
Yan Li, Meimei Liu, Shang-Tian Yang

Yan Li, Department of Chemical and Biomedical Engineering, 
Florida Agricultural and Mechanical University-Florida State 
University College of Engineering, Florida State University, Tal-
lahassee, FL 32310, United States
Meimei Liu, Shang-Tian Yang, William G. Lowrie Department 
of Chemical and Biomolecular Engineering, The Ohio State Uni-
versity, Columbus, OH 43210, United States
Author contributions: Li Y prepared the original draft; Liu M 
contributed to writing and editing some sections in the manu-
script; and Yang ST revised and finalized the manuscript.
Supported by in part by Florida State University start up fund 
and Florida State University Research Foundation GAP award; 
and the partial support from National Science Foundation, No. 
1342192
Correspondence to: Shang-Tian Yang, Professor, William G. 
Lowrie Department of Chemical and Biomolecular Engineering, 
The Ohio State University, 140 West 19th Ave, Columbus, OH 
43210, United States. yang.15@osu.edu
Telephone: +1-614-2926611     Fax: +1-614-2923769 
Received: September 29, 2013  Revised:  November 11, 2013
Accepted: December 9, 2013
Published online: January 26, 2014

Abstract
Human pluripotent stem cells (hPSCs), including human 
embryonic stem cells and human induced pluripotent 
stem cells, are promising sources for hematopoietic 
cells due to their unlimited growth capacity and the 
pluripotency. Dendritic cells (DCs), the unique immune 
cells in the hematopoietic system, can be loaded with 
tumor specific antigen and used as vaccine for cancer 
immunotherapy. While autologous DCs from peripheral 
blood are limited in cell number, hPSC-derived DCs 
provide a novel alternative cell source which has the 
potential for large scale production. This review sum-
marizes recent advances in differentiating hPSCs to DCs 
through the intermediate stage of hematopoietic stem 
cells. Step-wise growth factor induction has been used 
to derive DCs from hPSCs either in suspension culture 

of embryoid bodies (EBs) or in co-culture with stromal 
cells. To fulfill the clinical potential of the DCs derived 
from hPSCs, the bioprocess needs to be scaled up to 
produce a large number of cells economically under 
tight quality control. This requires the development of 
novel bioreactor systems combining guided EB-based 
differentiation with engineered culture environment. 
Hence, recent progress in using bioreactors for hPSC 
lineage-specific differentiation is reviewed. In particular, 
the potential scale up strategies for the multistage DC 
differentiation and the effect of shear stress on hPSC 
differentiation in bioreactors are discussed in detail.
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Core tip: Human embryonic stem cells (hESCs) and 
human induced pluripotent stem cells (hiPSCs) are 
promising sources for hematopoietic cells. This review 
summarizes recent advances in differentiating hESCs 
and hiPSCs to dendritic cells (DCs), which are unique 
immune cells in the hematopoietic system and can be 
loaded with tumor specific antigen and used as vac-
cine for cancer immunotherapy. While autologous DCs 
from peripheral blood are limited in number, human 
PSC (hPSC)-derived DCs provide a novel alternative 
cell source for clinical application. Different strategies 
and effects of shear stress on large-scale production of 
hPSC-derived DCs in bioreactors are also discussed.
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INTRODUCTION
Human pluripotent stem cells (hPSCs), including human 
embryonic stem cells (hESCs) and human induced PSCs 
(hiPSCs), have unlimited self-renewal ability and can give 
rise to all cell types from three germ layers[1-5]. While the 
applications of  hESCs are limited by their origin, hiPSCs 
can be derived from individual patients by reprogram-
ming the somatic cells using pluripotent genes or even 
small molecules[6,7]. The derived patient-specific hiPSCs 
can be indefinitely expanded in culture and differenti-
ated into hematopoietic cells, providing an universal cell 
source for autologous cell replacement without immune 
rejection and the models to recapitulate genetic hema-
tological diseases for pathological studies[8]. Therefore, 
hiPSCs have emerged as a broad platform to develop 
medicines for cell therapy, to establish disease models, 
and to screen compounds for drug discovery, not only 
for research but also for commercialization[9,10].

