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v

     We are very pleased to present this  Atlas on Human Pluripotent Stem Cells —
 Derivation and Culturing , summarizing 12 years of our team’s experience, skill 
and knowledge in the derivation, culture and expansion of human embryonic stem 
cells, and more recently, of human induced pluripotent stem cells. The exploration 
and realization of the incredible potential of these pluripotent stem cells for study-
ing the fundamentals of early human development and organogenesis, for cell-
based therapy and for disease modeling in the dish are a key focus of current 
biomedical research. Although murine embryonic stem cells have been used in 
research for 4 decades, techniques established for their growth have proven less 
amenable for long-term culture, expansion and manipulation of human pluripotent 
stem cells. 

 The culmination of two events has enabled the production of human embryonic 
stem cells: the birth of the fi rst IVF test-tube baby in 1978 (Steptoe and Edwards 
1978) and the discovery in 1981 by Martin (1981) and Evans and Kaufman (1981) of 
mouse embryonic stem cells. Later, development of sequential media in the mid-
1990s enabled the growth of fertilized oocytes to viable blastocysts, from which the 
inner cell mass was extracted and human embryonic stem cells derived. These break-
throughs paved the way to the derivation of the fi rst fi ve human embryonic stem cell 
lines by Thomson et al. in Madison, Wisconsin, 1998 (Thomson et al. 1998). More 
recently, Yamanaka and team enthused the scientifi c community with their publica-
tion on the reprogramming of adult skin fi broblasts into induced pluripotent stem 
cells (Takahashi and Yamanaka, 2006). 

 To realize the full potential of embryonic and induced pluripotent stem cells, 
technologies, and especially those related to stem cell-based therapies, must achieve 
controlled cell growth in defi ned conditions for prolonged time periods, while main-
taining cell stability, i.e., minimal genetic abnormalities, pluripotency and differen-
tiation potential. For stem cell-based therapies and screening, robust production of 
cells in controlled dynamic cultures (bioreactors) is required. To that end, methods 
for expansion of pluripotent stem cells in non-adherent conditions, i.e., in suspen-
sion, are emerging. 

      Preface 



vi Preface

 This atlas provides up-to-date techniques that will be useful to those currently 
active in basic as well as translational research in the fi eld of embryonic and induced 
pluripotent stem cells. It commences with practical aspects of the derivation and 
growth of human embryonic stem cells from inner cell mass blastocyst stage 
embryos. Three chapters in this volume deal with cell culture techniques, presenting 
the protocols and morphology of cells cultured on mouse embryonic fi broblasts and 
on foreskin fi broblasts, and the culturing of cells in feeder-free conditions. Taken 
together, the information provided in these chapters will enable the culture of pluri-
potent stem cells in defi ned conditions that are animal product-free, serum-free and 
feeder-free. The subsequent chapter describes the transformation of cell growth 
from adhesion to non-adhesion cultures, laying the foundation for the development 
of a system for robust therapeutic and industrial modalities. 

 The pluripotency and differentiation potential of human pluripotent stem cells 
are examined and described in the two chapters that focus on the differentiation of 
the cells into embryoid bodies in vitro and teratoma formation in vivo. The differ-
entiation by immunostaining of undifferentiated and early differentiated human 
pluripotent stem cells is demonstrated in the subsequent chapter. Karyotype stability 
of human pluripotent stem cells is sensitive to growth conditions and to the manner 
in which cells are handled. This important issue is discussed in another chapter 
describing the common principles of karyotyping and fl uorescent in situ hybridization 
(FISH) methods as they apply to the fi eld of pluripotent stem cells. 

 Induced pluripotent stem cells attract great interest for their potential in under-
standing the basics of cell reprogramming, personalized medicine and disease 
modeling—a topic that concludes this atlas. In this last chapter the method for the 
derivation of human induced pluripotent stem cells from hair follicle keratinocytes 
is described. 

 We hope that this concise yet comprehensive atlas becomes a reference and an 
encyclopedia for young as well as established researchers, students and other indi-
viduals, involved in the fi eld of stem cells. It is also our hope that the methods, 
descriptions and images provided in this atlas facilitate the realization of the enor-
mous potential of human pluripotent stem cells and shorten the path from the bench 
to the bedside. 

 We are grateful for the generous support of the Technion’s Stem Cell Center by 
the Sohnis and Forman Families. We thank Ilana Laevsky and Atara Novak for their 
valuable contributions. The cooperation and enthusiasm shown by the staff mem-
bers at Springer who were involved in the accomplishment of this project are greatly 
appreciated. Special thanks are extended to all the members of our laboratory who 
contributed during the past decade to the research presented in this book.

Haifa, Israel Michal Amit, PhD
 Joseph Itskovitz-Eldor, MD DSc 
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      Abstract   Human embryonic stem cells (hESCs) are pluripotent cells derived from 
the inner cell mass (ICM) of the developing embryo. They have tremendous poten-
tial for the research of early human development, differentiation processes, and 
teratology, as well as for industrial and clinical purposes, such as drug screening and 
cell-based therapy. Since hESCs were fi rst derived by Thomson and his  colleagues 
in 1998, considerable effort has been invested to improve methods of isolating new 
lines, in defi ned conditions, and to increase success rates. This chapter discusses the 
most commonly used methods for deriving hESC lines, including immunosurgery 
and the whole embryo approach.      

    1.1   Introduction 

 Human embryonic stem cell (hESC) lines, like those from other species, are 
 pluripotent cell lines derived from the inner cell mass (ICM) of the developing 
embryo. Due to their exceptional capability of proliferating indefi nitely as undif-
ferentiated cells when cultured in appropriate conditions, and of sustaining a normal 
karyotype, hESCs may have broad applications for industrial uses; clinical pur-
poses, namely, cell-based therapy; and research of early human development, 
 differentiation mechanisms, and lineage commitment. 

 The fi rst ESC lines were derived from mouse embryos in 1981 (Evans and 
Kaufman  1981 ; Martin  1981  ) . Bongso and colleagues later demonstrated that 
ESC-like cells can be isolated from human embryos. They described the isolation 
of ICM cells from human blastocysts and the culturing of these cells for two pas-
sages, while expressing alkaline phosphate activity and demonstrating ESC-like 
morphology (Bongso et al.  1994  ) . In 1998, Thomson and his colleagues presented 
the fi rst fi ve hESC lines (Thomson et al.  1998  ) . The lack of a source of high-quality 
human blastocysts accounts in large part for the long time lapse between the deri-
vation of ESC lines from mouse embryo and the derivation of human lines using 
basically the same culturing techniques. 

    Chapter 1   
 Methods for the Derivation of Human 
Embryonic Stem Cell Lines       
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 The fi rst successful in vitro fertilization (IVF), based on retrieval of a single 
embryo from an oocyte developed in a spontaneous menstrual cycle, was reported 
in 1978 by the pioneering study of    Steptoe and Edwards  (  1978  ) . The technique of 
controlled ovarian hyperstimulation has since achieved several retrieved oocytes per 
cycle. In addition, the in vitro culturing of human embryos to the blastocyst stage 
has progressed greatly. The main source of human embryos for research purposes 
has thus become surplus IVF embryos (Thomson et al.  1998 ; Reubinoff et al.  2000 ; 
   Amit and Itskovitz  2002 ; Cowan et al.  2004  ) , as well as discarded low-quality 
embryos (Mitalipova et al.  2003 ; Lerou et al.  2008  ) , abnormally fertilized zygotes, 
and discarded genetically abnormal embryos after pre-implantation genetic diagno-
sis (PGD) (Verlinsky et al.  2005 ;    Mateizel et al.  2006 ; Amit and Itskovitz-Eldor, 
unpublished data). Only one documented study used embryos that were produced 
specifi cally for research purposes (Lanzendorf et al.  2001  ) . Examples of human 
blastocyst morphology are illustrated in Fig.  1.1 .  

 Similar to the methods used for the derivation of mouse ESCs, most hESC lines 
have been derived using supporting layers, mainly of mouse embryonic fi broblasts 
(MEFs) (Thomson et al.  1998 ; Reubinoff et al.  2000 ;    Amit and Itskovitz-Eldor  2002 ; 
Cowan et al.  2004 ; Verlinsky et al.  2005  ) . Klimanskaya and his colleagues fi rst reported 
the feeder layer-free isolation of hESC lines. Using serum-free medium and MEF-
produced matrix, they successfully generated six new hESC lines that exhibited ESC 
features after prolonged culture (Klimanskaya et al.  2005  ) . This pioneering study 

  Fig. 1.1    Examples of human blastocyst morphology. ( a ) Five-day-old embryo in which the tro-
phoplast extends through a hole drilled in the zona pellucida (ZP). No inner cell mass (ICM) can 
be recognized. ( b ) Six-day-old pseudo-blastocyst in which the trophoplast extends through a hole 
drilled for pre-implantation genetic diagnosis (PGD). No ICM can be recognized. ( c–f ) Six-day-
old blastocysts with clear ICM. ICM is marked with  white arrows . ( a–c ) Bar 50  m M, ( d–f ) Bar 
30  m M       
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demonstrates the feasibility of feeder layer-free derivation of hESCs. A recent publi-
cation by Ludwig and colleagues reported the derivation of two new hESC lines using 
a defi ned serum-free and animal-free medium, and feeder layer-free culture conditions 
(Ludwig et al.  2006  ) . The matrix used consisted of human collagen, fi bronectin, and 
laminin. The two newly derived cell lines sustained most hESC features after several 
months of continuous culture. However, both lines were reported to harbor karyotype 
abnormalities. It has yet to be determined whether the embryos were originally 
defected or whether the abnormalities detected are due to the method implemented. 

 ESC lines are traditionally isolated from blastocysts using immunosurgery, a 
straightforward method developed by Solter and Knowles during the 1970s for sep-
arating between the trophoectoderm layer and the ICM (Solter and Knowles  1975  ) . 
This achieved, and following removal of the zona pellucida (ZP) (Fig.  1.2 ), the 

  Fig. 1.2    Zona Pellucida removal with Tyrode’s acid. ( a ) Six-day-old embryo with notable ICM 
(marked with  white arrow ) before ZP removal. ( b ) The same embryo after ZP removal. The ICM 
cannot be clearly distinguished. ( c ) Six-day-old blastocysts after ZP removal, with the ICM loca-
tion clearly visible (marked with  white arrow ). ( d ) Six-day-old blastocyst after ZP was removed. 
A residue of the ZP is noted ( black arrow ). The ZP residue might affect the capability of the 
embryo to attach to the feeder layer. The ZP piece should be removed mechanically (enzymes or 
Tyrode’s acid might harm the exposed embryo). ( a ,  b ) Bar 40  m M, ( c ,  d ) Bar 70  m M       
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embryo is exposed to antihuman whole serum antibodies, which attach to any 
human cell. Cell–cell connections within the outer layer of the trophoblast prevent 
penetration of the antibodies into the blastocyst, thus leaving the ICM cells intact. 
Incubation with guinea pig complement-containing medium then lyses all antibody-
marked cells. The intact ICM is further rinsed and cultured with mitotically inacti-
vated MEFs or an alternative feeder layer that supports hESC culture. The ICM can 
also be isolated mechanically by removing the trophectoderm layer, using either 
25–27 gauge    needles or pulled Puster pipettes under a dissecting microscope. As with 
immunosurgery, the isolated ICM is then cultured with a supporting layer. The 
steps of immunosurgery are depicted in Fig.  1.3 . Following immunosurgery, ICM 
cells are cultured and allowed to proliferate, with MEFs serving as supporting layers. 
Although ICM cells can be split using trypsin or other enzymes (Cowan et al.  2004  ) , 
higher survival rates may be achieved from mechanical splitting methods. The mor-
phology of the colonies resulting from ICM growth and mechanical splitting is 
illustrated in Figs.  1.4 – 1.7 .       

 Alternatively, ESC lines can be derived without the removal of the trophectoderm, 
by plating exposed embryos as a whole with a supporting layer, as illustrated in 
Figs.  1.8 – 1.10 . The blastocyst, which is attached to the feeder layer, continues to 
grow with the surrounding trophoblast. When the ICM reaches suffi cient size, it is 
selectively removed and propagated. ICM outgrowth within blastocysts plated 

  Fig. 1.3    Immunosurgery method. ( a ) Exposed embryo during incubation with antihuman whole 
serum antibodies. The ICM location is not clear; the trophectoderm morphology is distinguishable, 
as elongated cells. Bar 60  m M. ( b ) Two exposed embryos during incubation with antibodies; ICM 
is clearly noted ( white arrows ). Bar 30  m M. ( c ) Exposed embryo during incubation with guinea pig 
complement. The blastocoele is still notable. Bar 45  m M. ( d ) Exposed embryo at the end of incuba-
tion with guinea pig complement; ghost cells after lysis can be seen ( black arrow ). Bar 20  m M. 
( e ,  f ) Examples of ICM attached to the mouse embryonic fi broblast (MEF) supportive layer 24 h 
post-plating. Bar 60  m M       
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  Fig. 1.4    Plated ICM. ( a ) ICM plated on MEFs 24 h post-plating. The ICM still resembles clumps 
of cells with no colony formation. Bar 50  m M. ( b–d ) ICM plated on MEFs 3 days post-plating. A 
colony was formed containing small round cells. Bar 20  m M, 90  m M for ( b ) and for ( c ,  d ), 
respectively       

  Fig. 1.5    Mechanical splitting. Examples of colony morphology 24 h post-mechanical splitting of 
the ICM and plating on MEFs. The cells are at passage 2. ( a ) Clear borders between MEFs and 
embryonic stem cells (ESCs) were formed, while in ( b ) and ( c ) the colonies were still disorga-
nized. Bar 60  m M       
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  Fig. 1.8    Whole embryo approach for derivation of ESC lines. Exposed embryos plated on MEFs 
12 h post-plating. In both embryos ( a ) and ( b ), the ICM is still recognized ( black arrows ) within 
the attached embryo, which still contains a cavity. Bar 60  m M and 40  m M for ( a ) and ( b ), 
respectively       

  Fig. 1.7    Passage 2. Examples of colony morphology 4 days post-mechanical splitting of the ICM 
and plating on MEFs. The cells are at passage 2 post-derivation. All examples ( a–c ) demonstrate 
colony formation, outgrowth, and ESC typical morphology of small cells with large nuclei, notable 
nucleoli ( white arrow ), and spaces between cells. Bar 90  m M       

  Fig. 1.6    Passage 2. Examples of colony morphology 3 days post-mechanical splitting of the ICM 
and plating on MEFs. The cells are at passage 2 post-derivation. All examples ( a–c ) demonstrate 
colony formation with borders between MEFs and ESCs, and outgrowth. In ( a ), the spaces between 
cells can be seen. Bar 60  m M       
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whole is demonstrated in Fig.  1.11 . However, success rates in deriving hESC lines 
are lower with the whole embryo approach, and some ICM colonies differentiate 
(Figs.  1.12  and  1.13 ). Nevertheless, an advantage of the whole embryo approach is 
isolation of hESC lines without the use of animal products (antibodies). Figure  1.14  
demonstrates derivation of the ESC line, CL1, using animal-free medium 
(NutriStem™, Biological Industries Ltd), human foreskin fi broblasts as feeder lay-
ers, and the whole embryo approach as the derivation method (Amit et al., unpub-
lished data).        

 The increasing number of hESC lines attests to the fact that their isolation is a 
reproducible procedure with reasonable success rates.  

  Fig. 1.10    Whole embryo approach for derivation of ESC lines—partial embryo attachment. 
Exposed embryo plated on MEFs 12 h post-plating. The embryo is only partly attached. The ICM 
cannot be located. ( a ) Close-up of the attached part of the embryo ( black arrow ). ( b ) Focus on the 
unattached trophoblasts ( black arrow ). Bar 50  m M       

  Fig. 1.9    Whole embryo approach for derivation of ESC lines. ( a ) Embryo before ZP removal. Due 
to the drill in ZP, a large part of the embryo hatched from the ZP. Therefore, the ZP was removed 
mechanically to avoid damage to the embryo that would be incurred by the use of Tyrode’s acid or 
enzyme. ( b ) The exposed embryo plated on MEFs still has the same shape as when covered by the 
ZP. Bar 50  m M and 80  m M for ( a ) and ( b ), respectively       
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  Fig. 1.11    Whole embryo approach for derivation of ESC lines—clear ICM outgrowth. ( a–c ) 
Three examples of plated embryos in which the ICM outgrowth can be clearly noted (marked with 
 circle ). Bar 90  m M       
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    1.2   Materials for ESC Line Derivation 

     1.2.1    Tyrode’s acid (Sigma, acidic, C.N. T-1788).  
    1.2.2    Antibodies: antihuman whole antiserum (Sigma, H-8765), recommended 

dilution 1:30 in Dulbecco’s modifi ed Eagle’s medium (DMEM).  
    1.2.3    Complement proteins: Guinea pig complement diluted 1:10 in DMEM or the 

solvent provided by the supplier (Gibco BRL C.N. 10723-013).  
    1.2.4    hESC—serum-based medium: 80% DMEM\F12 (DMEM, Invitrogen 

Corporation C.N. 10829018), 20% fetal bovine serum (FBS) (HyClone), 1% 
nonessential amino acid, 1 mM  l -glutamine, and 0.1 mM  b -mercaptoethanol.  

    1.2.5    hESCs—serum-free medium: hESCs can be cultured with MEFs using the 
following serum-free medium: 85% DMEM\F12, 15% SR (Invitrogen 
Corporation knockout serum replacement C.N. 10828028), 1% nonessential 
amino acid, 1 mM  l -glutamine, 0.1 mM  b -mercaptoethanol, and 4 ng/ml 
basic fi broblast growth factor (bFGF).      

    1.3   Methods for hESC Isolation 

 Surplus embryo should be cultured to the blastocyst stage (day 5–6 postfertilization) 
by a trained embryologist. 

  Fig. 1.12    Whole embryo approach for derivation of ESC lines on MEF—differentiation ( a ,  b ). 
Two examples of plated embryos with ICM differentiation, the derivation failed. Bar 70  m M and 
60  m M for ( a ) and ( b ), respectively       

 



  Fig. 1.13    Whole embryo approach for derivation of ESC lines on human foreskin fi broblasts—
differentiation. ( a – c ) Failed derivation. Three examples of differentiated ICM from embryos plated 
on human foreskin fi broblasts. ( a ) The plated embryo resembles a colony. Since a whole embryo 
was plated and there is no difference between trophoblast and ICM cells, the whole colony will 
likely differentiate in a few days. ( b ,  c ) Clear differentiation of the plated embryo cells. Bar 60  m M 
and 80  m M for ( a ) and ( b ,  c ), respectively       

 



  Fig. 1.14    Derivation of a GMP-grade ESC line (CL1). Implementing the whole embryo approach, 
an ESC line was derived in a clean room, using human foreskin fi broblasts as a feeder layer and 
NutriStem™ medium (animal and serum free). ( a ) Plated embryo in which ICM outgrowth can be 
distinguished ( circle ). ( b ) ICM after removal from the growing embryo. ( c ) The resultant ESC 
colony 3 days post-plating of the clean ICM. Bar 60  m M, 50  m M, and 70  m M for ( a ), ( b ), and ( c ), 
respectively       
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    1.3.1   hESC Isolation by Immunosurgery 

     1.    Prepare the following in advance: a 4-well plate covered with feeder layer con-
taining 0.5 ml ESC medium per well for culturing (see 1.2.4 or 1.2.5); 58-mm 
plates with six drops of 25  m l Tyrode’s acid; and three 4-well plates with 0.5 ml 
ESC culture medium for washing (see 1.2.4 or 1.2.5): one from the Tyrode’s 
acid, one from the antibody, and one from the complement. The plates should be 
preincubated to 37°C in a culture incubator (about 10 min).  

