearance volume.

3 Connect a second sterile Luer-Lock syringe to the valve and draw in ~2.5 ml 

culture suspension as described in (step 2). Transfer the sample into one well 

of a 6-well plate.

4 Spray the valve with 70% ethanol and cover the sampling valve with the cap.

Sampling from the bioreactor
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Box 4

I Quality control of iPSC-derived macrophages by flow cytometry • TIMING 
3 h

Additional Materials Required

• Antibodies (see Table 3 for antibodies we have successfully used).

• Flow Cytometer, Cytoflex S V4-B4-R3-12 (Beckman Coulter Life sciences, 

cat. no. C01161)

• FACS buffer: Add 10 ml FBS (final concentration 2% vol/vol), and 1 ml 

EDTA (1 mM) to 500 ml PBS and store at 4 °C. FACS buffer can be stored at 

4 °C for up to 2 months

Procedure

1 Transfer 1 × 105 iPSC-Mac into three 15 ml conical tubes and centrifuge at 

300 × g for 5 min at room temperature.

2 Resuspend each cell pellet in 100 μl cold FACS buffer.

PAUSE POINT: Cells can be kept on ice for up to 2 hours before staining.

3 Add 1 μl of fc blocking Ab to the cell suspension and incubate for 20 min at 

4 °C.

4 Add 1-2 μl of appropriate antibodies, as indicated in the table below, to the 

tubes and incubate for 30-45 min at 4 °C in the dark. Table 3 contains details 

of the antibodies we have successfully used.

Tube Condition Antibodies

1 unstained None

2 isotype IgG1 κ-eF450, IgG1 κ-FITC, IgG1 κ-APC, IgG1 κ-PE-Cy7, 
IgM-PE

3 stained CD45-eF450, CD14 FITC, CD163-APC, CD11b PE-Cy7, 
TRA-1-60-PE

5 Add 1ml FACS buffer per sample, centrifuge at 300 × g for 5 min at 4 °C and 

resuspend the pellet in 100-200 μl FACS buffer.

PAUSE POINT: Cells can be kept on ice or at 4 °C in the dark for up to 3 

hours before measurement.

6 Analyze the samples using a suitable flow cytometer (e.g., Cytoflex, 

Beckman Coulter or LSRII BD Bioscience). FlowJo (TreeStar) can be used 

for further analysis.

CRITICAL: As spillover of the fluorochromes is expected, prepare single stained 

controls for each antibody using either iPSC-Mac or compensation beads (e.g. OneComp 

eBeads™ Compensation Beads, ThermoFisher) and apply proper compensation.
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Box 5

I Evaluating the phagocytosis potential of iPSC-derived macrophages • 
TIMING 7-9 h

Additional Materials required

pHrodo™ Red E. coli BioParticles™ (TermoFisher Scientific, cat. no. P35361)

Procedure

1. Prepare pHrodo™ Red E. coli BioParticles™ (TermoFisher Scientific) 

according to the manufacturer’s instructions. Pipette 2 ml of Phenol red-free 

RPMI 1640 medium and 40 μl of HEPES into the vial containing lyophilized 

pHrodo™ Red E. coli BioParticles™. Resuspend by using a sonicator or 

alternatively vortex the solution for 5 min at maximum speed.

PAUSEPOINT The solution can be kept in light-protected condition in a 4 °C 

fridge for up to six months.

2. Seed 1-2 × 105 iPSC-Mac into 2 wells of two 24-well plate in 500 μl 

complete RPMI 1640 medium. Allow the cells to settle and adhere to the 

plate for at least 4 hours in a cell culture incubator with 5% CO2 at 37 °C.

PAUSE POINT: Cells can be cultured for up to 3 days before analysis.

CRITICAL STEP: Two 24-well plates are required as the control plate will be 

incubated at 4 °C.

3. After the cells have adhered, remove the culture medium. Replace the culture 

medium with 500 μl complete phenol-red free RPMI 1640 medium.

4. Pre-cool the cells allocated to 4 °C in a fridge.

5. Add 10 μl of the prepared pHrodo™ BioParticles®suspension to each 

experimental well.

6. Protect the plate from light and centrifuge the bioparticles on top of cells at 

500xg for

3 min.