Various blood components have been generated from 
hPSCs, including red blood cells, platelets, leukocytes, 
natural killer cells, erythroblasts, T cells, and B cells[11-13]. 
Dendritic cells (DCs) are potent antigen presenting cells 
which can be produced as vaccines for cancer immuno-
therapy[14]. Based on the unique ability to mediate immu-
nity, about 200 DC trials have been reported in treating 
various types of  cancer such as lung cancer and breast 
cancer[15]. However, autologous DCs are limited in cell 
number (-108) and subject to large donor-to-donor vari-
ability[16]. In addition, DC defects have been observed in 
circulating peripheral blood mononuclear cells (PBMCs) 
for some cancer patients[17]. DCs derived from hPSCs 
can potentially overcome these drawbacks. An unlim-
ited number of  DCs with little variability can be derived 
from hPSCs, which are independent of  circulating blood. 
Thus, hPSC-derived DCs are especially useful for cancer 
patients who have functional defects in PBMC-derived 
DCs. Functional DCs have been derived from both 
hESCs and hiPSCs recently, providing novel alternative 
sources to autologous DCs[18-20]. Given the unique pro-
liferative capacity, hPSC-based process has the potential 
for mass production of  DCs at a scale of  more than 1010 
cells[9].

For large-scale production, bioreactor provides a 
powerful tool to fulfill the unlimited proliferation capacity 
of  hPSCs to derive hematopoietic cells. Bioreactors not 
only allow the scale up of  the process, but may also regu-
late the differentiation pathway due to the unique hydro-
dynamic environment, especially the presence of  shear 
stress[21,22]. Several types of  bioreactors have been used 
for hPSC expansion and differentiation, including spinner 
flasks, rotating wall vessels, and perfusion bioreactors[23-25]. 
These bioreactors provide a closed and homogenous 
culture environment along with the capability for online 
monitoring and control of  culture parameters that fulfill 
regulatory requirements[26]. For example, spinner flask has 
been tested for hematopoietic differentiation from hESC 
through embryoid body (EB) formation[27]. EBs in sus-
pension bioreactors have more uniform size distribution, 

less agglomeration, and similar percentage of  the differ-
entiated hematopoietic cells compared to static culture. 
To provide cell adhesion surfaces, microcarriers have also 
been applied in hPSC expansion and differentiation due 
to the scale up potential in stirred bioreactors[28].

In this review article, we discuss the potential of  
hPSCs as the cell source to generate DCs [through the 
intermediate stage of  hematopoietic stem cells (HSCs)] 
(Figure 1) and the current progress in DC differentiation 
from hPSCs. The scale up potential of  the differentia-
tion procedure in bioreactors and the potential effect of  
hydrodynamic environment on hPSC differentiation are 
also discussed. Combining the guided biological differ-
entiation following the developmental pathway with the 
engineering principle in scalable bioreactors, the potential 
of  hPSCs in producing DCs to treat cancers can be bet-
ter fulfilled.

WHY AN ALTERNATIVE SOURCE OF 
HEMATOPOIETIC CELLS IS IMPORTANT?
Limitation of autologous HSCs
HSCs are critical sources for various blood cells including 
DCs. Therefore, HSC transplantation of  human leuko-
cyte antigen-matched bone marrow, cord blood, or mo-
bilized peripheral blood CD34+ cells has been the stan-
dard medical treatment for cancer patients to repopulate 
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Figure 1  Schematic comparison between conventional dendritic cell vac-
cine production and human pluripotent stem cell-based dendritic cell C 
vaccine production. Conventional dendritic cell (DC) vaccine production is 
usually from peripheral blood mononuclear cells (PBMCs) in patients. T-flasks, 
Cell Factories or bags are used for DC maturation. From human pluripotent 
stem cells (hPSCs), DC precursors (similar to monocytes isolated from PBMCs) 
can be generated in large scale in bioreactors and then mature into DCs. In 
theory, this approach can generate an unlimited number of DCs. To stimulate 
T cell response, the activated DCs can release cytokines such as interleukin 
(IL)-12 to trigger T helper type 1 (Th1) immune response. DCs are also able 
to capture and process antigens, converting proteins to peptides that are pre-
sented on major histocompatibility complex (MHC) molecules and recognized 
by T cells. The induced Th1 immune response can target on the cancer cells, 
which express tumor-specific antigens.