    2.    To remove the ZP layer, incubate the embryo for 30–60 s in a drop of previously 
heated Tyrode’s acid (see 1.2.1). Monitor the procedure under a dissecting micro-
scope (recommended to set a hot plate to 37°C). When the ZP starts to dissolve, 
which should happen within 60 s, quickly remove the embryo. Figure  1.2  illus-
trates the morphology of blastocysts during the procedure. Wash by transferring 
the embryo from well to well three times in the washing plate prepared in 
advance. An example of an exposed blastocyst is illustrated in Fig.  1.2b , c. Since 
antibodies can penetrate through the ZP, the ZP can be mechanically removed 
just before plating the ICM.  

    3.    Incubate the bare embryo in antihuman whole serum antibodies (see 1.2.2) for 
30 min. Figure  1.3a , b illustrates embryo morphology during incubation with 
antibodies. Immediately wash the embryo three times in fresh ESC medium 
using the washing plate prepared in advance (see 1.2.4 or 1.2.5). Precision in 
incubation time is not critical at this stage; variations are not expected to harm 
the embryo or reduce success rates.  

    4.    Incubate the embryo for up to 20 min in guinea pig complement (see 1.2.3). It is 
recommended to monitor the procedure; if trophoblasts are lysed before the end 
of the incubation time, stop the incubation. The intact ICM surrounded with 
lysed trophoblasts is illustrated in Fig.  1.3c , d. Do not exceed the incubation 
time, long incubation can harm the ICM cells.  

    5.    Wash the intact ICM three times in fresh ESC medium (see 1.2.4 or 1.2.5) in the 
washing plate prepared in advance, using a pulled pasture pipette, to remove the 
lysed trophoblasts.  

    6.    Plate the intact ICM on a fresh feeder-covered culture dish (Figs.  1.3e , f, and 1.4) 
in ESC medium (see 1.2.4 or 1.2.5).      

    1.3.2   Mechanical Removal of Trophectoderm 

     1.    Prepare the following in advance: a 4-well plate covered with feeder layer with 
0.5 ml ESC medium per well for culturing (see 1.2.4 or 1.2.5), a 58-mm plate 
with six drops of 25  m l Tyrode’s acid, and a 4-well plate with 0.5 ml ESC culture 
medium for washing (see 1.2.4 or 1.2.5)   . The plates should be preincubated to 
37°C in a culture incubator for about 10 min.  

    2.    Expose the embryo by removing the ZP as described in Sect.  1.3.1 , including 
three washes in the 4-well plate prepared in advance. The embryo will not attach 
to the feeder layer if the ZP remains in place.  



13References

    3.    Transfer the embryo to a well in a 4-well plate covered with feeder cells. If the 
ICM is clearly visible, remove as much trophoblast as possible,    using either 
25–27 gauge syringe needles or pulled pasture pipette under a dissecting micro-
scope. If the ICM is unrecognizable, plate the embryo as a whole (see Sect.  1.3.3 ). 
Leave the clean ICM in the same well for expansion.      

    1.3.3   Whole Embryo Approach for ESC Line Derivation 

     1.    Prepare the following in advance: a 4-well plate covered with feeder layer with 
0.5 ml ESC medium per well for culturing (see 1.2.4 or 1.2.5), a 58-mm plate 
with six drops of 25  m l Tyrode’s acid, and a 4-well plate with 0.5 ml ESC culture 
medium for washing (see 1.2.4 or 1.2.5). The plates should be preincubated to 
37°C in a culture incubator (about 10 min).  

    2.    Expose the embryo from ZP as described in Sect.  1.3.1 , including three washes 
in the 4-well plate prepared in advance. The embryo will not attach to the feeder 
layer if the ZP remains in place. An example of an embryo with ZP residue is 
depicted in Fig.  1.2d .  

    3.    Transfer the embryo to a well in a 4-well plate covered with feeder cells. 
The embryo should attach to the feeder cells after no longer than 24 h. 
Figures  1.8 – 1.10  demonstrate different morphologies of embryos plated whole.  

    4.    After 5–10 days, distinct ICM outgrowth should appear. Selectively cut the ICM 
under a dissecting microscope and transfer it to a new plate covered with a feeder 
layer. Examples of the morphology of ICM outgrowth are illustrated in 
Fig.  1.11 .  

    5.    Expand the cells. It is recommended that for the fi rst 2–5 passages the colonies 
will be split mechanically, as described for ICM colonies in Sect.  1.3.3  and 
References. The morphology of the resulting colonies is demonstrated in 
Figs.  1.5 – 1.7 .           
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  Abstract   To prolong the stage of undifferentiation, human embryonic stem cells 
(hESCs) and induced pluripotent stem cells (iPSCs) have traditionally been isolated 
and cultured using feeder layers, such as mouse embryonic fi broblasts (MEFs) or 
foreskin fi broblasts, with medium supplemented by fetal bovine serum (FBS). For 
research purposes, these conditions are preferable and are often referred to as the 
gold standard. This chapter describes the colony morphology of undifferentiated 
hESCs and iPSCs cultured with MEFs or human foreskin fi broblasts.      

    2.1   Introduction 

 Traditionally, human ESCs (hESCs) are co-cultured with inactivated mouse 
embryonic fi broblasts (MEFs) as supporting layers, and the medium is supple-
mented with a high percentage of fetal bovine or calf serum (FBS) (Thomson 
et al.  1998  ) . The feeder layer serves a dual role of supporting hESC expansion 
and preventing spontaneous differentiation. However, such conditions are not 
appropriate for clinical and industrial purposes due to variations between batches 
of FBS and MEFs, and to the risk of exposure of the cells to animal pathogens. 
Modifi cations that prevent xeno-contamination in the culture system include the 
use of a defi ned medium supplemented with serum replacement, without animal 
products. The MEFs should be replaced by human feeder cells or matrix. 

 Accumulating data demonstrate that induced pluripotent stem cells (iPSCs) can 
be cultured in similar conditions as those for hESCs (Takahashi and Yamanaka 
 2006 ; Takahashi et al.  2007  ) ; therefore, improvements in hESC culture conditions 
will also apply to those of iPSCs. 

 Intensive efforts have been invested during the last decade in the search for alterna-
tive feeder cells for hESCs. The result is the identifi cation of a number of cell line types 
that support the culture of undifferentiated hESCs, including human fetal-derived 
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 fi broblasts (Richards et al.  2002  ) , foreskin fi broblasts (Amit et al.  2003 ; Hovatta et al. 
 2003  ) , human placenta fi broblasts (Simón et al.  2005 ; Genbacev et al;  2005  ) , adult 
human fi broblasts (Tecirlioglu et al.  2010  ) , and adult marrow cells (Cheng et al.  2003  ) . 
All these cell lines have been demonstrated to support the prolonged culture of hESCs 
as undifferentiated, while maintaining all hESC features. We found human foreskin 
fi broblasts (HFF) to equally support the undifferentiated culture of iPSCs (Amit et al. 
unpublished data). 

 Human fetal-derived fi broblasts, placenta fi broblasts, adult human fi broblasts, 
and foreskin fi broblasts have also been found to support the isolation of new 
hESC lines under animal-free or serum-free conditions (Richards et al.  2002 ; 
Hovatta et al.  2003 ; Simón et al.  2005 ; Genbacev et al.  2005 ; Inzunza et al.  2005 ; 
Tecirlioglu et al.  2010  ) . Of these, foreskin fi broblast cells are the most common, 
accounting for 51 of 57 (89%) of the lines reported during recent years (Richards 
et al.  2002 ; Ström et al.  2010 ;    Aguilar-Gallardo et al.  2010 ; Tecirlioglu et al. 
 2010 ; Ilic et al,  2009 ; Valbuena et al.  2006 ; Ellerström et al.  2006 ; Genbacev 
et al.  2005 ; Simón et al.  2005 ; Crook et al.  2007  ) . Of these 57 lines, the 7 reported 
to be clinical-grade lines were all isolated and cultured using foreskin fi broblasts 
as feeders (Crook et al.  2007 ; Ellerström et al.  2006  ) . Thus, these cells are not 
only the most frequently used human feeders, but also those most ensuring a 
xeno-free culture system. 

 Though these culture systems promote animal-free conditions for culturing 
hESCs, they are not well defi ned, due to variations between batches of feeder layer 
cells and to the fact that some still use human serum for the feeder cell culture. An 
additional disadvantage to the use of human feeders is the need to culture the feeder 
lines, which limits large-scale culturing of hESCs. Therefore, the ideal culture 
method seems to be a combination of an animal-free matrix and both serum-free 
and animal-free medium.  

    2.2   Materials 

    2.2.1   For Mouse Embryonic Fibroblasts (MEFs) and Foreskin 
Fibroblasts (HFFs) 

    2.2.1.1   0.1% Gelatin 

 0.1% Gelatin (type A, from porcine, Sigma G-1890). All culture dishes should be 
covered with 0.1% gelatin at least 1 h before MEF plating.  
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    2.2.1.2   Culture Medium MEFs 

 90% Dulbecco’s modifi ed Eagle’s medium (DMEM) and 10% fetal bovine serum 
(FBS). During the fi rst passage post-derivation, penicillin–streptomycin should be 
added (Sigma P-3539, fi nal concentration of penicillin 10,000 u/ml an   d streptomycin 
10 mg/ml).  

    2.2.1.3   Culture Medium HFFs 

 90% DMEM, 10% FBS, and 2 mM  l -glutamine. During the fi rst passage post- 
derivation, penicillin–streptomycin should be added (Sigma P-3539, fi nal concen-
tration of penicillin 1,000 u/ml and streptomycin 1 mg/ml).  

    2.2.1.4   Feeder Freezing Medium 

 60% DMEM, 20% dimethyl sulfoxide (DMSO), and 20% FBS.  

    2.2.1.5   Feeder Splitting 

 Trypsin/EDTA (Invitrogen Corporation, type IV C.N 17104019).  

    2.2.1.6   Mitomycin C 

 8  m g/ml mitomycin C (Sigma, M-4287) diluted in DMEM.  

    2.2.1.7   Washing 

 Phosphate-buffered saline (PBS) with Ca ++  and Mg ++ .   

    2.2.2   For hPSC Maintenance 

    2.2.2.1   hPSC: Serum-Based Medium 

 80% DMEM, 20% defi ned FBS (HyClone), 1% nonessential amino acid, 2 mM 
 l -glutamine, and 0.1 mM  b -mercaptoethanol.  
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    2.2.2.2   hPSC: Serum-Free Medium 

 85% DMEM/F12, 15% knockout (KO) serum replacement (SR, Invitrogen 
Corporation, C.N. 10828028), 1% nonessential amino acid, 2 mM  l -glutamine, 
0.1 mM  b -mercaptoethanol, and 4 ng/ml basic fi broblast growth factor (bFGF). For 
iPSCs, it is recommended to increase the bFGF concentration to 10 ng/ml.  

    2.2.2.3   Splitting Medium 

 The splitting medium consists of 1 mg/ml collagenase type IV (Wordington, type 
IV C.N 4189, activity of 220–320 u/mg) in DMEM.  

    2.2.2.4   Freezing Medium 

 40% DMEM, 20% DMSO, 20% FBS, and 20% SR.    

    2.3   Methods 

    2.3.1   Feeder Culture Methods 

    2.3.1.1   Derivation of MEFs from Pregnant Mice 

     1.    Use of pregnant Imprinting Control Region (ICR) mice (or CD1) on the 13th 
day of conception is recommended.  

    2.    Sacrifi ce 1 female mouse by a method approved by the ethics committee of 
your institution. 

.
   

    3.    Wash the abdomen with 70% ethanol and dissect the abdominal cavity to expose 
the uterine horns.  

    4.    Set the uterine horns in 10-cm 2  petri dishes and wash three times with 10 ml of 
PBS. A uterine horn is depicted in Fig.  2.1a .   

    5.    Using two pairs of watchmakers’ forceps (Dumont 5, Fine Scientifi c Tolls), 
open each uterine wall and release each embryo.  

    6.    Wash retrieved embryos three times with 10 ml PBS (see see Sect.  2.2.1.7 ). 
Embryos released from the embryonic sac are illustrated in Fig.  2.1b .  

    7.    Use the same tools to dissect each embryo from the placenta and membranes, 
and discard soft tissues as much as possible.  

    8.    Transfer clean embryos into new petri dishes and mince thoroughly using sharp 
Iris scissors. An example of suffi ciently minced embryos is depicted in Fig.  2.1c .  

    9.    Add 6 ml of trypsin/EDTA (see Sect.  2.2.1.5 ) and incubate for at least 20 min.  
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  Fig. 2.1    Mouse embryonic fi broblast (MEF) derivation. ( a ) Uterine horn of ICR mice on the 13th 
day of conception. ( b ) Embryos released from embryonic sac. ( c ) The same culture after mincing 
the embryos with sharp Iris scissors to the correct sizes       

    10.    Neutralize trypsin using at least 6 ml of MEF culture medium (see 
Sect.  2.2.1.2 ).  

    11.    Transfer the cells into conical tubes.  
    12.    Divide evenly into T75 culture fl asks. We recommend a ratio of three embryos 

per fl ask.  
    13.    Add 20 ml of MEF culture medium to each fl ask (see Sect.  2.2.1.2 ).  
    14.    Grow the MEFs up to 3 days or until the culture is confl uent. Change the 

medium at least once during culturing (do not aspirate any fl oating clumps). 
Morphology of derived MEFs during the fi rst days of culture post-derivation is 
illustrated in Fig.  2.2 .   

    15.    Freeze the resulting MEF (see Sect.  2.3.1.4 ).      

    2.3.1.2   HFF Derivation 

     1.    A newborn human foreskin should be placed in PBS supplemented with penicil-
lin–streptomycin immediately following the circumcision. The foreskin should 
be maintained at 4–8°C until derivation of fi broblasts, no later than 48 h post 
circumcision.  

    2.    Unfold the foreskin and wash three times with PBS (see Sect.  2.2.1.7 ).  
    3.    Cut into small pieces using sharp Iris scissors (about eight pieces per foreskin).  
    4.    Transfer clean pieces into a new petri dish and mince thoroughly using sharp Iris 

scissors.  
    5.    Add 6 ml of trypsin/EDTA (see Sect.  2.2.1.5 ) and incubate for at least 30 min.  
    6.    Neutralize the trypsin using at least 6 ml of HFF culture medium (see Sect.  2.2.1.3 ). 

Transfer the HFF into conical tubes. Use HFF culture medium to wash the 
plate.  

    7.    Divide evenly into T25 culture fl asks at a recommended ratio of two pieces per 
fl ask.  

    8.    Add 6 ml of HFF culture medium (see Sect.  2.2.1.3 ).  
    9.    Grow the HFF until the culture is confl uent. Change medium as needed, every 

5 days if not split. HFF morphology is demonstrated in Fig.  2.4 .      
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    2.3.1.3   Feeder Splitting 

     1.    Aspirate the culture medium and wash the fl ask once with 5 ml PBS (for T75 
fl ask, see Sect.  2.2.1.7 ).  

    2.    Add 2 ml of trypsin/EDTA (see Sect.  2.2.1.5 ) and cover the entire culture fl ask 
surface.  

    3.    Incubate for 6 min.  
    4.    Tap the side of the fl ask to loosen the cells. Add 4 ml of culture medium (see 

Sects.  2.2.1.2  or  2.2.1.3 ) to neutralize the trypsin.  
    5.    Transfer the cell suspension into a conical tube and centrifuge for 5 min at 

90 ×  g .  
    6.    Remove the suspension from the centrifuge, re-suspend in 2 ml of culture medium 

(see Sects.  2.2.1.2  or  2.2.1.3 ), and pipette to fracture the pellet.  
    7.    Distribute the cell suspension to a desired number of culture fl asks. For MEFs, 

we recommend a ratio of 1:5 at passage 1, 1:4 at passage 2, and 1:3 at passages 
3–5; and for HFF, a ratio of 1:3.  

    8.    Add culture medium (see Sects.  2.2.1.2  or  2.2.1.3 ) to reach a fi nal volume of 
10 ml.      

  Fig. 2.2    MEF primary culture 2 days post-derivation. ( a ,  b ) Examples of MEF cultures with 
expected concentration and fi broblast morphology. ( c ,  d ) Examples of MEF cultures with poor 
recovery; the culture confl uence is less than 40%. Bar 100  m M       
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    2.3.1.4   Feeder Freezing 

 Once inactivated, feeder cells can be frozen at a confl uence of at least 80% of the 
culture dish.

    1.    Wash fl asks once with 5 ml PBS (for T75, see Sect.  2.2.1.7 ) and remove 
aggregates as much as possible.  

    2.    Add 2 ml of trypsin/EDTA (see Sect.  2.2.1.5 ) and cover the entire culture fl ask 
surface.  

    3.    Incubate for 6 min.  
    4.    Tap the side of the fl ask to loosen cells. Add 4 ml of culture medium (see 

Sects.  2.2.1.2  or  2.2.1.3 ) to neutralize the trypsin.  
    5.    Transfer the cell suspension to a conical tube. Let the remaining aggregates 

sink (1–2 min) and transfer the cell suspension to a clean conical tube.  
    6.    Centrifuge for 5 min at 90 ×  g .  
    7.    Remove the suspension, re-suspend in 2 ml culture medium (see Sects.  2.2.1.2  

or  2.2.1.3 ), and pipette to fracture the pellet.  
    8.    Add, drop by drop, an equivalent volume of freezing medium (see Sect.  2.2.1.4 ) 

and mix gently. Adding the freezing medium drop by drop is crucial for cell 
recovery.  

    9.    Place 1 ml of the medium into 2-ml cryogenic vials. A concentration of 1–2 
million cells per vial is recommended.  

    10.    Freeze vials overnight at −80°C in a freezing box (Nalgene freezing box. 
C.N.5100-0001) for at least 24 h, but for no more than 1 week.  

    11.    Transfer the vials into a liquid nitrogen container.      

    2.3.1.5   Feeder Thawing 

     1.    Remove the vial from liquid nitrogen and thaw briefl y in a 37°C water bath.  
    2.    When a small pellet of frozen cell remains, clean the vial using 70% ethanol.  
    3.    Pipette the contents of the vial once and transfer the cells into a conical tube.  
    4.    Add, drop by drop, 2 ml of culture medium (see Sects.  2.2.1.2  or  2.2.1.3 ). Adding 

the medium drop by drop is crucial for cell recovery.  
    5.    Centrifuge for 5 min at 90 ×  g .  
    6.    Re-suspend the pellet in culture medium (see Sects.  2.2.1.2  or  2.2.1.3 ).  
    7.    Transfer the cell suspension to culture fl asks and add 10 ml of culture medium 

(see Sects.  2.2.1.2  or  2.2.1.3 ). A ratio of 1–2 million frozen cells to one T75 fl ask 
is recommended.      

    2.3.1.6   Preparation of Feeder-Covered Plates 

     1.    Add 8  m g/ml of mitomycin C (see Sect.  2.2.1.6 ) to culture fl asks and incubate 
for 2 h. Alternatively, feeder cells can be irradiated at 35 grays gamma 
irradiation.  

    2.    Wash four times with 10 ml PBS (see Sect.  2.2.1.7 ).  
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    3.    Add 2 ml of trypsin/EDTA (see Sect.  2.2.1.5 ) and cover the entire culture fl ask 
surface (T75).  

    4.    Incubate for 6 min.  
    5.    Tap the side of the fl ask to loosen cells. Add 4 ml of culture medium (see 

Sects.  2.2.1.2  or  2.2.1.3 ) to neutralize the trypsin.  
    6.    Transfer the cell suspension to a conical tube.  
    7.    Centrifuge for 5 min at 90 ×  g .  
    8.    Remove the suspension, re-suspend in 10 ml of culture medium (see Sects.  2.2.1.2  

or  2.2.1.3 ), and pipette to fracture the pellet.  
    9.    Count cells and re-suspend in a medium of the desired volume (see Sects.  2.2.1.2  

or  2.2.1.3 ).  
    10.    Transfer the cell suspension to culture dishes previously covered with gelatin 

(see Sect.  2.2.1.1 ). We recommend 4 × 10 5  cells per well in 6-well plates (10 cm 2 ) 
per 2 ml. Figure  2.3a , b illustrates MEF concentrations; identical concentra-
tions should be used with HFF.   