7. Place the plates in a 37 °C incubator or 4 °C fridge for 2-4 hours.

8. Detect the phagocytic cells via flow cytometry or fluorescent microscopy 

after 4 hours.
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Editorial summary

iPSC-derived macrophages (iPSC-Mac) are mass-produced in a scalable suspension 

culture on an orbital shaker or in a stirred-tank bioreactor, and can be harvested at weekly 

intervals for several months.
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Tweet

Mass production of iPSC-derived #macrophages in bioreactors, enabling innovative 

immunotherapies @natureprotocols
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Cover teaser

iPSC-derived macrophage production
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Figure 1. Schematic representation of the differentiation platform.
Human iPSC are expanded in 2D adherent cultures using DMEM+KSR+bFGF (“Full iPSC 

medium”), followed by a 2D priming phase in DMEM+KSR (“minimal iPSC medium), 

both performed on murine embryonic fibroblasts (MEFs) without intermediate passaging. 

Subsequently, fragmented colonies are transferred to 3D suspension culture in a 6-well plate 

on an orbital shaker for 3D priming in minimal iPSC medium. After 5 days, the largest 

primed aggregates are selected by defined sedimentation and transferred (A) to a new 6-well 

suspension culture plate and maintained on the orbital shaker in a culture volume of 3 

ml/well or (B) to a stirred tank bioreactor in a culture volume of 120 ml. By cultivation of 

primed aggregates in X-VIVO15 medium supplemented with IL-3 and M-CSF for 14 days 

(Hematopoietic specification) myeloid cell forming complexes (MCFCs) develop. From day 

14 onwards, iPSC-derived macrophages can be harvested in parallel to the medium change, 

while MCFCs remain in the process. Abbreviations: iPSC: Induced pluripotent stem cell, 

DMEM: Dulbecco’s Modified Eagle’s Medium, KSR: Knock our serum replacement, bFGF: 

basic fibroblast growth factor, IL-3: Interleukin 3, M-CSF: Macrophage colony stimulating 

factor. Scale bars: 2000 μm/ magnification 6.1x and 500 μm, magnification 40x.
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Figure 2. Morphology of human iPSCs in 2D culture.
hCD34iPSC16 were maintained on murine embyonic fibroblasts. Pictures were taken after 

7 days in culture. Scale bars: left: 2000 μm, magnification 6.1x and right: 200 μm, 

magnification 40x.
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Figure 3. Morphology of primed aggregates.
(A) Colony fragments of hCD34iPSC16 (left picture, day -5) were cultured in 6-well 

suspension culture plate on an orbital shaker in priming medium for 5 days. White error 

heads indicate primed aggregates with optimal morphology which is defined by a size of 

> 300-500 μm diameter, the presence of some cystic structures within the aggregates and a 

translucent appearance (middle picture, day 0). The largest primed aggregates were selected 

by defined sedimentation. Upper image shows larger, positively selected primed aggregates; 

lower image shows smaller, negatively selected aggregates. Scale bar: 200 μm, magnification 

40x. (B) Primed aggregates with sub-optimal morphology appearing round and dense. Scale 

bar 200 μm, 40x magnification and 100 μm, 100x magnification.
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Figure 4. Photography of the assembled bioreactor (related to BOX1)
(A) Assembled Bioreactor. (B) Bottom view of the bioreactor. Positioning of the Impeller 

at the lowest position of the impeller shaft. (C) Headplate configuration with pH and DO 

probes. (D) Side view of the headplate configuration to highlight the positioning of the DO 

probe
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Figure 5. Production of iPSC-derived macrophages by myeloid cell forming complexes (MCFCs).
From left to right: Bright field microscopy of MCFCs producing iPSC-Mac in 6-well plates 

(upper row) and the bioreactor platform (lower row) (Scale bar: 500 μm (magnification 40x) 

and 100 μm (magnification 100x)). May-Grünwald-Giemsa stained cytospin preparations of 

generated iPSC-Mac (Scale bar: 50 μm, magnification 200x).
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Figure 6. Harvest efficiency and process monitoring of the STBR production platform.
(A) iPSC-Mac production efficiencies of three independent bioreactor runs over a period of 

up to 11 weeks (individual values, mean +/- SD, n=3). (B) Data from one continuous process 

monitoring (temperature, pH, and dissolved oxygen (DO) level) for the entire cultivation 

phase of one 77-day bioreactor run.