hematopoietic system. However, current allogeneic HSC 
transplantation is accompanied with high frequency of  
graft-versus-host diseases due to immune response and 
high risk of  infection[8]. Autologous HSC transplantation 
has a lower rate of  immune rejection, but the cells are not 
available for patients with genetic defects. Both allogeneic 
and autologous HSCs from somatic sources are limited 
in cell number, which significantly affects the therapeutic 
outcomes. To avoid transplantation-related mortality due 
to the delayed neutrophil engraftment, a large number of  
HSCs are required for infusion to patients. For example, 
a doubled cord blood unit (3.5 × 107 nucleated cells/kg) 
was applied to increase cell number, which however, did 
not show a significant impact on neutrophil recovery[29]. 
Ex vivo expansion strategies have been extensively studied 
using soluble cytokines, but only 2 to 5-fold increase in 
long-term repopulating cells was achieved and modest 
effect on neutrophil recovery was observed[30]. New ap-
proaches are being explored to provide niche factors that 
target on molecular pathways such as Notch or Wnt but 
still resulted in limited long-term engraftment[29,31]. Be-
sides repopulating bone marrow, HSCs have been used to 
produce mature blood cell types such as red blood cells 
and DCs for transfusion or immune therapy[14,32]. Howev-
er, the number of  mature blood cells needed is enormous 
and current cell expansion technology is not efficient or 
economical. For example, for DC therapy, which requires 
a cell number of  108 per patient, the cost of  generating 
sufficient PBMC-derived DCs for each patient is as high 
as $93000[20]. In contrast to the current HSC sources, 
hPSC is an ideal cell source that has the potential to gen-
erate a large number of  immune-compatible hematopoi-
etic cells in a scalable bioreactor system.

Limitation of autologous DC vaccine
Among the mature blood cells, DCs are the most potent 
immune cells for antigen presentation and the only cells 
with the ability to induce a primary immune response in 
resting naïve T lymphocytes[33]. Numerous DC trials have 
been reported, and the trials in cancer immunotherapy 
showed encouraging results[34,35]. One such trial in breast 
cancer was performed in 27 patients with human epider-
mal growth factor receptor 2 (HER2)/neu overexpress-
ing ductal carcinoma. Sensitization of  T-helper cells was 
observed in 22 of  25 patients. In addition, responses of  
anti-HER2/neu peptides were observed up to 52-mo 
post-immunization[34]. Some other DC trials also achieved 
positive outcomes, including the trials using Dendreon’s 
lapuleucel-T[36-38]. These promising results encourage fur-
ther study with multiple doses of  DC vaccines in various 
cancer patients.

DCs for clinical trials can be generated from CD34+ 
cells in bone marrow using granulocyte-macrophage col-
ony stimulating factor (GM-CSF) and tumor necrosis fac-
tor (TNF)-α, or CD14+ monocytes derived from PBMCs 
using GM-CSF and interleukin (IL)-4[14]. Comparison of  
CD34+ cells-derived DCs and monocyte-derived DCs 
from the same patients demonstrated similar morphology 
and performance in mixed lymphocyte reaction (MLR), 

while differences in some surface markers such as CD86 
and human lymphocyte antigen-DR were observed[39]. 
Difference in the capacity to activate CD8+ T cells was 
also reported in these two populations[40]. Because DC 
functions are affected by patient health, cytokine selec-
tion, and isolation procedures, DCs from both sources 
have been used in clinical trials[41]. However, CD34+ cells 
are usually found in small numbers and a longer time 
is needed to generate sufficient DCs (14 d vs 7 d), thus 
monocyte-derived DCs have been used more often in 
clinical trials[42]. Production of  autologous DCs involves 
the purification of  monocytes from PBMCs, generat-
ing immature DCs from monocytes, and differentiating 
immature DCs into mature DCs[42,43]. For clinical use, a 
scalable culture system that meets current Good Manu-
facturing Practices (cGMP) guidelines is required. Such 
large scale closed-systems have been developed based on 
Elutra™ cell separation device and cell culture in Teflon 
bags, which can produce an order of  108 mature DCs[16]. 
This number generally provides one dose for one patient 
and multiple preparations are required for multiple doses. 
Importantly, circulating PBMC-derived DCs from some 
cancer patients have been shown to have poor ability in 
stimulating T cell proliferation and reduced capacity of  
capturing antigens[17]. Both the number limitation and 
DC defects in some cancer patients have motivated the 
demand for an alternative DC source.