    11.    Let set for at least 2 h before plating hESCs. It is recommended to prepare the 
plates 1 day before use. Examples of MEF monolayer morphology are illus-
trated in Fig.  2.3c–f ; and of HFF in Fig.  2.4 .        

    2.3.2   hPSC Culture 

 The same culture methodology is used for MEFs and HFFs. Culture methods for 
hESCs and hiPSCs are also the same, other than the culture medium (see 
Sect.  2.2.2.2 ). 

    2.3.2.1   hPSC Splitting 

 The culture should be split every 4–6 days when using serum-free medium and 
every 5–7 days when using serum containing medium. Examples of ready-to-split 
colonies are depicted in Fig.  2.5 . 

    1.    Aspirate the medium from the wells that are to be split. Add splitting medium 
(see Sect.  2.2.2.3 ) to cover the wells (0.5 ml for 10 cm 2 ) and incubate for 
20–40 min. Most colonies will fl oat. The morphology of colonies during incuba-
tion is shown in Fig.  2.6 .   

    2.    Add 1 ml of culture medium (see Sects.  2.2.2.1  or  2.2.2.2 ) and gently collect the 
fl oating cells. Most feeder cells will remain behind, as exemplifi ed in Fig.  2.7 .   

    3.    Collect the cell suspension and place into a conical tube.  
    4.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    5.    Aspirate the medium from fresh MEF-covered plates, re-suspend cells in 

medium, and plate. The size of the resulting clumps, including examples of 
clumps broken to incorrect sizes, is illustrated in Fig.  2.8 . Too small clumps may 
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  Fig. 2.3    Preparation of MEF-covered plates. ( a ) MEFs after tripsinization, demonstrating a low 
concentration, which may be insuffi cient to support pluripotent stem cell (PSC) undifferentiated 
culture. ( b ) MEFs after tripsinization, demonstrating a high concentration, which will probably 
result in a plate suitable to support PSC undifferentiated culture. ( c ) Inactivated MEF-covered 
plate, demonstrating low concentration, which may be insuffi cient to support PSC undifferentiated 
culture. ( d ) A plate demonstrating a very high concentration of MEF, which supports the culture of 
PSCs , but which may detach from the plate after a few days of growth. ( e ) Inactivated MEF-
covered plate, demonstrating a low concentration, which is probably suffi cient to support PSC 
undifferentiated culture. ( f ) A plate demonstrating the correct concentration of MEF for supporting 
PSC culture. ( a ,  b ,  e ) Bar 100  m M, ( c ,  d ,  f ) bar 200  m M       
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result in decreased cell survival. If the post-splitting clump size is too large, cell 
attachment to the feeder cells may be harmed, resulting in increased background 
differentiation and greater splitting rates. Examples of colony morphology for 
clumps that are too large are depicted in Figs.  2.9  and  2.10c–f . A general view of 
colony morphology at 1 day post-splitting is illustrated in Fig.  2.10 .         

    2.3.2.2   hPSC Freezing 

     1.    Aspirate medium from wells to be split. Add splitting medium (see Sect.  2.2.2.3 ) 
to cover the wells (0.5 ml for 10 cm 2 ) and incubate for 20–40 min. Most colonies 
will fl oat.  

    2.    Add 1 ml of culture medium (see Sects.  2.2.2.1  or  2.2.2.2 ) and gently collect the 
fl oating cells.  

    3.    Collect the cell suspension and place into a conical tube.  
    4.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  

  Fig. 2.4    Preparation of foreskin fi broblast (HFF)-covered plates. ( a ,  b ) Cultured HFF; note that 
the cells have narrow and more homogenous morphology than MEFs. ( c ,  d ) Inactivated HFF with 
suffi cient concentration to support PSC culture. Bar 200  m M       
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    5.    Re-suspend cells in a culture medium (see Sects.  2.2.2.1  or  2.2.2.2 ).  
    6.    Add, drop by drop, an equivalent volume of freezing medium (see Sect.  2.2.2.4 ) 

and mix gently. Adding the freezing medium drop by drop is crucial for cell 
recovery.  

    7.    Pour 0.5 ml into a 1-ml cryogenic vial. A freezing ratio of cells covering 10 cm 2  
of culture per vial is recommended.  

    8.    Freeze overnight at −80°C in freezing boxes (Nalgene freezing box. C.N.5100-
0001).  

    9.    Transfer to liquid nitrogen on the following day.      

    2.3.2.3   hPSC Thawing 

     1.    Remove the vial from the liquid nitrogen.  
    2.    Gently swirl the vial in a 37°C water bath.  
    3.    When a small pellet of frozen cells remains, wash the vial in 70% ethanol.  

  Fig. 2.5    PSCs ready for splitting. ( a ) BG01 hESCs demonstrating confl uent culture, which should be 
split to prevent differentiation. The colony size is suffi cient to survive splitting. ( b–d ) iLBWT30m 
hiPSC colonies (from skin biopsy, O. Brustle, Bonn University) of suffi cient size for splitting; the 
colonies demonstrated in ( c ) and ( d ) may differentiate if splitting will be delayed. Bar 200  m M       
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  Fig. 2.6    PSCs incubated with collagenase. ( a ) Colony starting to detach from MEFs. ( b ,  c ) 
Colonies partly separated from MEF feeder layer; at this stage, the incubation with collagenase can 
be stopped, and the colonies will then easily separate from the feeder layer. ( d ) Floating colony. 
Note that most MEFs that remained attached themselves to the culture dish. Bar 100  m M       

  Fig. 2.7    MEFs post-collagenase splitting. MEFs that were still attached after collagenase  splitting. 
Note the hole in the feeders created by detached PSC colonies. Bar 100  m M       
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    4.    To mix, pipette the contents of the vial up and down once.  
    5.    Place the contents of the vial into a conical tube and add, drop by drop, 2 ml of 

culture medium (see Sects.  2.2.2.1  or  2.2.2.2 ). Adding the culture medium drop 
by drop is crucial for cell recovery. Examples of the resultant clumps are illus-
trated in Fig.  2.11 .   

    6.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    7.    Remove the supernatant and re-suspend the cells gently in 2 ml medium.  
    8.    Place the cell suspension in one well of a 6-well plate, or of a 4-well plate, cov-

ered with feeder cells (see Sect.  2.3.1.5 ).     

 If the thawing procedure succeeds, small colonies should appear 1 day post- 
thawing (Fig.  2.12 ). With very good recovery, as demonstrated in Fig.  2.13 , colo-
nies will continue to grow, and will not differ from post-splitting cells. However, in 
some cases, when either freezing or thawing fails, the cells might not survive, as can 
be seen in the examples illustrated in Fig.  2.14 . In some cases, the feeder clumps 
survive the freeze and thaw cycle, resulting in a feeder cell colony (Fig.  2.14a, c ). 

  Fig. 2.8    The size of post-splitting clumps. PSC clumps resulting from collagenase treatment. 
( a ) Small clumps may result in poor survival. ( b ,  c ) Clump size that ensures good cell recovery. 
( d ) Large clumps may result in cell differentiation. Bar 100  m M, for all but ( c ), which is 200  m M       

 



28 2 Colony Morphology Feeders

Occasionally, colony morphology is disorganized post-splitting and a normal- 
looking colony appears only a passage or two later (Fig.  2.15 ). As with splitting, if 
during the freeze and thaw cycle the cells are broken into too small clumps, they 
might not survive, or alternatively colonies will appear only a few days post-thaw-
ing (Fig.  2.16 ). After good recovery, cell concentration will resemble splitting and 
some clear differentiation may appear (Fig.  2.17 ). Even after good recovery, some 
cells within the colony may not survive, and dying cells may appear, usually with 
no harm to cell recovery (Fig.  2.18 ).         

  Fig. 2.9    Colonies of the I3.2 hESC line 2 days post-splitting, after cells were not broken into small 
enough pieces during the splitting procedure. ( a ) Since the colonies start from big clumps, they 
reach suffi cient size for splitting 2 days later. ( b ) The colony diameter at day two is so large that a 
rapture was formed (marked with  arrow ). ( c ) The culture also contains colonies with small clumps 
(marked with  white arrow ), which may not survive the following passage. The passage should be 
performed when most other colonies of the culture will be suitable for splitting. Some clumps 
failed to attach to the feeder layer (marked with  black arrow ). ( d ) Some colonies contain big 
clumps at the center, which did not attach properly to the feeder layer (marked with  black arrow ). 
These clumps may differentiate, or the cells may become apoptotic during the passage. Some 
clumps settle on a different colony (marked with  white arrow ). Bar 100  m M       
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  Fig. 2.10    Resultant PSC colonies 1 day post-splitting. ( a ) BG01 undifferentiated hESC colony. 
( b ) BG01 undifferentiated colony with a small clump that did not attach exactly (marked with 
 black arrow ), and which will probably disappear after a day or two of culture with no harm. ( c ) 
BG01 hESC colony with a large detached clump at the center (marked with  black arrow ), which 
may differentiate. ( e ,  f ) Colony morphology is similar to that of I3 hESC line. ( d ). Small clump of 
BG01 hESC attached to the MEFs that have not yet demonstrated outgrowth. ( g ) Small colonies 
resulting from small clumps of H9.2 hESCs, one of which is hard to recognize (marked with a 
 circle ). ( h ,  i ) Additional examples of undifferentiated hESC colonies from H9.2 hESC. Bar 
100  m M       

  Fig. 2.11    Post-thaw clumps of I6 hESCs, before attachment to the feeder layer. ( a ) Small clump 
size and ( b ) good clump size (marked by  arrow ). ( c ) Large clumps with  brown  color (marked by 
 arrows ), may contain apoptotic cells. Bar 100  m M       
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  Fig. 2.12    Undifferentiated hESC colonies 1 day post-thawing. ( a ,  b ) H9.2 undifferentiated colo-
nies surviving freeze and thaw cycle. Bar 100  m M       

  Fig. 2.13    Undifferentiated hESC colonies 2 days post-thawing. ( a–c ) I6 undifferentiated colonies 
surviving freeze and thaw cycle, with greater than average recovery rate. Bar 100  m M       

  Fig. 2.14    MEF post-thawing recovery and dead cells. ( a ) A large MEF clump that survived thaw-
ing; the  brown  area probably contains apoptotic cells. ( b ) Attached clump containing dead cells; 
note the  brown  color. ( c ) MEF clump that survived thawing. Note the edge of the attached clump; 
only fi broblasts can be recognized at the outgrowth. Bar 100  m M       
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    2.3.2.4   Routine Culture of hESCs 

 The medium (see Sects.  2.2.2.1  or  2.2.2.2 ) should be changed daily. If this is not 
possible, its quantity should be doubled. hESCs should be passaged (see Sect.  2.3.2.1 ) 
directly on fresh feeder-covered plates (see Sect.  2.3.1.6 ), every 4–6 days if serum-
free medium is used (see Sect.  2.2.2.2 ) or every 5–7 days if serum containing 
medium is used (see Sect.  2.2.2.1 ). 

 Undifferentiated PSC colonies typically have clear borders from the feeders and 
contain small round cells, with spaces between them, and large nuclei with notable 
nucleoli. The undifferentiated morphology of PSCs cultured with MEFs or HFFs is 
illustrated in Figs.  2.19  and  2.20 , respectively. Cell morphology within undifferenti-
ated colonies is demonstrated in Fig.  2.21 . In general, any colony with a change in 

  Fig. 2.15    Post-thawing recovered colonies, with disorganized morphology. ( a ) Two colonies of 
hESC I4, with unclear status of differentiation. ( b ) Colonies formed from hESC I4, in which all the 
colonies are located at the center of the dish, without clear borders and cell morphology. This can 
happen after thawing or splitting if the plates are not tilted before putting them in the incubator. 
( c ) A hESC I6 colony with undifferentiated morphology and a second one with unclear  morphology 
(marked with  arrow ). ( d ) A thick colony formed from hESC I6. The multiple layers make it hard 
to determine the cell morphology. It is not unusual for post-thawing cells to have disorganized 
morphology; it is, therefore, recommended to culture them for 2–3 passages before assessing and 
using them. Bar 100  m M       

 



  Fig. 2.16    Colonies formed from hESC I6.2 4 days post-thawing. ( a ) A tiny colony that is hardly 
detectable (marked with  circle ). ( b ) A clear undifferentiated colony (marked with  arrow ), rela-
tively small for 4 days of culture. If the cells are broken into too small clumps while freezing or 
thawing, some clumps will not survive; however, the surviving ones will appear a few days post-
thawing. It is, therefore, recommended to maintain the culture of thawed cells for 1 week to allow 
for the appearance of surviving colonies. Bar 100  m M       

  Fig. 2.17    Colonies from hESC H9 5 days post-thawing. ( a ) Cells are already differentiated (marked 
with  arrow ), differentiation probably occurred upon passage to freezing. ( b ,  c ) Undifferentiated 
colonies with good recovery and size. Bar 100  m M       
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its typical morphology can be considered differentiating; however in some cases, 
this is hard to determine without pluripotency marker testing (Fig.  2.22 ). The mor-
phology of differentiated PSCs cultured with MEFs or HFF is illustrated in Figs.  2.23  
and  2.24 , respectively. Sometimes, a colony remains mostly undifferentiated, with 
differentiation starting in small areas at its edges (Fig.  2.25 ). Other colonies have 
clear differentiation morphology with distinct formation of structures (Fig.  2.26 ). It 
is recommended to    scrape differentiating colonies after every 5–7 passages.                

  Fig. 2.18    Recovered colonies 2 days post-thawing from H9.2 hESCs, with disorganized morphol-
ogy and some apoptotic cells. ( a ,  b ,  d ) Undifferentiated colonies with apoptotic cells (marked by 
 arrow ) detaching from the colony. In most cases, apoptotic cells will disappear after a few days, 
and the surviving cells will remain unchanged. ( c ) Additional examples of colonies with disorga-
nized morphology. Bar 100  m M       
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  Fig. 2.19    Undifferentiated colonies. ( a ) A colony 4 days post-splitting formed by hESC BG01, in 
which spaces between cells can be detected. There is a small area (marked by  arrow ) where some 
cells slip away from the colony border with the MEFs, but these cells still have clear undifferenti-
ated morphology. ( b ) A colony 3 days post-splitting formed from hESC H9.2, in which spaces 
between cells can be detected, as well as the typically large nucleus. Similar to the colony pre-
sented in ( a ). There are small areas (marked by  arrow ) where some cells slip away from the colony 
border, demonstrating still clear undifferentiated morphology. It seems that this large colony was 
formed by two nearby colonies. ( c ,  d ) Round undifferentiated colonies formed from hESC I3.2 2 
days post-splitting, with clear borders from the MEF feeder layer. ( a ,  c ,  d ) Bar 100  m M, ( b ) bar 
200  m M       

 



  Fig. 2.20    Undifferentiated colonies formed from hESC I3.2 cultured on HFF and with serum- and 
animal-free medium (NutriStem™, Biological Industries Ltd). The morphology of most colonies 
is similar to that of cells cultured with MEFs ( a ,  c ,  d ), but some colonies ( b ,  e ,  f ) do not have clear 
borders, although the cells within the colony remain undifferentiated. Bar 100  m M       

  Fig. 2.21    PSC morphology. Morphology of hESC H9.2 within the colony. Small round cells with 
large nuclei, notable nucleoli, and spaces between cells. Bar 100  m M       
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  Fig. 2.22    Colonies formed from hiPSC iLBWT30m with unclear morphology. ( a ) Probably three 
undifferentiated colonies that combined to one. The colony borders apparently form a differenti-
ated structure (marked by  arrow ). ( b ) Colony with cells that slip away from the colony border with 
unclear morphology ( arrow ). The cells within the colony have typical undifferentiated morphol-
ogy. Bar 100  m M       

 



  Fig. 2.23    Differentiated colonies. ( a ,  b ,  h ) Colonies in which differentiating cells formed struc-
tures (marked by  arrows ). ( c ,  d ) Very fl at colonies with unusually large cells. Some cells may still 
be undifferentiated. ( e ) Partly differentiated colony; the differentiating cells are marked with a 
 circle . ( f ) A colony containing large cells, with a typical nucleus–cytoplasm ratio. ( g ,  i ) Thick colo-
nies with unclear cell morphology; the cells are possibly still undifferentiated. ( a–d ) hESC BG01, 
( f ) hESC H9.2, and ( e ,  i ,  g ,  h ) hESCs I3. Bar 100  m M for all but ( b ) which has 200  m M       

  Fig. 2.24    Differentiated colonies formed from hESC I3.2 cultured on HFF. ( a ) A colony with a 
structure (marked with  arrow ) that may contain differentiating cells. However, the structure may 
be layers of undifferentiated cells. ( b ) Large lipid-containing differentiated cells (example marked 
with  arrow ). ( c ) A colony containing a differentiating area (marked with  arrow ). ( d ) A differentiat-
ing colony with some cells still undifferentiated (in  circle ). ( e ) Nerve-like differentiating cells at 
the edge of the colony (marked with  arrow ). ( f ) Cells with different morphology—sharp shape, 
larger, and without typical spaces between the cells. Bar 100  m M       
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      Abstract   While the culturing of human embryonic stem cells (hESCs) and induced 
pluripotent cells (iPSCs) with mouse embryonic fi broblasts (MEFs) or human fore-
skin fi broblasts may be adequate for research purposes, it is less suitable for clinical 
and industrial use due to the risk of exposure of the cells to animal pathogens and to 
variations between batches of MEFs and fetal bovine serum (FBS). To establish 
reproducible and defi ned cultures, devoid of animal products, feeder layers and 
 animal products need to be replaced. This chapter describes layer-free culture 
 systems that have been developed specifi cally for iPSCs.      

    3.1   Introduction 

 The traditional culture and isolation methods for human embryonic stem cells 
(hESCs) include inactivated mouse embryonic fi broblasts (MEFs) as feeder layers 
and medium supplemented with fetal bovine serum (FBS) (Thomson et al.  1998  ) . 
The feeder layers play a dual role of supporting ESC proliferation and preventing 
ESC spontaneous differentiation by secreting factors such as leukemia inhibitory 
factor (LIF) (Smith et al.  1988 ; Williams et al.  1988  ) . Similarly, most induced pluri-
potent stem cell (iPSC) line derivations include a stage in which reprogrammed cells 
are transferred to the MEF supporting layer (   Park et al.  2008 ; Takahashi et al.  2007 ; 
Nakagawa et al.  2008 ;    Yu et al.  2007 ). However, possible future uses of hESCs and 
iPSCs such as cell therapy and drug screening will require a reproducible, defi ned, 
and animal-free culture system for their derivation and routine culture. To prevent 
their exposure to animal photogens, human pluripotent stem cells (hPSCs) should 
be cultured with a medium devoid of any animal or non-defi ned products, and the 
MEFs should be replaced by human feeders or by defi ned matrices  (synthetic if pos-
sible), using a feeder layer-free culture system for hPSC expansion. 

 Concerted worldwide efforts to meet these requirements have led to a number of 
scientifi c advances. Importantly, MEFs were replaced with human feeders, and 
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medium was supplemented with either human serum or serum replacement, as 
described in this chapter. Although animal-product free, the resultant culture condi-
tions remain undefi ned, due to the use of a supporting layer. The ideal culture 
method for hPSCs would, therefore, combine a defi ned animal-free medium with a 
synthetic matrix. 