Ackermann et al. Page 45

Nat Protoc. Author manuscript; available in PMC 2022 August 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 7. Analysis of iPSC-derived macrophages by flow cytometry (related to BOX 4).
Representative gating strategy for the analysis of iPSC-Mac freshly harvested from the 

bioreactor by flow cytometry. Pre-gating on viable cells by FSC/SSC properties was 

followed by a single-cell gating step (SSC-A vs. SSC-H). Subsequently, expression of 

CD45, CD11b, CD14 and CD163 was analyzed. Grey histograms represent unstained 

controls (30.056 cells analyzed), blue lines respective surface marker staining (33.799 cells 

analyzed). Flow cytometry was performed with a Cytoflex S (Beckman Coulter) and data 

was analyzed using FlowJo (BD Bioscience). Underlying flow cytometry data sets can be 

accessed under http://flowrepository.org/, Repository IDs: FR-FCM-Z4WE)
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Figure 8. Phagocytosis of bioparticles by iPSC-derived macrophages (related to BOX 5).
To evaluate the functionality of iPSC-Mac, cells were incubated with pHrodo™ Red E. coli 
BioParticles™ for 4 hours at 4 or 37 °C. (A) Flow cytometric analysis. Pre-gating on viable 

cells by FSC/SSC properties was followed by a single-cell gating step (SSC-A vs. SSC-H). 

Untreated iPSC-Mac (grey filled, 143.913 cells), iPSC-Mac incubated with bioparticles at 4 

°C (black line, 100.785 cells) and iPSC-Mac incubated with bioparticles at 37 °C (70.466 

cells) were analyzed. Flow cytometry was performed with a Cytoflex S (Beckman Coulter) 

and data was analyzed using FlowJo (BD Bioscience). Underlying flow cytometry data 

sets can be accessed under http://flowrepository.org/, Repository IDs: FR-FCM-Z4WC). (B) 
Fluorescence microscopy of iPSC-Mac incubated with pHrodo™ Red E. coli BioParticles™ 

at 37 °C (scale bar: 100 μm, magnification 200x).
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Table 1
Specifications for small- and large-scale hematopoietic differentiation

No. of wells iPSC expansion & 2D 
priming No. wells 3D priming No. of wells hem. specification & iPSC-Mac 

production volume (ml)

3 1 1 to 2 3 to 6

18 6 6 to 12 18 to 36

90 30 Bioreactor 90 to 150
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Table 2
Troubleshooting

Step Problem Possible reason Possible solution

iPSC cutivation and expansion

1 Poor quality of MEF cells Poor quality of MEF stock and / 
or MEF culture handling

Test different fetal calf serum (FSC) vendors/ 
batches for good support of MEF culture

Do not expand MEFs for more than 5-6 passages

Make sure tissue culture plates are properly 
coated with gelatin

Purchase or create new MEF stock

2 iPSC colonies lose their well-defined 
edges and start to differentiate

Insufficient bFGF activity Try to increase bFGF concentration to 20 ng/ml, 
or higher, depending on the vendor

Purchase new bFGF stock. Biological activity of 
your bFGF batch can be tested as described 55 

5 Poor detachment of iPSCs colonies 
after treatment with Collagenase IV

Insufficient incubation time 
and/or poor Collagenase IV 
activity

Increase Collagenase IV concentration or 
purchase new stock

Extend incubation time for an additional 20 min

Use glass beads for mechanical dissociation (see 
step 5 description)

3D priming

28 Primed aggregates are too big Improper orbital shaker speed Monitor orbital shaker speed and carefully 
increase the speed depending on the throw of your 
shaker model

Improper volume of culture 
medium during the generation 
of primed aggregates

Do not exceed a maximum of 4 ml medium per 
well of a 6-well plate

Clumping of aggregates during 
priming phase

Mechanically dissociate big clumps on day 1 or 2 
of 3D priming carefully using a 1 ml pipette tip

Primed aggregates are too small Small iPSC colonies Seed iPSC at lower density during passaging 
and increase the time between passages to allow 
colonies to grow larger (>1500 um)

Poorly detachment of iPSC 
colonies from the culture plate

See Step 5 in this table

Too harsh pipetting Pipette gently max. 3-4 times up and down with 
a 1ml pipette tip. If further pipetting is needed to 
detach colonies, use fresh medium

Orbital shaker speed is too high Monitor orbital shaker speed and carefully 
decrease the speed depending on the throw of 
your shaker model

Improper volume of culture 
medium during 3D priming

Do not use less than 3 ml medium per well of a 
6-well plate

Primed aggregates appear round and 
dense (see Figure 3B), and do not show 
the morphology depicted in Figure 3A

Improper differentiation/ 
mesoderm formation

Ensure proper quality of iPSC culture following 
steps 1, 2 and 5 in this table

Reduce bFGF concentration to 5 ng/ml during 
maintenance of your iPSC culture

Prolong iPSC culture in minimal iPSC medium 
(2D priming) before the initiation of 3D priming