hPSCs: a new source for HSCs? 
Hematopoietic differentiation from hPSCs has been in-
vestigated recently[44,45]. Although both hiPSC and hESC 
can be differentiated to hematopoietic cells with compa-
rable efficiency, generating hematopoietic cells from the 
patient-specific iPSCs has the advantage of  immunologic 
compatibility[46]. Methods for hematopoietic differentia-
tion from hPSCs have been performed either by co-
culturing on stromal feeder layers or in the form of  EBs, 
an aggregate-like structure mimicking embryonic devel-
opment[44]. Currently, the most commonly used stromal 
feeder is murine bone marrow stromal line OP9, which 
augments the hematopoiesis by promoting the survival 
of  hematopoietic precursors and progenitors[47]. It has 
been suggested that mKirre, Notch ligand, or other un-
identified factors may contribute to the observed effects 
of  OP9 in hPSC differentiation[48]. However, OP9 cells 
cannot be used to produce hematopoietic cells for clinical 
application due to their animal origin. EB-based differen-
tiation is more suitable for clinical use due to the absence 
of  murine stroma and the adaptability in suspension 
culture. However, it is difficult to control the differentia-
tion efficiency and the derived cell phenotype for the EB-
based differentiation because of  the heterogeneity of  EB 
size and morphology. Therefore, novel methods that can 
make homogenous EBs such as forced aggregation have 
been developed recently[49].

To date, CD34+ cells generated from hPSCs using the 
existing methods are less clonogenic and less prolifera-
tive than CD34+ cells isolated from somatic sources[44]. 
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enhanced hematopoietic differentiation by activating the 
Nodal/Activin pathway[57]. About 75% of  cells expressed 
DC markers CD86 and CD83, and the derived DCs had 
similar stimulatory function compared to PBMC-DCs. 
This promising protocol serves as the baseline process 
for Geron’s potential product GRNVAC2, i.e., DCs 
derived from hESCs, which is the second generation 
of  DCs following GRNVAC1, i.e., DCs derived from 
PBMC. The four-growth factor (VEGF, SCF, BMP-4, 
and GM-CSF) protocol was also evaluated for DC differ-
entiation from hiPSCs. High-purity DCs (> 70% CD83+ 
cells) were generated, but a subset of  cell population co-
expressed CD141 and XC chemokine receptor 1 (XCR1), 
which was phenotypically different from CD141+ XCR1- 
hESC-derived DCs[58]. The expression of  XCR1 in 
DCs may be better suited to the induction of  antitumor 
responses due to the augmentation of  antigen-driven 
expansion of  CD8+ cytotoxic T lymphocytes[59]. For the 
OP9 co-culture protocol, hESCs were plated onto OP9 
feeder layer to facilitate hematopoietic differentiation and 
about 50% of  DCs was achieved[60]. However, this pro-
tocol only achieved 20% purity of  hiPSC-derived DCs[19]. 
Apparently, the OP9 protocol needs to be improved for 
efficient DC differentiation from hiPSCs.

Functional assessments were performed for hPSC-
derived DCs in comparison with PBMC-derived DCs, 
including specific cytokine secretion, allogeneic T-cell 
response by MLR assay, endocytosis ability, and antigen-
specific T cell response[19,52,55]. For example, hESC-
derived DCs produced similar level of  IL-6 and IL-12p70 
compared to PBMC-derived DCs[52]. Strong allogeneic 
T-cell response and phagocytosis ability were also dem-
onstrated for both hESC-DCs and hiPSC-DCs[19,55]. Hu-
man telomerase reverse transcriptase antigen-specific 
T-cell stimulation was observed with significant IFN-γ 
production which was greater than the response stimu-
lated by PBMC-DCs[52]. Further enhancement of  stimula-
tory function was also demonstrated for hESC-DCs after 
transfection with mRNA encoding IL-12p70[56]. Despite 
these successes, a fully understanding of  the functions of  
hPSC-derived DCs, especially DCs derived from hiPSCs, 