 The fi rst feeder layer-free culture system for hESCs was reported in 2001 by Xu 
and colleagues  (  2001  ) . The culture method, based on 100% MEF-conditioned 
medium supplemented with serum replacement, was combined with Matrigel, 
 laminin, or fi bronectin as the matrix (Xu et al.  2001  ) . When cultured under these 
conditions, hESCs demonstrated characteristic ESC features, including stable kary-
otype and pluripotency, for over a year of culturing. However, this method still 
entailed disadvantages relating to the use of MEFs, mainly exposure to animal 
pathogens and possible variations between MEF batches. Several years later, the 
same group proposed an improvement to the culture system, whereby the MEF-
conditioned medium was replaced by 40 ng/ml basic fi broblast growth factor (bFGF) 
and 75 ng/ml Flt-3 ligand (Xu et al.  2005a,   b  )    . 

 Investigators throughout the world have proposed additional improvements to 
the culture system. These include medium supplemented with combined transform-
ing growth factor beta 1(TGF 

 b 1
 ) and bFGF (Amit et al.  2004  ) , glycogen synthase 

kinase-3 (GSK-3)-specifi c inhibitor—Bio (Sato et al.  2004  ) , Activin (Beattie et al. 
 2005  ) , a high level of Noggin (suppression of BMP signaling) (Xu et al.  2005b  ) , a 
high concentration of bFGF (Wang et al.  2005 ; Xu et al.  2005b  ) , and a merge of fi ve 
factors used in a defi ned culture medium (Ludwig et al.  2006  ) . These were all found 
to maintain hESC features after prolonged periods of culture. 

 It is not yet completely known which of the sources used for reprogramming iPSC 
lines, or different genes and vectors involved, rely on the same signaling pathways for 
self-maintenance. Therefore, it is not certain that all culture systems developed for 
hESCs can be applied without adaptation to iPSC cultures. Preliminary results demon-
strate that at least some of the culture methods developed for hESCs can also be applied 
to iPSCs. Vallier et al. demonstrated that similar to hESCs, human iPSCs rely on the 
Activin–Nodal pathway to control Nanog expression, and thereby pluripotency (Vallier 
et al.  2009  ) . In that study, hiPSCs were cultured using a defi ned medium based on the 
supplement of insulin, transferring activin and FGF2, and fi bronectin as the matrix. 
Under these conditions, the researchers were able to reprogram human foreskin fi bro-
blast, fetal lung fi broblast, and adult dermal fi broblast, demonstrating the capability of 
culturing and reprogramming cells from various sources (Vallier et al.  2009  ) . 

 Other studies have reported a feeder layer-free culture of iPSCs and reprogram-
ming based on matrices, such as Matrigel, or human proteins, such as laminin, and 
a defi ned medium supplemented with growth factors, such as a high concentration 
of bFGF (Nagaoka et al.  2010 ; Rodin et al.  2010 ; Rodríguez-Pizà et al.  2010 ; 
Totonchi et al.  2010  ) . Overall, it seems that similar to hESCs, a feeder layer-free 
culture system can be adapted for iPSC culture. 

 Recently, a new concept for a feeder layer-free culture of hPSCs was proposed, 
whereby cells are cultured in suspension either statically in petri dishes or dynamically 
in shaking Erlenmeyer or spinner fl asks (Amit et al.  2010 ; Olmer et al.  2010 ; Singh 
et al.  2010 ; Steiner et al.  2010  ) . The new suspension cultures are detailed in Chap.   5    . 
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 Traditionally, ESCs are isolated while using a supporting layer. Therefore, it is 
not surprising that the vast majority of the existing hESC lines have been isolated 
while using a feeder layer, mainly MEFs (Thomson et al.  1998 ; Reubinoff et al. 
 2000 ; Amit and Itskovitz-Eldor  2002 ; Cowan et al.  2004  ) . Other types of feeder 
layers, such as foreskin fi broblasts, have also been used for clinical-grade hESCs 
(Ellerström et al.  2006 ; Crook et al.  2007  ) . 

 Only a few reports have addressed the feeder layer-free derivation of hESCs. 
The fi rst demonstrated ESC features in six new hESC lines derived from a culture 
system consisting of a MEF-produced matrix and a medium supplemented with a 
high dose of bFGF (16 ng/ml), LIF, serum replacement, and plasmanate 
(Klimanskaya et al.  2005  ) . This pioneering study demonstrates the feasibility of a 
feeder layer-free derivation of hESCs, though the culture system included some 
non-defi ned materials. 

 A defi ned feeder-free system was reported in a study that isolated two hESC 
lines using a defi ned serum animal-free medium and a matrix containing recombi-
nant human proteins (Ludwig et al.  2006  ) . The lines generated under these condi-
tions maintained hESC features after prolonged periods of culture, but displayed 
karyotypic abnormalities. It has yet to be determined whether the embryos were 
originally defective or represented exceptional events of karyotype abnormalities 
that occurred during the extended periods of culture, or whether this culture method 
does not support the derivation of hESC lines with normal karyotype. 

 Another study of feeder layer-free isolation of hESC lines utilized the suspension 
technique (Steiner et al.  2010  ) . Isolated inner cell mass was transferred to an animal-
 free medium for proliferation in suspension. Three new hESC lines were derived 
(reported success rates were about 20%), exhibiting normal hESC features. This 
demonstrated that feeders or extracellular matrices are not necessarily required if 
suitable conditions are employed (Steiner et al.  2010  ) .  

    3.2   Materials for Feeder Layer-Free Culture of hPSCs 

    3.2.1   Matrix Preparation 

    3.2.1.1   Fibronectin 

 50  m g/10 cm 2  fi bronectin (Sigma human foreskin fi broblast cellular fi bronectin 
F6277; Sigma human plasma fi bronectin F2006; Chemicon human plasma fi bronec-
tin FC010-10) diluted with sterile water (Sigma W1503).  

    3.2.1.2   Matrigel 

 Matrigel (BD Biosciences, Bedford, MA, USA) diluted 1:40 in Dulbecco’s  modifi ed 
Eagle’s medium (DMEM) (of any type), according to the manufacturer’s instructions.   
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    3.2.2   Culture Medium 

    3.2.2.1   TLF Medium 

 84% DMEM/F12 (Biological    Industries Ltd); 15% knockout (KO) serum replace-
ment (SR, Invitrogen Corporation, C.N. 10828028); 1% nonessential amino acid 
(Invitrogen Corporation); 2 mM  l -glutamine (Invitrogen Corporation); 0.1 mM 
 b -mercaptoethanol (Invitrogen Corporation); 4 ng/ml human recombinant bFGF 
and 0.12 ng/ml human recombinant TGF 

 b 1
  (both factors from R&D Biosystems); 

and 1,000 u/ml human recombinant LIF (PeproTec).  

    3.2.2.2   CM100F Medium 

 84% DMEM/F12 (Biological Industries Ltd); 15% KO SR (Invitrogen Corporation); 
1% nonessential amino acid (Invitrogen Corporation); 2 mM  l -glutamine 
(Invitrogen); 0.1 mM  b -mercaptoethanol (Invitrogen Corporation); and 4 ng/ml 
human recombinant bFGF and 100 ng/ml human IL6-IL6 receptor chimera (can be 
replaced by 25 ng/ml IL6 and IL6 soluble receptor, both from R&D Biosystems).  

    3.2.2.3   Commercially Available Medium 

    NutriStem™ (Biological Industries Ltd)  
  mTeST™ (Stem Cells Technologies)    

 Both are ready-to-use medium, to be prepared and stored according to the manufac-
turer’s instructions.    

    3.3   Methods for hPSC Feeder Layer-Free Culture 

    3.3.1   Preparation of Matrix-Covered Plates 

    3.3.1.1   Covering Plates with Fibronectin 

 All plates should be covered with fi bronectin at least 30 min before plating of the 
hPSCs, as follows:

    1.    Cover the dish with fi bronectin solution (see Sect.  3.2.1.1 ) to reach a concentra-
tion of 50  m g/10 cm 2 , with the liquid covering the entire well surface area.  

    2.    Leave at room temperature or in the incubator for at least 30 min. Plates covered 
with fi bronectin can be prepared in advance (overnight).      
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    3.3.1.2   Covering Plates with Matrigel 

     1.    The matrix should be prepared according to the manufacturer’s instructions, 
mainly diluted with plain DMEM under 20°C conditions, while using previously 
chilled pipettes and plates. It is recommended that a stock of 1:20 be prepared in 
advance and frozen in aliquots.  

    2.    Cover the dish with Matrigel solution (see Sect.  3.2.1.2 ) to reach a dilution of 
1:40, with the liquid covering the entire well surface area. We recommend 1 ml 
of diluted Matrigel for covering a 10 cm 2  surface area.  

    3.    Leave at room temperature or in the incubator for at least 30 min. It is recom-
mended that the plates not be prepared in advance.       

    3.3.2   Splitting, Freezing, and Thawing hPSCs 

 The protocols that are currently in use are identical to those described in Chap.   3     for 
culturing hPSCs with a supporting layer. We recommend, however, that before 
 plating the cells with matrix, residue of liquids be removed from the culture dish, 
after either splitting or thawing. In addition, since cultured cells are more sensitive, 
the use of Rho kinase (ROCK) inhibitor Y-27632 while freezing the cells (see for 
protocol Watanabe et al.  2007  )  is advised. Colonies propagated without feeder 
 layers are fl atter than those grown on feeder layers. Therefore, breaking them for the 
purpose of splitting or freezing may result in smaller clumps (Fig.  3.1 ). Another 
difference is that when the colonies are broken, either for splitting or freezing, the 
clumps may be smaller (Fig.  3.1 ), since the colonies tend to be fl atter than when 
using feeders.   

    3.3.3   Adaptation of PSCs to Feeder-Free Culture 

 Usually, cells can be transferred directly from a feeder-containing culture to a feed-
er-free one. However, they will require 3–6 passages to adapt to the feeder layer-free 
culture system. During adaptation, some residues of the feeder may still exist in the 
culture, and the colony morphology may be disorganized (Fig.  3.2 ). If the cell line 
does not adapt well to the new culture conditions, it may help to adapt the cells to 
the new culture medium while still culturing with feeders, using gradual transfer: 
one passage with 75% old medium and 25% new medium, followed by a passage 
with 50%:50% medium ratio, and a passage with 75%:25%. In subsequent pas-
sages, 100% of the new medium can be used. After 2 passages with the new medium, 
the cells can be transferred to feeder layer-free culture conditions more easily. 
Similarly, transfer between medium types during feeder-free culture can be per-
formed gradually, as described.   
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    3.3.4   Routine Culture of hPSCs 

 The culture medium (see Sect.  3.2.2 ) should be changed daily. If this is unfeasible, 
add twice the amount of medium. hPSCs should be passaged every 4–6 days 
directly on fresh fi bronectin or Matrigel-covered plates (see Sects.  3.3.1.1  or 
 3.3.1.2 ). Differentiating colonies should be scraped after every 5–7 passages. The 
undifferentiated colony morphology resembles those of colonies cultured with 
feeders, consisting of small round cells with large nuclei and notable nucleoli, and 
typical spaces between the cells. The major differences are that the colonies are 
sometimes less rounded and with sharp edges, and are fl atter, comprising fewer 
layers. Examples of undifferentiated morphology are illustrated in Figs.  3.3 – 3.6  
and  3.8a  for TLF, CM100F, NutriStem™, mTeSR™, and TeSR2™ media, respec-
tively. In some cases, due to the fl at morphology at the end of the passages, the 
undifferentiated cells may form a monolayer (Fig.  3.7 ). As with feeder containing 
culture systems, background differentiation is retained in the PSC culture. One 
type of background differentiation is the formation of auto-feeders from PSCs 
(described by Xu et al.  2001  ) . These auto-feeders remain during collagenase split-
ting and re-form at every passage. A  culture containing auto-feeders may become 
clean during prolonged culture, yet the appearance of auto-feeders is hard to 
 prevent. High bFGF concentrations of 40 ng/ml or more have been recommended 

  Fig. 3.1    Size of clumps post-splitting. BG01 cell clumps following collagenase splitting. They are 
smaller than would be expected from using feeder containing culture. Bar 100  m M       
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as a means of preventing auto-feeder formation (Ludwig et al.  2006  ) . Figure  3.6  
shows undifferentiated cells forming auto-feeders. Background differentiation is 
also characteristic of the feeder-free culture, with  similar appearance as that seen in 
feeder-based cultures (Figs.  3.8  and  3.9 ).              

  Fig. 3.2    Colonies adapting to feeder layer-free culture, cultivated on Matrigel™ matrix, demon-
strating disorganized morphology. ( a ) A colony of hESCs CL1 cultured with mTeSR™ containing 
undifferentiated cells. ( b ) A colony of hESCs CL1 cultured with mTeSR™ containing undifferen-
tiated-like cells with spaces between them. The cell size is larger than usual, and the colony is not 
round. It seems that there are still some feeder cells at the culture (an example is marked with an 
 arrow ). ( c ) A colony of hESCs I3.2 cultured with NutriStem™ with elongated shape. ( d ) A large 
colony of hESCs CL1 mainly containing undifferentiated cells. At the colony center, there is an 
area (marked with a  circle ) where the cell morphology is unclear. ( a ,  c ) Bar 130  m M, ( b ) bar 
200  m M, and ( d ) bar 100  m M       
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  Fig. 3.3    Undifferentiated hESC I3 cultured with TLF medium and fi bronectin. ( a ,  b ) Examples of 
undifferentiated cell colonies. Note that some auto-feeders surround the colonies. ( c ,  d ) The cell 
morphology of colonies is identical to the one expected in cells cultured on feeder cells. ( a ,  b ) Bar 
100  m M and ( c ,  d ) bar 50  m M       
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  Fig. 3.4    Undifferentiated hESC I3 cultured with CM100F medium and fi bronectin. ( a ) An exam-
ple of an undifferentiated cell colony. Note the auto-feeders surrounding it. ( b ) A typical cell 
morphology of a feeder layer-free culture colony. ( a ) Bar 100  m M and ( b ) bar 50  m M       
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  Fig. 3.5    Undifferentiated hESC I3.2 cultured with NutriStem™ medium and Matrigel™ matrix. 
( a–h ) An example of undifferentiated colonies without auto-feeders. The colonies are not round as 
observed in feeder cell-based cultures, and have sharp edges. The culture is accompanied by fl oat-
ing dead cells. ( i ) Morphology of undifferentiated CL1 hESC. The colony is larger than expected 
for cells cultured with feeder cells, almost creating a monolayer. No signs of cell differentiation. 
( a ,  b ,  d ,  e ) Bar 130  m M, ( c ,  f ,  h ,  i ) bar 100  m M, and ( g ) bar 80  m M       
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  Fig. 3.6    Undifferentiated hESC CL1 cultured with Matrigel™ matrix, accompanied with auto-
feeders. ( a ) An undifferentiated colony cultured with NutriStem™, surrounded by auto-feeder 
cells and a small colony (marked with  arrow ), in which ( b ) no clear differentiation is apparent 
within the colony. ( c ) An undifferentiated colony cultured with mTeSR™, surrounded with auto-
feeders, in which ( d ) no clear differentiation is apparent within the colony. ( e ) An undifferentiated 
colony cultured with mTeSR™, in which auto-feeders are formed only on one side of the colony 
( arrow ), whereas the colony in fi gure ( f ) is completely surrounded by auto-feeders. Both colonies 
designate clear borders that separate them from the auto-feeders. ( a ,  c ,  e ,  f ) Bar 70  m M and ( b ,  d ) 
bar 100  m M       
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  Fig. 3.8    Differentiated hESC I3.2 cultured with Matrigel™ matrix and TeSR2™. ( a ) Small undif-
ferentiated colonies. ( b ) A differentiated colony containing cells with neuron-like morphology at 
the edges. ( c ) Flat differentiated colonies and ( d ) a thick colony containing structured differenti-
ated cells. Bar 100  m M       

  Fig. 3.7    Undifferentiated hESC I3.2 cultured with Matrigel™ matrix and NutriStem™, creating 
a monolayer .  In ( a ), an area with some auto-feeders is apparent (marked with  arrow ), while ( b ) 
consists of undifferentiated cells only. ( a ) Bar 80  m M and ( b ) bar 130  m M       
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  Fig. 3.9    Differentiated hESC CL1 cultured with Matrigel™ matrix. ( a ) A fl at colony cultured 
with NutriStem™, containing a dark cell with no notable nucleus. ( b ) Differentiated colony cul-
tured with NutriStem™, containing tube-like structures. ( c ) A large colony cultured with mTeSR™, 
containing epithelium-like structure (marked with  arrow ). ( d ) A large colony cultured with 
mTeSR™, with a cyst formation (marked with  arrow ). ( e–f ) Colonies cultured with mTeSR™, 
containing large cells with lipid droplet (marked with  arrow ). ( a–d ) Bar 100  m M and ( e ,  f ) bar 
200  m M       
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  Abstract   The realization of the potential in research and therapy of human 
 pluripotent stem cells (hPSCs), both embryonic and induced, will require mass 
 production of undifferentiated and differentiated cells. Clearly, the conventional 
two-dimensional techniques for hPSCs are inadequate for such. This chapter focuses 
on suspension culturing of undifferentiated hPSCs, a method suitable for the robust 
production of these cells in controlled bioreactors.      

    4.1   Introduction 

 Human pluripotent stem cells (hPSCs), both embryonic and induced, are usually 
derived and cultured as adherent cells, using feeder layers such as mouse embryonic 
fi broblasts (MEFs) or foreskin fi broblasts (HFFs), with medium supplemented by 
serum replacement and basic fi broblast growth factor (bFGF) (Amit et al.  2000, 
  2003  ) . Improvements in the basic adherent culture systems are discussed in Chaps. 
  2     and   3    . 

 Possible future uses of hPSCs for cell-based therapy and industrial purposes, 
such as drug screening, will require a reproducible, defi ned, and animal-free culture 
system for the routine culture of undifferentiated cells and for new cell line deriva-
tion. Controllable large-scale bioprocesses are necessary for the mass production of 
cells. Such processes generally rely on suspension culture in stirred systems, in 
contrast to the traditional culture of hPSCs, which is based on two-dimensional 
culture in culture dishes. When transferred into suspension culture in vitro, under 
standard growth conditions, hPSCs spontaneously form cell aggregates known as 
embryoid bodies (EBs), in which cells differentiate into embryonically distinct cell 
types (Doetschman et al.  1985 ;    Itskovitz-Eldor et al.  2000 ; Takahashi et al.  2007 ; 
Yu et al.  2007  ) . 

 A recently developed method for suspension culture enables the culturing of 
hPSCs as undifferentiated cells on coated beads, mimicking the adherent culture 
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environment (Phillips et al.  2008 ; Oh et al.  2009  ) . However, uploading and 
removing cells from beads at each passage are challenging, and may result in 
cell loss (Phillips et al.  2008 ; Oh et al.  2009  ) . A novel technique of suspension 
culturing avoids the use of microbeads; cells are propagated as small spheres in 
static cultures in petri dishes or in dynamic systems with shaking Erlenmeyer or 
spinner fl asks (Amit et al.  2010 ; Olmer et al.  2010 ; Singh et al.  2010 ; Steiner 
et al.  2010    ). 

 The system described in this chapter is based on a serum-free medium, enabling 
a considerable increase in viable cell numbers, of 26-fold in 10 days (Amit et al. 
 2010,   2011  ) . Seven hESC lines and six iPSC lines from different sources (fore-
skin fi broblasts, adult skin fi broblasts, and keratinocytes) were adapted to this 
system, using serum-free medium supplemented with full-length IL6RIL6 chi-
mera and low concentrations of bFGF. The system demonstrated expansion for 
over 40 passages while maintaining pluripotency, as evidenced by teratoma and 
EB formation, as well as by stable karyotypes. This is the fi rst description of a 
highly effi cient method for the continuous long-term expansion of undifferenti-
ated hESCs in 3D and dynamic cultures that is applicable to the large-scale cell 
production of hPSCs.  