Extend 3D priming to 7 days

Add mesoderm priming cytokines (BMP4, SCF, 
VEGF) during the 3D priming to promote 
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Step Problem Possible reason Possible solution

iPSC cutivation and expansion

mesodermal differentiation 33 especially when 
starting with feeder-free cultures

Macrophage Production

34 (A) 
and (B)

No or low Macrophage production Inefficient pre-priming; poor 
quality of MCFC

Follow trouble shooting advise of steps 1 – 27 
listed in this table

Harvested cells contain a large fraction 
of small and CD45+/CD11b+/CD14- /
CD163- cells

Insufficient cytokine 
concentration

Reduce the number of MCFCs/mL

Check origin and quality of your cytokine stocks; 
eventually increase the concertation of cytokines

Inefficient differentiation Include a terminal differentiation step (35-38) to 
further mature myeloid progenitors to iPSC-Mac

Bioreactor process-related issues:

33 and 34 
B

Undesired MCFC sedimentation at 
the bottom of the vessel during the 
process that may induce MCFC fusion 
disrupting production of iPSC-Mac

Improper/ low stirring speed Adapt / increase the stirring speed; typical range 
to be tested: 55 – 65 rpm

Improper/ too high impeller 
positioning

Modify / adjust the position following description 
in BOX 1, step 7, Figure 4B and D

Different impeller type/
geometry used than described 
in BOX 1, step 7

Modify the stirring speed such that the primed 
aggregates / MCFC are properly maintained in 
suspension but without disrupting MCFCs. Range 
to be tested: ~45 – 65 rpm (also depending on 
impeller type used)

MCFC disruption resulting into the 
formation of smaller fragments and loss 
of iPSC-Mac production

Improper/ high stirring speed Adapt / increase the stirring speed; typical range 
to be tested: 45 – 55 rpm

Different impeller type/
geometry used than described 
in BOX 1, step 7

Modify the stirring speed such that the primed 
aggregates / MCFC are properly maintained in 
suspension but without “disrupting” MCFCs. Use 
recommended impeller type/geometry

Decreasing number of MCFCs after 
each harvest

MCFCs do not sediment 
properly

Increase the sedimentation time in step 33 B xiii 
for up to 8 min

MCFCs get stuck in the cell 
strainer

Carefully evaluate the cell strainer for remaining 
MCFCs after flushing, eventually flush again

BOX 1 pH drop below 6.7 between 
independent harvests

Improper density e.g. too many 
MCFCs per culture medium 
volume

Reduce the density of MCFCs e.g., by adding 
additional medium / process volume within the 
bioreactorlimited range of ~120 – 200 ml or by 
removing primed aggregates / MCFCs from the 
process

No (proper) signal of the bioprocess 
sensors for pH and oxygen

Cable of respective sensors not 
tightly connected

Ensure proper connection closely following 
vendors instructions

Contacts of sensors and sensor 
cables might be wet (e.g. in 
consequences to sterilization)

Dry the contacts and reconnect

pH sensor is broken due to 
extended exposure time without 
liquid submersion. Electrolyte 
of the DO sensor depleted after 
autoclaving

Sensor to be replaced, recalibrated and exchange 
under the flow hood

Replace membrane and electrolyte following 
product instructions.
Remember to autoclave the bioreactor again 
before usage
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Table 3
Antibodies

Antigen Conjugated Host Isotype Clone Supplier Cat. no. RRID Dilution factor

CD11b PE-Cy7 Mouse lgG1 k ICRF45 eBioscience 17-0118-42 AB_2016659 1:100

CD14 FITC Mouse lgG1 k 61D3 eBioscience 11-0149-41 AB_10597445 1:50

CD45 eFluor 450 Mouse lgG1 k HI30 eBioscience 48-0459-41 AB_2016610 1:50

CD163 APC Mouse lgG1 k eBioGHI/61 eBioscience 17-1639-41 AB_2573I67 1:100

TRA-1-60 PE Mouse IgM Tra1-60-R Biolegend 330609 AB_1279447 1:100

lgG1 k APC Mouse - P3.6.2.8.1 eBioscience 17-4714-81 AB_763650 1:200

lgG1 k FITC Mouse - P3.6.2.8.1 eBioscience 11-4714-41 AB_10598647 1:50

lgG1 k PE-Cy7 Mouse - P3.6.2.8.1 eBioscience 25-4714-80 AB_6579I4 1:100

lgG1 k eFluor 450 Mouse - P3.6.2.8.1 eBioscience 48-4714-82 AB_1271992 1:100

IgM PE Mouse - MM-30 Biolegend 401611 AB_2892810 1:400
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