Furthermore, the engraftment capacity of  hPSC-derived 
HSCs was poor compared to cells from somatic source[50]. 
Despite the poor engraftment capacity, the erythroid, 
myeloid, natural killer cells, and DCs from hPSC-derived 
CD34+ cells were qualitatively similar to their somatic 
counterparts[51-53]. It has been suggested that transfusion 
and immune therapy may be the immediate clinical ap-
plications for hPSC-derived HSCs, which require high 
derivation efficiency and a clinical-scale culture system 
suitable for mass production of  these cells[11].

hPSCs: a new source for DC 
DC differentiation from hPSCs: promise and progress
Similar to deriving HSCs, there are two methods for DC 
differentiation from hPSCs: (1) through the formation 
of  EBs in suspension culture; and (2) by co-culture with 
mouse OP9 stromal cell line[54]. The differentiation into 
DCs starts from mesoderm specification induced by 
growth factors including vascular endothelial growth fac-
tor (VEGF) and bone morphogenetic protein (BMP)-4 
(Figure 2)[20,52]. Mesoderm cells further develop into HSCs 
(characterized by HOXB4+ and CD34+ cells) and then 
become common myeloid progenitors (CMPs) (charac-
terized by CD34+ and CD45+ cells). CMPs are differenti-
ated into monocyte-like DC precursors (CD14+, CD11c+) 
indicated by single cells (i.e., DC precursors) released 
from the aggregates. After reaching the DC precursor 
stage, the differentiation procedure is almost identical to 
PBMC-derived DCs.

For hESC-derived DCs based on EB formation, 
only about 25% DCs with low CD83 expression, which 
indicates the relative immature DC stage, were obtained 
from spontaneous differentiation from EBs[18]. A similar 
method was tested in the presence of  BMP-4 to enhance 
mesoderm differentiation[55]. The purity of  DCs was im-
proved to more than 80% CD11c+ cells, but CD83 was 
still less than 50%. A serum-free EB-based protocol was 
assessed using four growth factors including VEGF, stem 
cell factor (SCF), BMP-4, and GM-CSF[52,56]. BMP-4 and 
VEGF are critical growth factors which synergistically 

Figure 2  Schematic differentiation process from human pluripotent stem cells to dendritic cells. The differentiation into dendritic cells (DCs) was initiated 
from mesoderm specification. Then, the cells become hematopoietic stem cells (HSCs) after treatment with growth factors, followed by the stage of more committed 
common myeloid progenitors (CMP). CMP will then become monocyte-like cells as DC precursors. DC precursors will become immature DCs (iDCs), which further dif-
ferentiate into mature DCs (mDCs). Definite markers can be used to identify each stage over the course of differentiation. Bry: Mesoderm marker brachyury; BMP-4: 
Bone morphogenetic protein-4; VEGF: Vascular endothelial growth factor; GM-CSF: Granulocyte-macrophage colony-stimulating factor; SCF: Stem cell factor; IL-4: 
Interleukin 4; IL1-β: Interleukin-1 beta; IFN-γ: Interferon gamma; PGE-2: Prostaglandin E2; TNF-α: Tumor necrosis factor alpha.
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is still required for potential clinical applications.

Scalability of DC differentiation from hPSCs
Compared to the OP9 co-culture system, the EB-based 
protocol (free of  feeder cells) is more suitable for large-
scale production in stirred bioreactors for potential 
clinical applications[61]. Because the DC precursors are 
released from EBs as single cells, the DC precursors are 
also able to be expanded and differentiated in suspension. 
Hence, the process of  DC differentiation from hPSCs 
through EB formation is scalable in bioreactors. Differ-
ent from traditional static tissue culture vessels, hPSCs 
in bioreactors are exposed to dynamic physiochemical 
environments. Especially, the presence of  shear stress af-
fects not only cell growth and viability, but also the cell 
phenotype and lineage commitment[23,62]. Understanding 
the impact of  hydrodynamic environment on hPSC dif-
ferentiation is a critical step to scale up the process for 
producing DCs from hPSCs.