    4.2   Materials for Suspension Culture of hPSCs 

    4.2.1   Culture Medium 

    4.2.1.1   Supplemented with IL6-IL6 Receptor Chimera 

 84% Dulbecco’s modifi ed    Eagle’s medium (DMEM)/F12 (Biological Industries 
Ltd); 15% knockout (KO) serum replacement (SR, Invitrogen Corporation, 
C.N. 10828028); 1% nonessential amino acid (Invitrogen Corporation); 2 mM 
 l -glutamine (Invitrogen Corporation); 0.1 mM  b -mercaptoethanol (Invitrogen 
Corporation); 4 ng/ml human recombinant bFGF; and 100 pg/ml human recombi-
nant full-length IL6RIL6 chimera (Merck-Serono).  

    4.2.1.2   Supplemented with IL6 and IL6 Soluble Receptor 

 84% DMEM/F12 (Biological    Industries Ltd); 15% KO serum replacement 
(SR, Invitrogen Corporation, C.N. 10828028); 1% nonessential amino acid 
(Invitrogen Corporation); 2 mM  l -glutamine (Invitrogen Corporation); 0.1 mM 
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 b -mercaptoethanol (Invitrogen Corporation); 4 ng/ml human recombinant bFGF; 
and 25 ng/ml human recombinant IL6 and 25 ng/ml human recombinant IL6 soluble 
receptor (both from R&D BioSystems).  

    4.2.1.3   Supplemented with Leukemia Inhibitory Factor 

 85% DMEM/F12 (Biological Industries Ltd); 15% KO serum replacement (SR, 
Invitrogen Corporation, C.N. 10828028); 1% nonessential amino acid (Invitrogen 
Corporation); 2 mM  l -glutamine (Invitrogen Corporation); 0.1 mM  b -mercaptoeth-
anol (Invitrogen Corporation); 4 ng/ml human recombinant bFGF; and 3,000 u/ml 
human recombinant leukemia inhibitory factor (LIF) (PeproTec).   

    4.2.2   Splitting Medium 

    4.2.2.1   Collagenase-Based Splitting Medium 

 The splitting medium consists of 1 mg/ml collagenase type IV (Wordington, type 
IV C.N 4189, activity of 220–320 unite/mg)    in DMEM (of any type).  

    4.2.2.2   Trypsin-Based Splitting Medium 

 The splitting medium consists of trypsin–EDTA (0.25%, Biological Industries Ltd). 
When trypsin is used for splitting, 10  m M of ROCK inhibitor (Sigma) should be 
added to the cell culture medium (see Sect.  4.2.1.1  or  4.2.1.2  or  4.2.1.3 ) 1 h before 
splitting, and to the trypsin while incubating, and be left until the following morning 
(i.e., overnight).   

    4.2.3   Freezing Medium 

 60% DMEM (of any type), 20% dimethyl sulfoxide (DMSO) (Sigma), and 20% 
defi ned fetal bovine serum (FBS) (HyClone) or 30% knockout serum replacement 
(Invitrogen Corporation).   



60 4 Suspension Culture

    4.3   Methods for Suspension Culture of hPSCs 

    4.3.1   Creating a hPSC Suspension Culture 

 For initiating a suspension culture, it is recommended to use 5 × 10 6  undifferentiated 
hPSCs grown in adherent cultures. The cells should be split as usual (see Chap.   3    ). 
In case collagenase is used, the following protocol is recommended:

    1.    Aspirate the medium that is to be transferred from the wells to the suspension 
culture.  

    2.    Add the splitting medium (see Sect.  4.2.2.1 ) to cover the well (0.5 ml for 10 cm 2 ) 
and incubate for 20–40 min. Most colonies will fl oat.  

    3.    Add 1 ml of culture medium (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ) and carefully 
collect the cells.  

    4.    Collect the cell suspension and place into a conical tube.  
    5.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    6.    Aspirate the medium from the tube without harming the cell pellet.  
    7.    Re-suspend the cells in 700  m l of fresh medium (see Sect.  4.2.1.1  or  4.2.1.2  or 

 4.2.1.3 ) and dissociate the cells by moving a 200- m l tip up and down 5–10 times.  
    8.    Transfer the cells to a 58-mm dish (use a petri dish or any other non-culture-treated 

dish).  
    9.    Add 5 ml of fresh medium (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ) and incubate 

at 37°C.     

 The morphology of undifferentiated cells cultured in suspension is shown in 
Fig.  4.1  for human PSCs, and in Fig.  4.2  for primate and mouse PSCs.    

    4.3.2   Splitting hPSCs in Suspension 

    4.3.2.1   Mechanical Splitting 

     1.    Collect the cells cultured in suspension and place in a conical tube.  
    2.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    3.    Aspirate the medium from the tube without harming the cell pellet.  
    4.    Re-suspend the cells in 700  m l of fresh medium (see Sect.  4.2.1.1 ,  4.2.1.2  or 

 4.2.1.3 ) and dissociate the cells by moving a 200- m l tip up and down 5–10 
times.  

    5.    Transfer the cells to a new 58-mm dish (use a petri dish or any other non-culture-
treated dish).  

    6.    Add 5 ml of fresh medium (see Sect.  4.2.1.1 .  4.2.1.2  or  4.2.1.3 ) and incubate at 
37°C. A concentration of 1 × 10 6  cells/ml is recommended.     

 The morphology of spheres after mechanical splitting is demonstrated in 
Fig.  4.3 .   
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    4.3.2.2   Splitting Cells with Trypsin 

 Splitting cells with trypsin is optional and will result in a more homogenous sphere 
size. However, the attachment after 48 h of some of the formed clumps should be 
considered. Consequently, the resulting spheres will not initiate from single cells.

    1.    Collect the cells cultured in suspension and place in a conical tube.  
    2.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    3.    Aspirate the medium from the tube without harming the cell pellet.  
    4.    Add 1 ml of trypsin (see Sect.  4.2.2.2 ) and incubate at 37°C for 10 min.  
    5.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    6.    Re-suspend the cells in 700  m l of fresh medium (see Sect.  4.2.1.1 ,  4.2.1.2  or 

 4.2.1.3 ) supplemented with ROCK inhibitor (see Sect.  4.2.2.2 ), and break the 
cells further by moving a 200- m l tip up and down 3–5 times.  

  Fig. 4.1    Undifferentiated hPSCs    cultured in suspension. The cells spontaneously form spheres 
with a diameter of 100–500  m M. ( a ) hESC line I6 cultured in suspension for 29 passages. ( b ) hESC 
line CL1 cultured in suspension for 6 passages. ( c ) hESC line I4 cultured in suspension for 37 pas-
sages. ( d – f ) hESC line I3 cultured in suspension for 43 passages. ( g ) Human induced pluripotent 
stem cell (hiPSC) line mKTR13.4 derived from plucked human hair follicle keratinocytes cultured 
in suspension for 5 passages. ( h ,  i ) hESC line H9.2 cultured in suspension for 34 passages. The 
formed spheres have a disc-like rather than a ball-like structure as formed by EBs, and have sharp 
edges. ( a ,  d ) Bar 200  m M, ( b ) bar 100  m M, ( c ,  e ,  f ) bar 150  m M, and ( g – i ) bar 130  m M       
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    7.    Transfer the cells to a new 58-mm dish (use a petri dish or any other non-culture-
treated dish). A concentration of 1 × 10 6  cells/ml is recommended.  

    8.    Add 5 ml of fresh medium (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ) supplemented 
with ROCK (see Sect.  4.2.2.2 ) and incubate at 37°C.     

 Sphere morphology after passaging with trypsin is illustrated in Fig.  4.4 .    

    4.3.3   Freezing hPSCs in Suspension 

 Use the same method as that used for splitting (see Sect.  4.3.2.1  or  4.3.2.2 ). Freeze 
the cells 1 day post-splitting.

    1.    Collect the cells cultured in suspension and place in a conical tube.  
    2.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    3.    Aspirate the medium from the tube without harming the cell pellet.  
    4.    Re-suspend the cells in a culture medium (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ).  

  Fig. 4.2    Undifferentiated PSCs of primate and mouse origin, cultured in suspension. The sphere 
morphology resembles that of human spheres. ( a ,  b ) Rhesus monkey ESC line R366.4 cultured in 
suspension for 2 passages. ( c ,  d ) Mouse iPSC line M16 cultured in suspension for 13 passages. 
( a ,  b ,  d ) Bar 130  m M and ( c ) bar 200  m M       
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  Fig. 4.3    Undifferentiated hPSCs cultured    in suspension post-mechanical splitting. ( a ) hESC line 
I3 cultured in suspension for 2 passages. Note that the spheres already have a clear sharp border 
(marked with  black arrow ) surrounded by loosely attached cells. ( b ) hiPSC line mKTR13.4 cul-
tured in suspension for 5 days. Some of the clumps do not have an organized sphere morphology 
(marked with  white arrow ). ( c ,  d ) hESC line CL1 cultured in suspension for 6 passages. Some of 
the clumps do not have an organized sphere morphology (marked with  white arrow ). ( a ) Bar 
100  m M and ( b – d ) bar 50  m M       

  Fig. 4.4    Enzymatic splitting of the spheres. Cells of hESC line I4 that were cultured in suspension 
for 50 passages were dissociated with trypsin–EDTA and treated with ROCK inhibitor. One ( a ), 
three ( b ), and fi ve ( c ) days after dissociation. Five days post-splitting, spheres emerged with  typical 
undifferentiated morphology, similar to the morphology created after mechanical dissociation. 
( a ,  b ) Bar 100  m M and ( c ) bar 130  m M       
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    5.    Add, drop by drop, an equivalent volume of freezing medium (see Sect.  5.2.3 ) 
and mix gently. Adding the freezing medium drop by drop is crucial for cell 
recovery.  

    6.    Pour 0.5 ml into a 1-ml cryogenic vial. A freezing ratio of 2 × 10 6  cells/vial is 
recommended.  

    7.    Freeze overnight at –80°C in freezing boxes (Nalgene freezing box, C.N.
5100-0001).  

    8.    Transfer to liquid nitrogen on the following day.      

    4.3.4   Thawing hPSCs in Suspension 

 The thawing procedure is identical to that used with feeders in adherent cultures.

    1.    Remove the vial from the liquid nitrogen.  
    2.    Gently swirl the vial in a 37°C water bath.  
    3.    When a small pellet of frozen cells remains, wash the vial in 70% ethanol.  
    4.    Pipette the content of the vial up and down once to mix.  
    5.    Place the contents of the vial in a conical tube and add, drop by drop, 2 ml of 

culture medium (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ). Adding the hESC medium 
drop by drop is crucial for cell recovery.  

    6.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    7.    Remove the supernatant and re-suspend the cells in 2 ml of culture medium (see 

Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ).  
    8.    Place the cell suspension in a 35-mm petri dish and incubate at 37°C.      

    4.3.5   Culturing hPSCs in a Dynamic System 

    4.3.5.1   Culturing hPSCs in Erlenmeyer Flasks 

     1.    Transfer cell spheres that were cultured in 1–3 petri dishes (10 6 –6 × 10 6  cells) for 
at least one passage in suspension to 25 ml of culture medium in a 125-ml 
Erlenmeyer fl ask (Corning Incorporated, Corning, NY, USA) (see Sect.  4.2.1.1 , 
 4.2.1.2  or  4.2.1.3 ). The optimal cell concentration is 10 6  cells/ml, but a lower cell 
concentration can also be employed.  

    2.    Shake continuously at 60–90 rpm using an orbital shaker (S3.02.10L, ELMI Ltd, 
Riga, Latvia) and incubate at 37°C.      

    4.3.5.2   Culturing hPSCs in Spinner Flasks 

     1.    Transfer the cell spheres cultured in 1–5 petri dishes (10 6 –3 × 10 7  cells) for at 
least one passage in suspension to 30 ml of culture medium in a 100-ml glass ball 
spinner fl ask (CellSpin of Integra Biosciences, Fernwald, Germany) in (see 
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Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ). The optimal cell concentration is 10 6  cells/ml, 
but a lower cell concentration can also be employed.  

    2.    Shake continuously at 60–90 rpm using a magnetic plate (CellSpin of Integra 
Biosciences, Fernwald, Germany) and incubate at 37°C. The morphology of 
spheres cultured in spinner fl asks is illustrated in Fig.  4.5 .       

    4.3.5.3   Splitting hPSCs Cultured in Dynamic Systems 

     1.    Collect the cells cultured in suspension and place in a conical tube.  
    2.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    3.    Aspirate the medium from the tube without harming the cell pellet.  
    4.    Re-suspend the cells in fresh medium (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ) and 

divide the cells equally in a new spinner or an Erlenmeyer fl ask. There is usually 
no need to dissociate the cells, but if so desired, passaging in petri dishes is pref-
erable (see Sect.  4.3.2.2 ).  

    5.    Add fresh medium (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ) and incubate at 37°C. 
A concentration of 1 × 10 6  cells/ml is recommended, but it is possible to start 
from 3 × 10 4  cells/ml and work up to 10 × 10 6  cells/ml.       

    4.3.6   Routine Culture of hPSCs in Suspension 

 When transferring PSCs from adherent to suspension culture, an adaptation time of 
3–5 passages can be expected. During the adaptation time, some MEF clumps can 
still be    observed (illustrated in Fig.  4.6 ), some of which may display disorganized 
morphology. In addition, during the adaptation time, background differentiation 
may exceed 5%. Examples of the morphology of differentiating spheres are i   llus-
trated in Fig.  4.7 . When using petri dishes, the culture medium (see Sect.  4.2.1.1 , 
 4.2.1.2  or  4.2.1.3 ) should be changed daily; if not feasible, add twice the amount of 
medium. The medium can be changed twice a week if a dynamic system is used, 
and if the cell concentration does not exceed 5 × 10 6  cells/ml. The cell concentration 
can be higher (up to 3 × 10 7  cells/ml), but then the medium should be changed on a 
daily basis. Our experience shows no differences in culture performance when using 
the different culture mediums presented (see Sect.  4.2.1.1 ,  4.2.1.2  or  4.2.1.3 ).   

 The medium can be changed as follows:

    (a)    If the cells are cultured using a 58-mm petri dish, they can be collected into a 
conical tube, centrifuged at 80 ×  g , and then re-plated using fresh culture medium. 
An alternative method is to tilt the dish gently to centralize the cells, aspirate as 
much medium as possible without harming the cells, and add 5 ml of fresh 
medium.  

    (b)    If the cells are cultured in Erlenmeyer or spinner fl asks, remove the dish from 
the magnetic plate, let the cells sink, then aspirate as much medium as possible, 
and replace with fresh medium. Alternatively, the medium can be changed by 
centrifugation.     
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  Fig. 4.5    Dynamic culture of hPSCs in spinner fl asks. The cells spontaneously form homologous 
spheres with a diameter range of 100–300  m M. ( a ) hESC line H14 cultured in spinner fl asks for 
2 weeks. ( b ,  c ) hESC line I3 cultured in spinner fl asks for 3 months. ( a ) Bar 200  m M and ( b ,  c ) bar 
100  m M       
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 As with cells cultivated in adherent culture, the hPSCs should be passaged (see 
Sect.  4.3.2 ) every 5–8 days. Examples of sphere morphology, post-mechanical split-
ting, and trypsin dissociation are demonstrated in Figs.  4.3  and  4.4 , respectively. If 
the culture is not split, in addition to an increase in differentiation rate, the spheres 

  Fig. 4.6    Morphology of spheres    during adaptation to suspension culture. ( a–c ) hESC line H14 
cultured in suspension for 4 passages. Some of the clumps in the culture have  brown  color (marked 
with  black arrows ) and consist of either dead cells or MEFs. One spheroid has an apoptotic center 
(marked with  white arrow ). ( d – f ) hiPSC line iLBWT30m (derived from skin fi broblast) cultured in 
 suspension for 8 passages. Several dark clumps (marked with  black arrows ) and some clumps with 
apoptotic center (marked with  white arrow ) still exist. It seems that this line requires more time to 
adapt to the suspension culture than does the average line. ( a–c ) Bar 100  m M, ( d ) bar 130  m M, and 
( e ,  f ) bar 100  m M       
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may grow to a size of 300  m M or more, which would interfere with diffusion and 
lead to apoptosis in the center of the sphere (demonstrated in Fig.  4.8 ).  

 Cell features can be tested with the adherent culture assays, including fl uores-
cence-activated cell sorting (FACS) analysis for pluripotency cell surface markers, 
immunostaining for undifferentiation markers (examples provided in Chap.   9    ), and 
gene expression assays. Similar to adherent cells, the culture can be evaluated either 
by direct monitoring under a microscope (examples for undifferentiated and differ-
entiated morphology are illustrated in Figs.  4.1  and  4.7 , respectively), or by 
 re-plating part of the spheres on MEFs. In the latter case, colonies with undifferenti-
ated morphology will emerge within 48 h post-plating (shown in Figs.  4.9  and  4.10 ). 

  Fig. 4.7    Differentiated spheres    cultured in suspension. ( a ) hiPSC line mKTR13.4 cultured in 
suspension for 5 passages. The cells formed epithelia at the clump borders (marked with  gray 
arrow ). ( b ) hiPSC line iLBWT30m cultured in suspension for 8 passages. The cells formed 
 neuron-like epithelia at the edges of the clump (marked with  gray arrow ). ( c ) hiPSC line mKTR13.4 
cultured in suspension for 5 passages. The cells formed a cyst (marked with  black arrow ). ( d ) hiPSC 
line hCB1 derived from cord blood cells cultured in suspension for 34 passages. The cells formed 
neuron-like epithelia. ( e ) hESC line I3.2 cultured in suspension for 5 passages. A cyst structure 
was formed (marked with  black arrow ). The clump also contains pigment cells (marked with  white 
arrow ). ( f ,  g ) hESC line H7 cultured in suspension for 8 passages. The cells formed a cyst (marked 
with  black arrow ). ( h ) hESC line I3 cultured in suspension for 1 passage. The cells formed a cyst 
(marked with  black arrow ). ( i ) hPSC line J6 cultured in suspension for 5 passages. The cells 
formed a cyst (marked with  black arrow ). ( j ) hiPSC line mKTR13.4 cultured in suspension for 5 
passages. The cells formed an elongated cyst (marked with  black arrow ). ( k ) hESC line I3 cultured 
in suspension for 1 passage. The cells formed a cyst (marked with  black arrow ). ( l ) hiPSC line 
iLBWT30m cultured in suspension for 8 passages. The cells formed a compacted neurosphere, 
with a ball-like structure instead of a disc-like one. ( a ,  b ) and ( h ) Bar 100  m M, ( c ) bar 200  m M, 
( d ) bar 130  m M, and ( e – g ) and ( i-l ) bar 150  m M       

 



694.3 Methods for Suspension Culture of hPSCs

Additionally, the sphere morphology can be examined by histological slides (dem-
onstrated in Fig.  4.11 ).    

 If transferred, the cells can be sent frozen or fresh. Fresh cells should be sent 
using 50-ml tubes fi lled with 25 ml culture medium. Examples of sphere morphol-
ogy post-shipment are illustrated in Fig.  4.12 .        

  Fig. 4.8    Spheres containing an apoptotic center. In some cases, when spheres reach a certain size, 
diffusion is insuffi cient and an area of apoptotic cells appears at their center. ( a ) hESC line H14 
cultured in suspension for 4 passages. The apoptotic center is marked with a black arrow. ( b ) hiPSC 
line mKTR13.4 cultured in suspension for 5 passages. The apoptotic center is marked with a black 
arrow. ( c ) hESC line I3 cultured in suspension for 43 passages. A very small apoptotic center was 
formed (marked with  black arrow ). ( d ) hiPSC line iLBWT30m cultured in suspension for 8 
 passages without an apoptotic center. ( a ) Bar 80  m M, and ( b – d ) bar 100  m M       

 



  Fig. 4.9    Colonies formed by spheres re-cultured on MEFs. When spheres cultured in suspension 
are re-cultured on MEFs, they form colonies with typical hESC morphology, i.e., round, with clear 
borders and containing small cells with large nuclei. This occurs within 48 h of re-culturing. ( a ) A 
colony formed by hESC line I4 cultured in suspension for 10 passages after re-plating on MEFs. 
( b ,  c ) A colony formed by hESC line I3 cultured in suspension for 11 passages after re-plating on 
MEFs. ( d ) A colony formed by hESC line I6 cultured in suspension for 10 passages after re-plating 
on MEFs. Bar 130  m M       

  Fig. 4.10    Colonies formed by spheres re-cultured on MEFs after over 2 years of culture in suspen-
sion. Colonies formed by hESC line I3 cultured in suspension for 121 (!) passages after re-plating 
on MEFs. Some spheres failed to attach to the MEFs (marked with  black arrows ). Bar 130  m M       
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  Abstract   Human pluripotent stem cells (hPSCs), both embryonic and induced, 
are traditionally cultured as adherent cells. When transferred to suspension cul-
ture, they normally form cell aggregates known as embryoid bodies (EBs). As 
implied by their name, EBs consist of differentiating cells representing the three 
embryonic germ layers. The cascade of events that transpire within these cells 
mimic early embryonic development. Therefore, with its crucial role in increasing 
differentiation effi ciency and velocity, the stage of EB formation is considered an 
important step in many directed and spontaneous differentiation protocols. This 
chapter focuses on the morphology of EBs after their formation in static and 
dynamic cultures.      

    5.1   Introduction 

 Human pluripotent stem cells (hPSCs), both embryonic and induced, are cultured 
as adherent cells in conditions supporting undifferentiated growth (Thomson et al. 
 1998 ; Takahashi and Yamanaka  2006  ) . When hPSCs are transferred from an envi-
ronment supporting self-renewal to tissue culture-treated dishes (low adherent 
plates) comprising suspension culture, they spontaneously form cell aggregates 
known as embryoid bodies (EBs). EBs demonstrate regional differentiation into 
embryonically distinct cell types (Doetschman et al.  1985 ; Itskovitz-Eldor et al. 
 2000 ; Takahashi and Yamanaka  2006  ) . Small aggregates can be observed 24 h after 
plates are in suspension. In mouse embryonic stem cells (ESCs), these aggregates 
tend to organize into a special structure consisting of an internal endoderm layer 
and an external ectoderm layer; however, hPSCs tend to be somewhat less orga-
nized (Itskovitz-Eldor et al.  2000  ) . Four to ten days after being placed in suspen-
sion, some of the EBs become cavitated, and by 2 weeks some become cystic 
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(Itskovitz-Eldor et al.  2000  ) . Similar to mouse EBs, EBs formed by hPSCs repli-
cate aspects of early development, displaying differentiation into derivatives of all 
three embryonic germ layers. Though complex tissue structures are rarely seen 
(Itskovitz-Eldor et al.  2000  ) , the EB stage has become a major step in inducing 
hPSC differentiation. 

 Many differentiation protocols for hPSCs rely on EB formation. For example, 
the re-plating of spontaneously differentiating EBs on an adherent substrate con-
taining beating areas generates cells exhibiting structural and functional properties 
of early stage cardiomyocytes (Kehat et al.  2001,   2002 ; Germanguz et al.  2011 ; 
Zhang et al.  2009 ; Tanaka et al.  2009 ; Zwi et al.  2009  ) . Differentiation into cardio-
myocytes can also be induced. One of the fi rst studies demonstrating cardiomyocyte 
enrichment was based on plating 4–6-day-old EBs, treating them with 5-aza-2 ¢ -
deoxycytidine, and separating the resultant cardiac cells by dissociation and by 
Percoll gradient density centrifugation. The result was a population of 70% pure 
cardiomyocytes (Xu et al.  2002a  ) . Additional factors, such as Activin A and BMP4, 
were found to promote cardiac differentiation of hPSCs. A number of protocols that 
include the EB stage are based on supplementation of these factors (Lafl amme et al. 
 2007  ) . More complex protocols, based on the step-by-step provision of certain cul-
tural conditions, have recently emerged, thus leading the generation of cardiomyo-
cyte progenitors (Yang et al.  2008  ) . 

 Spontaneously formed EBs derived from hESCs have been shown to contain 
endothelial cells (Levenberg et al.  2002 ; Gerecht-Nir et al.  2003  )  and low levels of 
CD45-positive cells. Most co-express CD34, a phenotype similar to the fi rst defi ni-
tive hematopoietic cell. CD34 can be detected within the wall of the dorsal aorta of 
developing human embryos (Chadwick et al.  2003  ) . A team of investigators showed 
that treating hEBs with hematopoietic cytokines induces differentiation of 
hematopoietic cells (Chadwick et al.  2003  ) , whereas treating them with vascular 
endothelial growth factor A (VEGF-A 

165
 ) selectively induces erythropoietic differ-

entiation (Cerdan et al.  2004  ) . In addition, spontaneously formed EBs were shown 
to contain neural progeny such as neurons, astrocytes, and oligodendrocytes (Zhang 
et al.  2001  ) . More recent protocols include the induction of hPSC neural lineage 
differentiation by the use of specifi c factors, such as proliferating neural progeni-
tors, which are capable of differentiation into neurons (both GABAergic and dop-
aminergic), astrocytes, and oligodendrocytes (Koch et al.  2009 ; Gerrard et al.  2005  ) . 
EBs formed by hPSCs were also shown to contain extra embryonic endoderm, 
including trophoblast cells, which can be induced by plating EBs on Matrigel 
(Gerami-Naini et al.  2004  ) . 

 However, hPSCs can also be induced to differentiate without the EB stage. When 
hPSCs are removed from culture conditions that promote their self-renewal and are 
plated as crowded colonies on gelatin, they spontaneously differentiate. The same 
happens when hPSCs are grown to confl uency on mouse embryonic fi broblasts 
(MEFs). Therefore, to direct the differentiation of hPSCs to a specifi c lineage, two-
dimensional (2D) culture conditions should be modifi ed. Indeed, directed differen-
tiation methods for hPSCs have been established, enabling researchers to obtain 
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enriched or purifi ed specifi c cell populations, such as cardiac cells, neurons, 
endothelial cells, and trophoblasts. 

 Cardiac-directed differentiation in 2D culture, without an EB stage, can be 
achieved by the co-culture of hPSCs with visceral endoderm-like cells. This results 
in the contraction of areas containing cells characterized by cardiac features 
(Mummery et al.  2002,   2003  ) . Other effi cient protocols to direct cardiomyocyte-like 
cell differentiation of hPSCs are based on culturing the cells with Matrigel matrix 
and exposing them on specifi c days to BMP4 and Activin A (Lafl amme et al.  2007  ) . 
Endothelium-like cells can also be obtained from hPSC differentiation by culturing 
the stem cells with collagen type IV (Gerecht-Nir et al.  2003  ) . Similarly, trophoblast 
differentiation was induced by a feeder layer-free culture of hPSCs with the supple-
mentation of BMP-4 (Xu et al.  2002b  ) . Two-dimensional cultures have also been 
used for neuronal progenitor derivation by means of co-culture with suitable feeder 
cells that are capable of differentiating into different neural lineages (Perrier et al. 
 2004 ; Buytaert-Hoefen et al.  2004  ) . Moreover, co-cultures with specifi c feeder lay-
ers have been used to derive hematopoietic cells from hPSCs (Kaufman et al.  2001 ; 
Vodyanik et al.  2005  ) . 

 For clinical and industrial applications of hPSCs, mass production of the 
desired cells is necessary. Scalable cultures of both undifferentiated and differen-
tiated cells are needed, preferably by using controlled bioreactors. To this end, 
three possible protocols for promoting hPSC differentiation within EBs have 
been developed (Gerecht-Nir et al.  2004 ; Dang et al.  2004 ; Cameron et al.  2006 ; 
Yirme et al.  2008  ) . For one, Gerecht-Nir et al. achieved dynamic formation of 
EBs in rotating bioreactors containing representative tissues of the three embry-
onic germ layers (Gerecht-Nir et al.  2004 ; Cameron et al.  2006  ) . Another method 
for controlling EB formation involves mass encapsulation of hPSCs using aga-
rose to prevent agglomeration and to control EB size, followed by culturing of the 
resultant EBs in spinner fl asks or reactors (Dang et al.  2004  ) . Yirme et al. devel-
oped a simple and straightforward method to culture EBs in spinner fl asks. 
However, the fact that the initiating step is in a static culture limits the scalability 
of the system [Yirme et al,  2008  ] . Further investigation of means to regulate EB 
formation is needed.  

    5.2   Materials for EB Formation 

    5.2.1   Culture Medium Supplemented with Serum 

 80% DMEM/F12 (Biological Industries Ltd), 20% fetal bovine serum (FBS, 
HyClone C.N. SV30160-03), 1% nonessential amino acid (Invitrogen Corporation), 
2 mM  l -glutamine (Invitrogen Corporation), and 0.1 mM  b -mercaptoethanol 
(Invitrogen Corporation).  
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    5.2.2   Splitting Medium Based on Collagenase 

 The splitting medium consists of 1 mg/ml collagenase type IV (Wordington, type 
IV C.N 4189, activity of 220–320 unite/mg) in DMEM (any type can be used).   

    5.3   Methods for EB Formation and Culture 

    5.3.1   EB Formation 

 The plating of high-density undifferentiated cells is recommended for initiating EB 
formation (5 × 10 6  to 10 7  at 60 cm 2 ).

    1.    Aspirate the medium from the wells that are to be split. Add splitting medium 
(see Sect.  5.2.2 ) to cover the wells (0.5 ml for 10 cm 2 ), and incubate for 20–40 min. 
Most colonies will fl oat.  

    2.    Add 1 ml of culture medium (see Sect.  5.2.1 ) and carefully collect the cells.  
    3.    Collect the cell suspension and place in a conical tube.  
    4.    Centrifuge for 3 min at 80 ×  g  at a recommended temperature of 4°C.  
    5.    Re-suspend cells in media, break the cells by moving a 200- m l tip up and down 

5–10 times, and plate in 58-mm petri dishes.      

    5.3.2   Routine Culture of EBs 

 Initially, the culture medium (see Sect.  5.2.1 ) should be changed twice weekly. As 
the cell concentration increases, the changes should be more frequent, until they are 
daily. Alternatively, the EBs can be split into two petri dishes. Twenty-four hours 
post-EB formation, small cell aggregates appear, which may organize into a special 
structure consisting of an internal endoderm layer and an external ectoderm layer 
(Fig.  5.1 ). Three days later, the aggregates increase in size but the morphology does 
not change, except that the particular organization described above disappears 
(Fig.  5.2 ). About 4 days after EB formation, some of the EBs that have formed 
develop a cavity (Fig.  5.3 ). Fourteen days post-formation, cystic EBs are visible 
(Fig.  5.3 ), and lineage differentiation is easily demonstrated by staining or by gene 
expression assays. EBs older than 14 days may contain more complex structures, 
some of which can be identifi ed by morphological changes (Fig.  5.4 ), and others in 
histological sections (Figs.  5.5  and  5.6 ). In these EBs, a variety of cell types can be 
noted (Fig.  5.7 ). For some induced differentiation protocols, EBs can be re-plated 
on coated plates (with gelatin, fi bronectin, or Matrigel matrix, according to the dif-
ferentiation protocol). The EBs that are attached and also cell outgrowth become 
visible (Fig.  5.8 ). In some of the EBs, cysts fade, and in some, they re-form as 
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adherent cells (Figs.  5.8  and  5.9 ). Figure  5.10  shows the cell types resulting from 
plated EBs, including neuron-like cells, rosette structure, and lipid containing cells. 
In some cases, EBs cultured in suspension tend to attach to each other. Figure  5.11  
shows a histological section of attached EBs, demonstrating cell transfer between 
the two EBs.             

  Fig. 5.1    Formation of an internal ectoderm layer and an outer endoderm layer. Embryoid bodies 
(EBs) formed by hESC line CL1, 48 h post-formation. Small cell aggregates can be seen, some 
consisting of an internal endoderm layer and an external ectoderm layer (marked with  black 
arrow ). ( a ) Bar 200  m M, ( b ,  c ) bar 130  m M, and ( d ) bar 100  m M       

  Fig. 5.2    Three-day-old EBs. ( a ) Formed by BG01 hESC line; note that the external endoderm 
layer is fading. ( b ) Formed by hESC CL1 line; note that most EBs seem to contain homological cell 
populations with no signs of clear differentiation and cavity formation. An aggregate with necrotic 
cells is marked ( black arrow ). ( c ) Higher magnifi cation of ( b ). ( a–c ) Bar 130  m M, ( b ) bar 200       
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    5.3.3   Culturing EBs in Spinner Flasks 

 The protocol proposed is based on that developed by Yirme and colleagues (Yirme 
et al.  2008  ) . Although this method still requires the formation of EBs in a static 
culture, it saves time and effort during culturing.

    1.    Follow steps for EB formation, as described in Sect.  5.3.1 . A recommended 
clump size for initiating EBs is 1,445 ± 115 cells/clump.  

    2.    At 24–48 h post-EB derivation, transfer the resulting EBs to a spinner fl ask 
according to the following parameters:

   (a)    Use a scalable and reliable stirred tank bioreactor (STR) method with mild 
shear force (i.e., GBI impeller type, Erlenmeyer).  

   (b)    Set cell seeding concentration at 0.7 ± 0.1 × 10 6  viable hPSCs/ml.  
   (c)    Propagate in a stirred system at a speed of 70 rpm, within an incubator at 37° 

and 5% CO 
2
 .  

   (d)    Set linear volumetric scaling in the GBI spinner fl ask to the highest manu-
facture volume recommended.  

   (e)    Change the medium twice weekly.         

 The resulting EBs seem more homogeneous in size (Fig.  5.12a ) and contain 
complex structures and a variety of cell types, similar to the EBs formed and cul-
tured in 2D. The morphology of the resulting EBs is exemplifi ed in Fig.  5.12 .        

  Fig. 5.3    Cavity formation by EBs. EBs formed by hESC line CL1. ( a ,  b ) Cavity formation by 
4-day-old EBs (marked with  black arrows ). ( c ,  f ) Cystic EBs 10 and more days post-formation. 
Cysts are marked with  black arrows . ( a ,  c–f ) Bar 200  m M, ( b ) bar 100  m M       
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  Fig. 5.4    Complex structures formed within EBs. 14-day-old and above EBs formed by hESC line 
CL1, after being cultured in suspension as undifferentiated cells. ( a ) With more than one cyst, ( b ) 
with ring-like structures probably created by formed capillary, and ( c ) containing unique epithelial 
structure (marked with  black arrow ). Bar 200  m M       
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  Fig. 5.5    Histological section of cultured old EBs. EBs formed by hESC line H9.2, cultured for at 
least 1 month. ( a ) Stratifi ed epithelium at the periphery of EB, and mesenchyma-like cells. ( b ) 
Four balls of differentiation, two with a small lumen, and a cube epithelium facing a large lumen. 
( c ) Stratifi ed epithelium lining a lumen in which groups of undefi ned cells can be seen. ( d ) A ball 
of differentiating epithelium-like cells. ( e ) EB surrounded by stratifi ed epithelium, containing 
mesenchyma-like cells, a tube-like structure lined by stratifi ed epithelium ( black arrow ), and a 
primitive blood vessel ( white arrow ). ( f ) Stratifi ed epithelium at the periphery of EB, and a ball-
like structure of undefi ned differentiating cells. ( a–d ) Bar 80  m M, ( e ,  f ) bar 150  m M. 1- m M Epon 
histological sections stained with alkaline toluidine blue       
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  Fig. 5.6    Complex structures in a histological section of cultured EBs. EBs formed by hESC line 
H9.2, cultured for at least 1 month. ( a ) Columnar epithelium lining a lumen.  (b ) Same as ( a ), at 
higher magnifi cation. ( c ) Aggregate of undefi ned differentiating cells surrounded by mesenchyma-
like cells. ( d ) Tube-like structures lined by stratifi ed epithelium. ( e ) Aggregate of undefi ned dif-
ferentiating cells lining a small lumen. ( f ) Stratifi ed epithelium at the periphery of EB, also 
containing an aggregate of undefi ned differentiating cells. Bar 80  m M. 1- m M Epon histological 
sections stained with alkaline toluidine blue       
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  Fig. 5.7    Cell types in old EBs. EBs formed by hESC line H9.2, cultured for at least 1 month. 
( a ,  c ) Undefi ned differentiating cells within EBs, some with elongated structure ( b ,  d ,  e ), some 
containing dark vesicles ( f ), and some containing lipid drops ( g ). In some cells, a large regular 
nucleus with pronounced nucleoli can be observed, which indicates intense synthetic activities 
( h ). ( a ,  h ) Bar 80  m M, ( b–g ) bar 30  m M. 1- m M Epon histological sections stained with alkaline 
toluidine blue       
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  Fig. 5.8    Plated EBs. 10-day-old EBs were re-plated on gelatin. ( a ,  b ) Outgrowth from EBs formed 
by hESCs I3.2. ( c ,  d ) Plated EBs created by hESC line CL1 containing cysts .  ( a ,  b ,  d ) Bar 130  m M, 
( c ) bar 200  m M       
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  Fig. 5.9    Plated EBs containing cysts. 10-day-old and above EBs formed by hESC line CL1, after 
being cultured in suspension as undifferentiated cells, were re-plated on gelatin-coated plates. Bar 
200  m M       
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  Fig. 5.10    Morphology of cells formed by plated EBs. ( a ) Plated EBs formed by hESCs CL1 with 
neuron-like morphology. ( b ) Rosette structure formed by plated EBs from hiPSC line hCB110. ( c ) 
Plated EBs formed by hESCs CL1 with neuron-like morphology. ( d ) Lipid droplet containing 
cells, formed by plated EBs from hiPSC line hCB1. ( a ,  b ,  d ) Bar 200  m M, ( c ) bar 100  m M       
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  Fig. 5.11    Attached EBs. ( a ) Attached EBs formed by hESC line H9.2, cultured for 14 days. ( b ) 
Higher magnifi cation of ( a ), in which migration of cells between the attached EBs can be seen. ( a ) 
Bar 80  m M, ( b ) bar 30  m M. 1- m M Epon histological sections stained with alkaline toluidine blue       
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  Fig. 5.12    Histological section of EBs cultured in spinner fl asks. EBs formed by hESC line H9.2, 
cultured for up to 14 days in spinner fl asks resulting in ( a ) relatively homogenous EBs. ( b ) 
Undefi ned differentiating cells resembling adiposities. ( c ) Stratifi ed epithelium at the periphery of 
EB. ( d ) Rosette structure formed within EBs. ( e ,  f ) Undefi ned cells forming unique epithelium 
lining EBs, resembling neural epithelium. ( g ) Cubal epithelium lining a lumen ( e ,  f ). Tube-like 
structures lined by stratifi ed epithelium. ( a ) Bar 200  m M, ( b–d ,  f–h ) bar 50  m M, and ( e ,  i ) bar 
80  m M. 1- m M Epon histological sections stained with H&E       
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  Abstract   Human pluripotent cells (hPSCs) are known for their capability of 
 differentiating into cell types representative of the three embryonic germ layers. The 
pluripotency of both mouse embryonic stem cells (ESCs) and induced pluripotent 
stem cells (iPSCs) was demonstrated by their capability of contributing to tissue 
development, including germ cells, after injection into embryos during chimera for-
mation. However, for ethical reasons, this ultimate test of pluripotency cannot be 
used for hPSCs. Thus, teratoma formation remains one of the most powerful assays 
for testing hPSC differentiation capabilities. After their injection into several sites 
in vivo, such as the hindlimb muscle and under the kidney or testis capsule, of 
severe combined immune defi cient (SCID) mice, iPSCs form nonmalignant tumors 
that contain differentiated cells and tissue formation. In some cases, combinations 
of cells originating from different germ layers are formed within these teratoma 
 tissues. This chapter focuses on teratoma formation and the tissues that can be 
indentifi ed within them.      