Potential scalable production of 
hPSC-derived DCs in bioreactors
Bioreactors for hPSC-derived cells
Dynamic bioreactors can be used to enhance mass trans-
fer coefficient, alter the kinetics of  receptor-ligand bind-
ing, and control the aggregate collision[21,62,63]. Thus, stem 
cell aggregation, metabolism, and cell phenotype can be 
modulated in the hydrodynamic environment of  bioreac-
tors. Several scalable EB-based culture systems, including 
those for hematopoietic differentiation, have been devel-
oped recently (Table 1)[61]. The initial bioreactor culture 
was performed in slow turning lateral vessel (STLV) for 
spontaneous EB formation[64]. The STLV with a low 
shear stress supported better cell expansion than static 
culture although massive EB agglomeration was ob-
served. Later, STLV was compared with the spinner bio-
reactor, which gave better cell proliferation[65]. Bioreactor 
configuration has also been shown to affect hematopoi-
etic differentiation from PSCs. For example, EB forma-
tion and the subsequent hematopoietic differentiation in 
spinner flasks generated more c-kit+ progenitors while 

more Sca-1+ cells were observed in the STLV, possibly 
due to different hydrodynamic environments in these two 
types of  bioreactors[25]. Pre-formed EBs were also seeded 
in spinner bioreactors for hematopoietic differentiation 
and 5%-6% CD34+ cells were detected[27]. The spinner 
bioreactor was further improved with oxygen control and 
size-controlled cell clumps as the inoculum[66]. In general, 
compared to static cultures, dynamic bioreactors pro-
moted cell expansion with a similar or higher differentia-
tion efficiency. However, the differentiation efficiency is 
still low (< 30%), and needs significant improvements for 
clinical applications. This can be done by using a specific 
lineage differentiation protocol rather than spontaneous 
differentiation.

Recently, microcarriers have been used to support 
hematopoietic differentiation of  hPSCs to improve EB-
forming efficiency[67]. Microcarrier culture provides a high 
surface-to-volume ratio, leading to a high cell density. The 
process is also suitable for scale up in stirred bioreactors. 
The hPSCs grown on DE-53 microcarriers were able to 
form EBs with 10-fold higher efficiency compared to hP-
SCs grown in 2-D cultures[67]. After replating, these EBs 
developed into hemangioblasts which can differentiate 
into hematopoietic and endothelial cells. This system can 
be further developed into a cGMP-compatible scalable 
system to generate blood cells for clinical applications. 
However, there are several challenges for microcarrier 
cultures, including microcarrier clumping, cell damage 
caused by shear stress, and difficult operation for cell-
carrier separation[68].

Microencapsulation of  hPSCs in hydrogel is another 
approach of  suspension culture, which can avoid EB ag-
gregation or microcarrier clumping while protecting cells 
from shear stress[69,70]. Using specific biomaterials such as 
alginate, agarose, and hyaluronic acid, microencapsulation 
can preserve 3D cell-cell and cell-matrix contacts, which 
simulate in vivo stem cell niches for efficient hPSC dif-
ferentiation[70,71]. However, there are some limitations in 
microencapsulation cultures. For example, gas and mass 
diffusion inside the hydrogel could be limited; monitoring 
and observing the culture are difficult; and the additional 
cell releasing process is required[68]. For all these suspen-
sion cultures (i.e., EBs, microcarriers, and microencapsu-

  Bioreactor type PSC line Performance Ref.

  Spinner flask hESC lines: H9 and H1 15-fold expansion in cell number compared to 
4-fold in static culture; 5%-6% CD34+ CD31+ cells

Cameron et al[27]

  RWV Mouse ESC line: R1 Hematopoietic differentiation in RWV generated more Sca-1+ 
cells; while spinner flasks generated more c-kit+ progenitors

Fridley et al[25] 

  Microcarrier-
  based 
  spinner flask

hESC lines: WA01 (H1), WA09 (H9),
HuES3, MA09; hiPSC line: IMR90-1

DE-53 microcarriers were used. EBs were formed 10 times 
more efficiently compared to 2-D culture;

CFUs were similar to static culture

Lu et al[67]

  Perfusion
  bioreactor

Mouse ESC line: D3
Mouse ESC line: CCE

Perfusion promoted hematopoietic differentiation;
Perfusion in 3-D fibrous scaffolds supported 2-3 fold higher 

cell density compared to static culture; comparable CFU percentage

Wolfe et al[77]; 
Li et al[24] 

Table 1  Bioreactor systems for hematopoietic differentiation from pluripotent stem cells

hESC: Human embryonic stem cell; ESC: Embryonic stem cell; EBs: Embryoid bodies; hiPSC: Human induced pluripotent stem cell; RWV: Rotary wall ves-
sel; CFU: Colony-forming units.
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lation), the effect of  shear stress on hPSC differentiation 
needs to be further studied for efficient differentiation in 
bioreactors.

Effects of shear stress in bioreactors
Shear stress is an important parameter that can be used to 
regulate hPSC expansion and differentiation (Table 2)[68,72]. 
During the differentiation of  hPSCs into cardiomyocytes 
or osteoblasts, the PSC aggregates cultured in stirred bio-
reactors preserved the Oct-4 expressing pluripotent cells, 
which were absent in the cell population differentiated in 
static culture[73,74]. It was postulated that shear stress mod-
ulated gene expression through mechano-transduction 
and that the non-canonical Wnt pathway might play an 
important role in bioreactor-induced pluripotency. Me-
chanical strain also suppressed spontaneous differentia-
tion and induced autocrine or paracrine signaling through 
transforming growth factor-β superfamily ligand to 
activate Smad 2/3[75]. However, in both the microcarrier-
based stirred bioreactors and the EB-based rotary orbital 
bioreactors, shear stress in the hydrodynamic environ-
ment was found to promote spontaneous differentia-
tion of  PSCs[63,76]. Perfusion-induced shear stress (1.5-15 
dyne/cm2) was also shown to promote hematopoietic 
differentiation from PSCs by up-regulating fetal liver 
kinase-1 (VEGF receptor) expression[77]. The effect of  
shear stress on fate decision of  hPSCs has not been fully 
understood and requires future investigation.

The shear stress exerted on the cells during initial 
seeding may affect EB-forming efficiency in the dynamic 
culture. For EB formation, a low shear stress could lead 
to inadequate nutrient diffusion and massive EB agglom-
eration, while a high shear stress could lead to the dis-
sociation of  receptor-ligand binding and may also cause 
significant cell death[78]. A few studies tried to avoid direct 
EB formation in spinner bioreactors by seeding pre-
formed EBs[27,65]. However, this approach is not practical 
for large-scale production. The rotary speed (20-60 rpm) 
in a rotary orbital suspension culture has been found to 
affect EB size distribution, where a mild shear stress (< 

2.5 dyne/cm2) led to homogenous EBs[63]. A mild shear 
stress (< 1.5 dyne/cm2) in the spinner flask equipped 
with a pendulum-shape impeller at 40-75 rpm also pro-
duced homogeneous hiPSC aggregates[79]. To minimize 
the initial cell death and EB aggregation, novel agitation 
scheme based on intermittent mixing may also need to  
be applied.

Scale up challenges for producing DCs from hPSCs
DC differentiation from hPSCs, which lasts about 32 
d, has multiple stages of  differentiation with a different 
cocktail of  growth factors at each stage (Figure 2). Spe-
cifically, the differentiation procedure comprises of  EB 
stage and single-cell stage, each requiring a different agi-
tation rate as the EBs and the single cells might have dif-
ferent sensitivities to shear stress. Although hPSC-derived 
EBs have been expanded in bioreactors, the lineage speci-
fication of  DC differentiation from hPSCs in bioreactors 
has not been demonstrated. For conventional production 
of  DC vaccines, isolated monocytes from PBMCs are 
cultured as DC precursors to generate DCs. To integrate 
with monocyte isolation from PBMCs, autologous DC 
production for clinical use is usually performed in large 
T-flasks, roller bottles, and bags[80-82]. The bags are widely 
used because they are easy to be connected with cell 
separation system, enabling DC production in a complete 
closed-system[16,81]. However, to integrate hPSC-DC pre-
cursor culture (single cell stage) with dynamic hPSC-EB 
culture (aggregate stage), stirred spinner bioreactors may 
be required. The concept of  process integration, which 
includes reprogramming, expansion, and differentiation 
in one fully integrated process, has been demonstrated 
for iPSC-derived cardiac cells[83]. For DCs, it would be 
difficult and inconvenient to transfer the EB-derived DC 
precursors from spinner flasks to roller bottles or bags. 
Continuous differentiation of  hPSC-derived DC precur-
sors in the same culture vessel offers obvious advantages 
for large scale production. Due to different sensitivities 
to shear stress at various differentiation stages, different 
agitation programs may be required for day 0-2 (EB for-

  Shear stress Effect on pluripotency Effect on differentiation Ref.