    6.1   Introduction 

 The superiority of the developmental potential of undifferentiated embryonic 
stem cells (ESCs) over that of adult stem cells or other multipotent stem cells is 
evident by four main features of mouse ESCs: (a) their consistent contribution to 
chimera formation, particularly regarding the germ cell line (Bradley et al.  1984  ) , 
(b) the formation by some lines of entire viable fetuses after their injection into 
tetraploid embryos (Nagy et al.  1993  ) , (c) their subcutaneous injection into severe 
combined immune defi cient (SCID) mice induces the formation of teratomas 
 containing cells and tissues representative of the three germ layers (Wobus et al. 
 1984  ) , and (d) their transfer to suspension culture in vitro induces the spontaneous 
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formation of cell aggregations known as embryoid bodies (EBs), with areas 
 differentiating into embryonically distinct cell types (Doetschman et al.  1985  ) . 
Mouse induced pluripotent stem cells (iPSCs) demonstrated these same features, 
including chimera contribution and formation of entire viable fetuses (Takahashi 
and Yamanaka  2006 ; Meissner et al.  2007  ) . However, for human pluripotent cells 
(hPSCs), chimera or entire viable fetus formation is impossible, due to technical 
and ethical diffi culties, leaving teratoma formation as the most powerful tool for 
demonstrating cell pluripotency. 

 Teratomas are unique benign tumors containing cell types and tissues representa-
tive of the three embryonic germ cells. Teratomas are affi liated with the class of 
germ cell tumors (Blum and Benvenisty  2008  ) . The name “teratoma” comes from 
the Latin word  Teratos  (a “monster”), since the tissues within the tumor are laid 
down with no order, and in some incidences, a tooth, hair or other small organ 
appears. According to Blum and his colleagues, pathological examination does not 
enable detection of undifferentiated clusters within teratomas, or of cells that still 
express  Oct4  or Nanog (Blum et al.  2009 ; Blum and Benvenisty  2007  ) . Furthermore, 
while teratomas are regarded as polyclonal tumors developed from karyotypically 
normal cells, teratocarcinoma development starts from clonal origin and the tumor 
consists of abnormal cells (Blum et al.  2009  ) . Nevertheless, PSCs undergoing 
genetic or epigenetic changes in vitro may form malignant teratocarcinoma (Blum 
and Benvenisty  2009  ) . 

 Teratoma can be induced by injecting PSCs into several sites in mice. It seems 
that the site of injection can affect teratoma formation rates and growth (Prokhorova 
et al.  2009  ) . Prokhorova and his colleagues found kidney capsule injection to result 
in the highest success rates (100%), followed by subcutaneous injection using 
Matrigel (80–100%), intramuscular injection (60%) and intramuscular injection 
(12.5%). However, using SCID beige mice and high cell numbers (of at least 6 × 10 6  
cells per mice), we have achieved success rates of up to 80% for teratoma formation 
by intramuscular injection, thus circumventing the need for operating on the mice 
and for using sedatives (Amit et al. unpublished data). 

 The formation of teratomas is regarded as a disadvantage of using PSCs for cell-
based therapy (Blum and Benvenisty  2008 ). Lee and his colleagues demonstrated 
that contamination of 10 4  undifferentiated cells injected, together with mature 
 differentiated cells, into skeletal muscle was suffi cient to cause teratoma formation 
(Lee et al.  2009 ). Therefore, to exclude the possibility of undifferentiated cell 
 contamination, followed by the risk of teratoma formation, a long safety test of at 
least 12 weeks should be conducted (Fong et al.  2010  ) .  
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    6.2   Materials for Teratoma Formation 

    6.2.1   Culture Medium 

 There is no need for a special medium; use the conditioned medium for culturing 
the injected cells.  

    6.2.2   Syringe for Injecting Cells 

 Use 1-ml syringe (insulin syringe) with an 18–25-gauge needle.   

    6.3   Formation of Teratomas 

    6.3.1   Protocol for Teratoma Formation 

     1.    Scrap hESCs drawn from three confl uent wells (out of a 6-well plate, 30 cm 2 , 
6 × 10 6 –10 7  cells) using a policeman rubber scraper. Collect cells into a 4-ml tube 
or an Eppendorff tube (to allow collecting all cell pellets into the syringe).  

    2.    Centrifuge the cells for 5 min at 90 ×  g .  
    3.    Leave as little medium as possible, and upload the cell pellets into the syringe. 

There is no need to break the cell pellets.  
    4.    Inject the cells into the rear leg muscles of 4-week-old male SCID beige mice, 

using a 18- or 21-gauge needle.  
    5.    Examine the resultant teratoma 10 weeks after injection.      

    6.3.2   Routine Treatment of Mice and Teratoma 

 Higher concentrations of injected cells will ensure teratoma formation but will 
reduce the mice’s capability to carry the tumors. About 6 weeks after injection, 
teratoma formation can be detected by touch. At 10–12 weeks after injection, the 
teratoma can be harvested from mice. The tumor tissue can be used for RNA, DNA, 
or protein isolation using standard protocols. The teratoma tissue should be fi xed 
immediately after harvest, using a standard fi xer for paraffi n-embedded sections 
(based on 10% paraformaldehyde) or by preparation of frozen sections. 

 In mature teratoma, a variety of tissue types can be seen (Fig.  6.1 ). In some sec-
tions, tissue representative of the three embryonic germ layers can be identifi ed in 
the same fi eld (Fig.  6.1c ). Ectoderm-originated tissues formed in teratoma may 
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  Fig. 6.1    Low-magnifi cation section of teratoma. View of teratoma histological sections showing 
a variety of tissues formed by ( a ) pluripotent cell line J3 and ( b ) hESC line I6. ( c ) A section con-
taining representative tissues of the three embryonic germ layer formed by hESC line WS1: ecto-
derm, epithelium containing melanin-producing cells (marked Ec); mesoderm, bone tissue 
(marked Ms); and endoderm, columnar epithelium containing goblet cells (marked En). ( a ) and 
( b ) Bar 750  m M, and ( c ) Bar 150  m M. 1- m M Epon histological sections stained with hematoxylin 
& eosin (H&E)       

include stratifi ed epithelium (Fig.  6.2 ), neural epithelium with melanin containing 
cells (Fig.  6.3 ), and nerve fi bers (Fig.  6.4 ). Examples of mesoderm-originated tis-
sues include fat (Fig.  6.5 ), muscle (Fig.  6.6 ), cartilage (Fig.  6.7 ), and bone (Fig.  6.8 ). 
From endoderm-originated tissues, columnar epithelium containing goblet cells, 
gland structure, and embryonic-glomerulus-like structures can be seen (Fig.  6.9 ). In 
some teratoma, complex organs, such as hair and hair follicles (Fig.  6.10 ), eye for-
mation, bone tissue containing bone marrow, and skin formation (Fig.  6.11 ) are 
apparent.                  
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  Fig. 6.2    Tissue originated from ectoderm—stratifi ed epithelium of ectoderm origin. Examples of 
stratifi ed epithelium of ectodermal origin formed by ( a ) hESC line WS1, ( b ) hESC line I3, and ( c ) 
hESC line I6, which was cultured under feeder layer-free conditions. ( a ) Bar 90  m M, ( b ) and ( c ) 
Bar 150  m M. 1- m M Epon histological sections stained with H&E       
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  Fig. 6.3    Tissue originated from    ectoderm—epithelium of ectoderm origin containing melanin-
producing cells. ( a ) Examples of epithelium of ectodermal origin consisting of melanin-produc-
ing cells formed by the pluripotent cell line J3. ( b ,  c ) An example of epithelium without 
melanin-producing cells formed by ( b ) hESC line I6 ( c ) hESC line I3 which was cultured in sus-
pension for 26 passages. ( d ) The same epithelium of ( c ), at higher magnifi cation. ( a ) Bar 90  m M, 
( b ) Bar 350  m M, ( c ) Bar 150  m M, and ( d ) Bar 30  m M. 1- m M Epon histological sections stained 
with H&E       
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  Fig. 6.4    Tissue originated from ectoderm—myelinated nerve. Examples of myelinated nerve 
fi bers formed by ( a ) hESC line I3, ( b ) and ( c ) hESC line I4, which were cultured in suspension for 
9 passages. In each fi ber, a darker axon is apparent, surrounded by a  pink  myelin envelop. Bar 
50  m M. 1- m M Epon histological sections stained with H&E       
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  Fig. 6.5    Tissues originated from mesoderm—fat tissue. Example of fat tissue formed by pluripo-
tent cell line J3. Bar 300  m M. 1- m M Epon histological sections stained with H&E       

  Fig. 6.6    Tissues originated from mesoderm—muscle tissue. Example of muscle tissue formed in 
teratoma. ( a ) Skeletal muscle formed by hESC line I6, transverse section. ( b ) Smooth muscle 
formed by hESC line I6 cultured under feeder layer-free conditions. ( c ) Wide tissue of smooth 
muscle formed by hESC line I6 cultured under feeder layer-free conditions. ( d ) Skeletal muscle 
formed by pluripotent cell line J3, partly transverse and partly vertical section. ( e ) Skeletal muscle 
formed by hESC cell line H9, cultured with human foreskin fi broblasts as feeder layer, vertical 
section. ( f ) Skeletal muscle formed by hESC cell line I6, cultured with human foreskin fi broblasts 
as feeder layer, vertical section. In this section, the typical strip formed by the Z-bands is apparent. 
( a–c ) Bar 150  m M, ( d ,  e ) Bar 90  m M, and ( f ) Bar 30  m M. 1- m M Epon histological sections stained 
with H&E       

 

 



  Fig. 6.7    Tissues originated from mesoderm—cartilage tissue. Example of cartilage development 
in teratoma formed by hESC line H9.2. ( a ) Immature tissue. ( b ) Mature hyaline cartilage. ( c ) An 
additional example of mature hyaline cartilage. ( d ) Calcifi ed cartilage. Bar 50  m M. 1- m M Epon 
histological sections stained with H&E       

  Fig. 6.8    Tissues originated from mesoderm—bone tissue. ( a ) An example of bone tissue formed 
in teratoma by pluripotent cell line J3. ( b ) Bone ossifi cation on cartilage tissue formed by pluripo-
tent cell line J3 (the bone is marked with a  black arrow ). ( c ) and ( d ) Additional examples of bone 
formation by hESC line WS1. ( a ,  c ,  d ) Bar 150  m M, ( b ) Bar 30  m M. 1- m M Epon histological sec-
tions stained with H&E       
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  Fig. 6.9    Tissues originated from endoderm—tissues from endoderm origin. Examples of epithe-
lial tissue from endoderm origin formed in teratoma. ( a ) Columnar epithelium formed by hESC 
cell line H9, cultured with human foreskin fi broblasts as feeder layer. ( b ) Stratifi ed epithelium 
formed by hESC cell line WS1. ( c ) Columnar epithelium containing goblet cells, formed by hESC 
cell line H9, cultured with human foreskin fi broblasts as feeder layer. ( d ) Additional examples of 
columnar epithelium containing goblet cells, formed by hESC line I6, cultured under feeder layer-
free culture conditions. ( e, f ) Columnar epithelium lining a gland-like structure formed by hESC 
line H9, cultured with human foreskin fi broblasts as feeder layer. ( g ) Cubical epithelium lining a 
gland-like structure formed by hESC line I6, cultured under feeder layer-free culture conditions. 
( h ) Embryonic glomeruli-like structures formed by hESC line I6. ( a ,  c ,  e ,  g ) Bar 90  m M, ( b ,  d ,  f ,  h ) 
Bar 150  m M. 1- m M Epon histological sections stained with H&E       
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  Fig. 6.10    Complex tissue and organ formation—hair formation. Hair follicles and hair formed by 
hESC line H9.2 in teratoma. ( a ) Area in teratoma containing hair and hair follicles. ( b ) Two hair 
follicles (a columnar epithelium can also be seen). ( c ) A strand of hair and a few hair follicles ( d ) 
The strand of hair at high magnifi cation. ( a ) Bar 750  m M, ( b ,  d ) Bar 50  m M, and ( c ) Bar 150  m M. 
1- m M Epon histological sections stained with H&E       
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  Fig. 6.11    Complex tissue and organ formation—organs formed in teratoma. Examples of com-
plex organs formed in teratoma. ( a ) Eye formation, including retina and lance formation, formed 
by the hESC line WS1. ( b ) High magnifi cation of ( a ): The retina is marked by a  black arrow  and 
the lance by a  white arrow . ( c ) Bone tissue containing bone marrow cells formed by hESC line 
WS1. ( d ) High magnifi cation of ( c ), the bone marrow cells are marked by a  white arrow . ( e ,  f ) Skin 
formation by hESC lines H9.2 and H9 cultured with human foreskin fi broblasts, for ( e ) and ( f ), 
respectively. The stratum corneum containing keratin cells is marked by a  black arrow , the dermis 
is marked  Dr , and the stratum basale by  SB . ( a ,  c ) Bar 90  m M, ( b–f ) Bar 30  m M. 1- m M Epon his-
tological sections stained with H&E, ( e ) was stained with alkaline toluidine blue       
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  Abstract   Immunostaining refers to the processes of localizing antigens in cells, 
thus exploiting the principle that antibodies bind specifi cally to antigens in biologi-
cal tissues. There are two general methods of immunostaining: immunohistochem-
istry (IHC) and immunofl uorescense. For human embryonic stem cells (hESCs), 
researchers use immunostaining to detect specifi c undifferentiation markers, to 
demonstrate pluripotency by embryoid body (EB) and by teratoma formation 
(immunostaining with three germ layer markers), and to detect specifi c differentia-
tion processes.      

    7.1   Introduction 

 Immunohistochemistry (IHC) is the method of in situ detection of antigens in 
cells and tissue sections (formalin fi xed, paraffi n embedded, frozen, etc.) by spe-
cifi c  antibodies. Most commonly, an antibody is conjugated to an enzyme, such as 
peroxidase, that can catalyze a color-producing reaction. Alternatively, an anti-
body can be tagged to a fl uorophore, such as fl uorescein or FITC (immunofl uores-
cence, IF). 

 Antibodies used for specifi c detections can be monoclonal or polyclonal. 
Monoclonal antibodies generally exhibit greater specifi city. Polyclonal antibodies 
are a heterogeneous mix of antibodies that recognize several epitopes. Antibodies 
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can also be classifi ed as primary or secondary reagents. Primary antibodies are 
raised against an antigen of interest and are typically unconjugated (unlabeled), 
while  secondary antibodies are raised against primary antibodies. Hence, secondary 
antibodies recognize immunoglobulins of a particular species and are conjugated to 
either biotin or a reporter enzyme, such as alkaline phosphatase or horseradish per-
oxidase (HRP). Some secondary antibodies are conjugated to fl uorescent agents, 
such as Alexa Fluor or Cy3 (immunofl uorescence). Antigen–antibody hybridization 
enables detection of an antigen by means of light or fl uorescent microscopy 
 (immunofl uorescence). Protein concentration is generally measured by densitome-
try analysis, with the intensity of staining correlating to the amount of the protein 
investigated. 

 Two strategies are used for the immunohistochemical detection of antigens in 
tissue: the primary (direct) method and the secondary (indirect) method. The former 
consists of a one-step staining protocol involving the direct reaction of a labeled 
antibody with the antigen in the tissue (Fig.  7.1 ). This technique is simple and rapid 
due to the use of only one antibody. However, since sensitivity can be reduced due 
to low signal amplifi cation, this technique is less commonly used than indirect 
methods.  

 The indirect method uses two antibodies. The fi rst (primary) antibody recognizes 
the target molecule and binds to it. The second (secondary) antibody, which carries 
the fl uorophore or the enzyme, recognizes the primary antibody and binds to it 
(Fig.  7.2 ). This protocol is more complex and time consuming than the direct proto-
col, but is more fl exible. The great possibilities of primary and secondary antibodies 
enable simultaneous detection of various antigens. Nevertheless, immunostaining 
techniques are generally limited to fi xed (i.e., dead) samples, since antibodies in 
live cells cannot cross the cell membrane.  

  Fig. 7.1    The direct method of immunohistochemical labeling uses one labeled antibody, which 
binds directly to the antigen being targeted       
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 Immunostaining methods can be used in hESC research for a number of pur-
poses: directed differentiation experiments for the analysis of differentiation prod-
ucts; analysis of undifferentiated hESCs (markers such as OCT4, SSEA4, TRA-60, 
or TRA-81) (Figs.  7.3 – 7.4 ); and the demonstration of cell pluripotency in vitro or 
in vivo by immunostaining of EBs or teratomas (formalin fi xed and paraffi n embed-
ded, or paraformaldehyde fi xated, depending on the case) with antibodies that rep-
resent the three germ layers (Figs.  7.5 – 7.9 ).    

  Fig. 7.2    The indirect method of immunohistochemical labeling uses one antibody against the 
antigen being probed for, and a second labeled antibody against the fi rst       

  Fig. 7.3    IF: Undifferentiated I3.2 hESCs on MEF marked with OCT4 as a primary antibody. Cy3 
is the  red -colored secondary antibody, and DAPI is the  blue -colored counterstain       
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  Fig. 7.4    IF: Undifferentiated J1.2.3 iPSCs in suspension marked with OCT4 ( a ), TRA-60 ( b ), 
SSEA4 ( c ), and SSEA3 ( d ) as primary antibodies. Cy3 is the  red -colored secondary antibody, and 
DAPI is the  blue -colored counterstain       
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  Fig. 7.5    ( a ) IHC: Paraffi n-embedded EB preparates from H9.2 hESCs: b-tubulin III is the primary 
antibody, and the neural rosettes are positively marked; ( b ) IF: I6 hESCs differentiated into the 
neural lineage: b-tubulin III is the primary antibody, Cy3 is the  red -colored secondary antibody, 
and DAPI is the  blue -colored counterstain       

  Fig. 7.6    ( a ) IF: iPSC line hCB1 differentiated into the neural lineage: b-tubulin III ( green ) and 
nestin ( red ) are the primary antibodies, Cy3 is the  red -colored secondary antibody, alexa488 is the 
 green -colored secondary antibody, and DAPI is the  blue  colored counter stain, ( a ) growing in 
suspension, ( b ) plated on HPF, ( c ) plated EBs       
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  Fig. 7.7    ( a ) IHC: Paraffi n-embedded EB preparates: CD-34 ( a ,  b ), AFP ( c ). As a primary anti-
body, and the relevant structures are positively marked       

  Fig. 7.8    ( a ) IHC: Paraffi n-embedded teratoma preparates from I3 hESCs marked with human 
lamin A/C as a primary antibody. The photographed structures are hair follicles       
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    7.2   Materials and Solutions for Immunostaining 

    7.2.1   Materials and Solutions for Immunohistochemistry 
of Paraffi n-Embedded Tissues 

     1.    Xylene for deparaffi nization.  
    2.    Ethanol absolute (100%), ethanol 95%—as a step in the rehydration and 

 dehydration process.  
    3.    H 

2
 O 

2
  3% solution in methanol for endogenous peroxidase blocking.  

    4.    Phosphate-buffered saline (PBS) for washing.  
    5.    Primary antibody of the researcher’s choice.  
    6.    DAKO LSAB + System, HRP, cat. K0690 (includes LINK and streptavidin HRP).  
    7.    DAKO liquid DAB + substrate chromogen system, cat. K3468 (includes buff-

ered substrate for liquid DAB and liquid DAB chromogen).  
    8.    DAKO hematoxylin (HEMA), cat. 2020.  
    9.    Zymed antibody diluent, cat. 003118.  
    10.    Mounting medium (Merck’s Entallan or other).      