  Agitation in stirred bioreactors Bioreactor-differentiated ESCs retained the 
ability to express pluripotent markers

EBs in bioreactors differentiated 
into cardiomyocytes

Shafa et al[73]

  Agitation in stirred bioreactors 
  (3 dyne/cm2 vs 6 dyne/cm2)

Shear stress maintained certain 
pluripotent markers (e.g., Nanog, Rex-1)

Reduced spontaneous differentiation Gareau et al[72] 

  Agitation in stirred bioreactors A subpopulation of bioreactor-differentiated 
ESCs expressed the pluripotent markers

Differentiation into osteogenic 
and chondrogenic cell types

Taiani et al[74]

  Agitation in stirred bioreactors 
  (glass ball impeller, < 1.52 dyne/cm2)

Homogeneous aggregate size distribution Cells maintained the differentiation 
potential into hematopoietic cells

Wang et al[79]

  Rotary orbital shaking 
  (< 2.5 dyne/cm2)

Shear stress up-regulated genes specific for 
endoderm and mesoderm differentiation

Spontaneous three-germ 
layer differentiation

Sargent et al[63]

  Perfusion flow (1.5-15 dyne/cm2) Shear stress promoted early differentiation of ESCs Shear stress promoted hematopoietic 
and endothelial differentiation

Wolfe et al[77]

  Agitation in microcarrier-based 
  bioreactors

HES-2 line and hiPSC line IMR-90 
were shear sensitive, showing the 

down-regulation of pluripotent markers

Shear stress induced 
spontaneous differentiation

Leung et al[76]

Table 2  Effects of shear stress in bioreactors on pluripotent stem cells expansion and differentiation

ESC: Embryonic stem cell; EBs: Embryoid bodies; hiPSC: Human induced pluripotent stem cell.
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mation stage), day 2-25 (EB culture stage), and day 25-32 
(single cell stage). Therefore, an integrated bioreactor sys-
tem can significantly enhance the process efficiency and 
scalability for hPSC-derived DCs.

Online monitoring the differentiation status of  hPSCs 
is also a crucial element in bioreactor-based DC produc-
tion. Given that hPSC differentiation usually generates 
a heterogeneous cell population, including the residue 
undifferentiated cells that can form tumor in vivo, novel 
reliable technologies for downstream cell separation in 
clinical scale also need to be developed[84]. Establishing 
the correlation of  cell-secreted molecules with the differ-
entiation outcome can facilitate the in-process monitor-
ing. For DC differentiation, DC precursors are released 
from EBs and the frequency of  undifferentiated cells is 
low. More importantly, DCs loaded with tumor-specific 
antigen can be irradiated for vaccine injection, thus there 
is minimal risk of  tumor formation. Instead, cell irradia-
tion will be a part of  the production process and the 
procedure needs to be optimized to better preserve DC 
function.

CONCLUSION
Pluripotent stem cells have emerged as new cell sources 
for HSC-derived mature blood cells, especially DCs. PSC-
derived DCs can overcome the limitations of  autologous 
DCs from cancer patients, including the limited cell 
number and possible functional defects. Although the en-
graftment capacity of  hPSC-derived HSCs has been poor 
compared to cells from somatic sources, mature blood 
cells, including DCs from hPSC-derived CD34+ cells, are 
qualitatively similar to their somatic counterparts. Effi-
cient DC differentiation from hPSCs has been achieved 
through EB formation with high purity. To fulfill the 
potential of  hPSC-derived DCs, large-scale production in 
bioreactors is a critical step toward clinical applications. 
The hydrodynamic environment in bioreactors, especially 
shear stress, is a potent regulator for hPSC expansion and 
differentiation, while the effect of  shear stress on fate de-
cision of  hPSCs has not been fully understood. For DC 
differentiation in bioreactors, an integrated process from 
EB formation to DC maturation will offer significant 
advantages in process efficiency and scalability. However, 
it is challenging to integrate the multiple stages of  DC 
differentiation from hPSCs, which needs a better under-
standing of  the stage-specific responses to the hydrody-
namic environment.
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