    7.2.2   Materials and Solutions for Immunofl uorescence 

     1.    Paraformaldehyde 16% solution, Electron Microscopy Sciences, cat. 15710.  
    2.    Paraformaldehyde 4% in PBS solution—fi xation solution.  
    3.    TritonX-100, Sigma-Aldrich, cat. 114K0182.  
    4.    Triton X-100 1% in PBS—permeabilization solution (which reduces surface 

tension, thereby improving penetration of the antibodies into the cell).  
    5.    Normal goat serum (NGS) 10%, Invitrogen Corporation, cat. 14190.  
    6.    Triton X-100 1% + NGS 2% in PBS-blocking solution (which reduces nonspe-

cifi c background staining).  

  Fig. 7.9    IF: I3 hESCs differentiated into endothelial lineage and marked with CD-31 as a primary 
antibody. Cy3 is the  red -colored secondary antibody, and DAPI is the  blue -colored counterstain       
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    7.    Primary antibody of the researcher’s choice.  
    8.    Primary antibody working    solution in blocking solution, according to a 

 previously validated concentration.  
    9.    Secondary antibody of the researcher’s choice (Cy3, Alexa Fluor, etc.).  
    10.    Secondary antibody working solution—1:50 in PBS or according to primary 

antibody (prepare at room temperature in darkness).  
    11.    Counterstain solution (DAPI, propidium iodine, To-Pro, etc.) of the researcher’s 

choice.  
    12.    Counterstain working solution diluted according to counterstain solution.       

    7.3   Immunostaining Procedures 

    7.3.1   Immunohistochemistry of Paraffi n-Embedded Tissues 

     1.    Wash slides in xylene for 3 min (×2).  
    2.    Wash slides in ethanol 100% for 1 min (×2, prepare a new solution for each 

step).  
    3.    Wash slides in ethanol 95% for 1 min (×2, prepare a new solution for each 

step).  
    4.    Wash slides in tap water for 10 min.  
    5.    Rinse slides in PBS solution.  
    6.    Incubate slides with 3% H 

2
 O 

2
  in methanol solution for 5 min.  

    7.    Rinse slides in PBS.  
    8.    Incubate slides with primary antibody working solution for 1 h (prepare at room 

temperature in darkness).  
    9.    Rinse slides in PBS.  
    10.    Incubate slides with LINK for 30 min (prepare at room temperature in 

darkness).  
    11.    Rinse slides in PBS.  
    12.    Incubate slides with streptavidin peroxidase for 30 min (prepare at room 

 temperature in darkness).  
    13.    Rinse slides in PBS.  
    14.    Prepare substrate chromogen solution: 1 ml buffer + 1 drop DAB chromogen.  
    15.    Incubate slides with the substrate chromogen solution for 3–5 min (prepare at 

room temperature in darkness).  
    16.    Rinse slides in distilled water.  
    17.    Incubate slides with hematoxylin for 1 min (prepare at room temperature in 

darkness).  
    18.    Wash slides in tap water for 30 s.  
    19.    Wash slides in ethanol 95% for 1 min (×2, prepare a new solution for each step).  
    20.    Wash slides in ethanol 100% for 1 min (×2, prepare a new solution for each 

step).  
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    21.    Wash slides in xylene for 2 min (×2).  
    22.    Place 1 drop of mounting medium on a preparate and close with a cover slide.  
    23.    Wait overnight for the slides to dry.  
    24.    Analyze staining results with an upright microscope.      

    7.3.2   Immunofl uorescence of Cultured Cells 

     1.    Remove medium from the cells.  
    2.    Add fi xation solution (see Sect.  7.2.2 , step 2) and incubate at room temperature 

for 30 min.  
    3.    Remove the fi xation solution.  
    4.    Rinse with PBS (×2).  
    5.    Add permeabilization solution (see Sect.  7.2.2 , step 4) and incubate at room 

temperature for 10–15 min.  
    6.    Remove the permeabilization solution.  
    7.    Add blocking solution (see Sect.  7.2.2 , step 6) and incubate at room tempera-

ture for 15–20 min.  
    8.    Remove the blocking solution (excluding the negative control well).  
    9.    Add primary antibody working solution (see Sect.  7.2.2 , step 8) (blocking solu-

tion for negative control) and incubate overnight at 4°C.  
    10.    Remove the primary antibody working solution.  
    11.    Rinse with PBS (×3).  
    12.    Add secondary antibody working solution (see Sect.  7.2.2 , step 10) and incu-

bate at room temperature in darkness for 1 h.  
    13.    Remove the secondary antibody working solution.  
    14.    Rinse with PBS (×2).  
    15.    Add counterstain working solution (see see Sect.  7.2.2 , step 12) and incubate at 

room temperature in darkness for 2–5 min.  
    16.    Remove the counterstain working solution.  
    17.    Add PBS.  
    18.    Store cells before analysis in darkness at 4°C.  
    19.    Analyze staining results with an inverted fl uorescent microscope.                
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  Abstract   Cytogenetics is the science of studying human chromosomes. In 
 cytogenetics, karyotype is the nomenclature used to describe the normal or abnor-
mal, constitutional or acquired, chromosomal complement of an individual, tissue, 
or cell line. In some cases, it is necessary to use in situ hybridization methods in 
addition to karyotyping for karyotype clarifi cation. Karyotype stability of human 
embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSC) is particu-
larly sensitive to growth conditions (e.g., growth medium, temperature and CO 

2
  

conditions, and splitting method). In most cases, culture pressure results in chromo-
somal abnormalities. This chapter will discuss the common principles of karyotyp-
ing and fl uorescent in situ hybridization (FISH) methods and the application of 
these methods to hESC and iPSC lines.      

    8.1   Introduction 

    8.1.1   Karyotype Analysis 

 Chromosomes, composed of protein and DNA, are distinct dense bodies located in 
the nuclei of cells. The 46 chromosomes in human cells consist of 22 autosomal 
pairs and 2 sex chromosomes: 2 X chromosomes for females, or an X and a Y 
 chromosome for males. Genetic information is contained in the DNA of  chromosomes 
in the form of linear sequences of bases (A, T, C, G). The total number of bases in 
all the chromosomes of a human cell is approximately six billion, with the number 
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of individual chromosomes ranging from 50 to 250 million. A gene consists of the 
DNA sequence for a single trait, and ranges in size from a few thousand to two 
 million bases. Each chromosome contains a few thousand genes. 

 During interphase, which is the stage of the cell cycle during which the cell 
spends most of its time, chromosomes are not distinctly visible under the light 
microscope. However, during the process of cell division, or mitosis, they become 
highly condensed and visible as dark distinct bodies within the nuclei of cells. 
Chromosomes are most easily seen in the metaphase stage of cell division. They can 
then be identifi ed using certain staining techniques, called banding. Cells are cul-
tured and then stopped in metaphase to maximize the number of suitable cells. They 
are spread on a slide, stained with a suitable dye, and visualized under a microscope 
(Fig.  8.1a ). The banding techniques can be classifi ed into two principal categories: 
(1) those resulting in bands distributed along the length of the whole chromosome, 
such as G-, Q-, and R-banding, and (2) those that stain a restricted number of spe-
cifi c bands and structures, such as C-banding (for the heterochromatic regions) and 
Ag-NOR banding (for nucleolus organizer regions).  

 A typical metaphase chromosome consists of two arms separated by a primary 
constriction or centromere (p is the short arm and q the long arm). A chromosome 
may be characterized by its total length, the position of its centromere, and the pat-
tern of its bands (Fig.  8.1b ). As such, a trained cytogeneticist can identify each 
chromosome by observing it under the microscope. Most conventional cytogenetic 
analyses depend on the karyotyping of G-banded metaphase chromosomes. 
Homologous pairs of chromosomes are arranged according to chromosome struc-
ture; each chromosome can thus be compared band for band with its homologue to 
detect structural changes. 

 A chromosome with its centromere at or near the midpoint is referred to as meta-
centric. The centromere of a submetacentric chromosome is somewhat distant from the 
midpoint. The term acrocentric refers to a chromosome with a centromere obviously 
off-centered (e.g., halfway between the middle and the tip of the chromosome). Certain 
human chromosomes contain a secondary constriction, which appears as an unstained 
gap, called a satellite stalk, near the tip. The chromosome segment distal to this gap 
appears as a satellite. Chromosome numbers 13, 14, 15, 21, and 22 have satellites. 

 Human karyotyping is described according to the International System for 
Human Cytogenetic Nomenclature (ISCN  2009 ). The karyotype formula begins 
with the total number of chromosomes in the cell, followed by the sex chromosomes 
(fi rst the Xs and then the Ys). For example, the formula for a normal male is 46, XY 
(Fig.  8.2a ) and for a normal female 46, XX (Fig.  8.2b ).  

 An extra or a missing chromosome is designated with a + or a − sign, respec-
tively, before the number of the chromosome. Thus, a male with trisomies (three 
chromosomes) for chromosomes 13 and 17 is designated as 48, XY, +13, +17 
(Fig.  8.3 ), and a female with monosomy (one chromosome) for 12 is 45, XX, −12 
(Fig.  8.4 ). Translocation (t) is an exchange of chromosome segments between 
 different chromosomes. For example, the formula for a male with balanced translo-
cation between chromosomes 18 and 19 (with breakpoint 12.2 on a long arm of 
chromosome 18 and 13.3 on a long arm of chromosome 19) is designated as 46, XY, 
t(18;19)(q12.2;q13.3) (Fig.  8.5 ). An addition or deletion of a chromosome segment 
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  Fig. 8.1    ( a ) Metaphase chromosomes under an upright microscope (objective ×100). ( b ) Human 
chromosome ideograms       
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is denoted with a + or a − sign, respectively, after the symbol of the chromosome 
arm. The formula for a male with translocation between chromosomes 1 and 22 is 
46, XY, +der1(t (1;22)(p10;q10)), −22    with centromere as the break point on 
 chromosomes 1 and 22, resulting in partial trisomy of chromosome 1 (Fig.  8.6 ). 
Table  8.1  presents a partial list of symbols for chromosome nomenclature.      

  Fig. 8.2    ( a ) A sample of normal male (46, XY) karyotype (from I6 ESC line). ( b ) A sample of 
normal female (46, XX) karyotype (from I4 ESC line)       
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  Fig. 8.3    Demonstration of abnormal karyotype with chromosome 13 and 17 trisomies (from I6 
ESC line)       

  Fig. 8.4    Example of an abnormal karyotype with chromosome 12 monosomy (from I3 ESC 
line)       

 

 



  Fig. 8.5    An abnormal karyotype with balanced translocation between chromosomes 18 and 19 
(from H6 ESC line)       

  Fig. 8.6    Example of an abnormal karyotype with translocation between chromosomes 1 and 22 
resulting in partial trisomy of chromosome 1 (trisomy of a long arm of chromosome 1) (from iPSC 
line derived from human foreskin C2)       
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 The pattern of light and dark bands changes with the stage of mitosis, ranging 
from 300 or less bands per haploid karyotype in late metaphase to more than 1,000 
bands in early prophase. As mitosis progresses, the bands coalesce, accounting for 
the reduction of bands; resolution is lost by the fusion of sub-bands into larger 
bands. Most routine laboratory work is done at the 400-band level. For critical anal-
ysis, special techniques must be employed to produce 550 or more bands, known as 
“high-resolution analysis” (Francke  1981,   1994 ; Yunis  1976 ;    Yunis et al.  1978  ) .  

    8.1.2   FISH Analysis 

 In addition to karyotyping (classic cytogenetics), cytogeneticists use molecular 
cytogenetic methods based on non-isotopic in situ hybridization techniques. The 
most common method is fl uorescent in situ hybridization (FISH), which uses 
sequence-specifi c DNA probes labeled with fl uorochromes. The locations of 
 differently tagged probes, and the relative positions of their binding sites may be 
visible microscopically on a single chromosome segment or DNA/chromatin 
fi ber (Wiegant et al.  1993  ) . There are various types of fl uorescent probes: enu-
meration probes (for the centromere region) (Figs.  8.7a  and  8.8a ), locus-specifi c 
probes (for a specifi c chromosome segment or gene) (Figs.  8.7b  and  8.8a ), whole 
chromosome painting probes (Fig.  8.8b ), all telomere probes, all NOR probes, 
and variations of these types.   

 Unlike classic karyotyping methods, which are only applicable to mitotic  metaphase 
chromosomes, the FISH technique can be applied to all stages of the cell cycle. 
As such, FISH techniques have enhanced the capability of identifying  chromosome 
segments, of correlating chromosome structures with gene locations, of revealing 
cryptic abnormalities that are undetectable using standard banding techniques, and 
of analyzing and describing complex rearrangements (Trask  1991  ) . 

   Table 8.1    Symbols for chromosome nomenclature   

 A–G  The chromosome groups 
 1–22  The autosome numbers 
 X, Y  The sex chromosomes 
 del  Deletion 
 der  Derivative of chromosome 
 dup  Duplication 
 ins  Insertion 
 inv  Inversion 
 t  Translocation 
 p  Short arm of chromosome 
 q  Long arm of chromosome 
 s  Satellite 
 mar  Marker chromosome (unknown chromosome) 
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  Fig. 8.7    ( a ) FISH with enumeration probe for centromeres of chromosomes 13 and 21. There are 
two copies of chromosome 13 and two copies of chromosome 21 (marked by  arrow ) in a normal 
cell, for a total of 4 signals in a normal cell. ( b ) FISH with locus-specifi c probe to the critical region 
of Down syndrome on chromosome 21. The presence of two signals indicates the cell is normal 
(3 signals per cell indicates Down syndrome). All illustrated cells are normal       
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  Fig. 8.8    ( a ) FISH with the probe to the gene of DiGeorge Syndrome on chromosome 22. The 
probe combined from the enumeration probe to the centromere of chromosome 22 ( green  signal) 
and the locus-specifi c probe to the DiGeorge gene on the 22q arm ( red  signal). A cell with two 
 green  signals and two  red  signals is a normal cell. A cell with two  green  signals (two chromosomes 
22) and one  red  signal (deletion of the DiGeorge gene region) represents abnormalcy or DiGeorge 
Syndrome, as shown in the example. ( b ) An example of normal FISH with the whole chromosome 
painting a probe to chromosome 18       
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 If FISH further clarifi es the karyotype and enables detection of an abnormality, 
then the karyotype may be rewritten to refl ect this new FISH information.   

    8.2   Materials for Harvesting Cells for Karyotyping 
and FISH Analysis 

    8.2.1   Reagents 

     1.    Chromosome Resolution Additive (CRA) (GGS-Genial Genetic Solutions Ltd., 
Zotal, cat GGS-JL-003A)—DNA-intercalating reagent for inhibition of chromo-
some condensation.  

    2.    Colcemid (Gibco, CA; KaryoMAX Colcemid liquid, cat #15212-012)—for inhi-
bition of spindle formation.  

    3.    Glacial acetic acid (ACS grade) (MERCK, Germany).  
    4.    Absolute methanol (ACS grade) (MERCK, Germany).  
    5.    KCl (MERCK, Germany).  
    6.    Na citrate (MERCK, Germany).  
    7.    Hanks’ salt solution (GIBCO, CA; Biological Industries Ltd).  
    8.    Trypsin–EDTA (×10) (GIBCO, CA).      

    8.2.2   Solutions 

    8.2.2.1   CRA Working Solution 

 1:100 (CRA: Hanks salt solution)—store for 1 week at 4–8°C.  

    8.2.2.2   Hypotonic Solution 

 KCl 0.56 g + Na citrate 0.5 g/200 ml distilled water.  

    8.2.2.3   Fixer Solution 

 1:3 (acetic acid: methanol)—store for only 1 day at −20°C.    

    8.3   Procedure of Harvesting Cells for Karyotyping 
and FISH Analysis 

 The following protocol was formulated for use with one well in a 6-well plate (2 ml 
of medium, 10 cm 2 ). For other conditions, the quantities should be adapted accord-
ingly. Harvesting cells 3–4 days post-splitting is highly recommended if collagenase 
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enzyme is used, and 4–6 days post-splitting if trypsin is used. The morphology of 
colonies of a culture ready for harvest is illustrated in Fig.  8.9 . The use of at least 
one well is advised.  

 When the culture is ready, harvest the cells as follows:

    1.    Add 30  m l of sterile CRA working solution to 2 ml of fresh ESC medium.  
    2.    Incubate for 1 h at 37°C (in the incubator).  

  Fig. 8.9    ( a ) ESC culture ready for karyotyping (objective ×5) (from H9.2 ESC line, 3 days post-
collagenase splitting). (Bar = 1 mm). ( b ) ESC colony ready for karyotyping (objective ×10) (from 
H9.2 ESC line, 3 days post-collagenase splitting). (Bar =1 mm)       
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    3.    Add 150  m l of sterile colcemid to the well.  
    4.    Incubate for 30 min at 37°C (in the incubator).  
    5.    Remove the medium.  
    6.    Add 0.5 ml of trypsin per well.  
    7.    Incubate for 5–10 min at 37°C for complete tissue breaking.  
    8.    Add 1 ml of medium per well and collect the cells.  
    9.    Centrifuge for 5 min at 1,200–1,300 rpm (using a 15-ml conical centrifugation 

tube).  
    10.    Aspirate the upper liquid leaving the pellet.  
    11.    Add 2 ml of hypotonic solution per tube, pre-warmed to 37°C.  
    12.    Incubate for 30 min at 37°C (in a water bath).  
    13.    Add 1 ml of fi xer solution to the hypotonic solution, drop by drop, and rock 

gently by hand.  
    14.    Incubate for 5 min at room temperature.  
    15.    Centrifuge for 5 min at 1,200–1,300 rpm.  
    16.    Aspirate the upper liquid.  
    17.    Add 2 ml of fi xer solution per tube.  
    18.    Centrifuge for 5 min at 1,200–1,300 rpm.  
    19.    Aspirate the upper liquid.  
    20.    Repeat steps 17–19 twice.     

 Store at −20°C. The pellet can be stored for several months before use. The chro-
mosome analysis should be performed by a specialist in a cytogenetic unit. A pellet 
is dropped onto the slides, stained using trypsin and Giemza, analyzed under a 
microscope, and then karyotyped.      
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  Abstract   Induced pluripotent stem cells (iPSCs) are pluripotent stem cells that are 
artifi cially derived from non-pluripotent cells by inducing “forced” expression of 
specifi c genes. Since fi rst reported in 2006, iPSC technology has attracted great 
interest for its potential application in regenerative medicine and cell therapy. Cell 
types that require harvesting by medical intervention, such as skin fi broblasts and 
blood, have been the most common sources for deriving human iPSCs. The need to 
identify an alternative cell source that can be easily obtained from patients without 
an invasive procedure is well recognized. Here, we describe a simple method for 
generating human iPSCs from hair keratinocytes derived from the outer root sheath 
of plucked hair follicles, using a single polycistronic excisable lentiviral vector—
the “STEMCCA” cassette.      

    9.1   Introduction 

 Induced pluripotent stem cells (iPSCs) are human somatic cells that have been 
genetically reprogrammed into a pluripotent state similar to that of human embry-
onic stem cells (hESCs). They are obtained from various cell types of both mice 
and humans by the exogenous expression of different combinations of Oct4, Sox2, 
Klf4, c-Myc, Nanog, and Lin28 (Takahashi et al.  2007 ; Yu et al.  2007  ) . iPSCs have 
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generated great interest in regenerative medicine due to their capability of 
 generating patient- and disease-specifi c pluripotent stem cells. This technique can 
provide effective platforms for the discovery of new drugs, and elucidate disease 
mechanisms that may ultimately lead to the development of cell and tissue 
 replacement therapies (Kiskinis and Eggan  2010  ) . Various types of somatic cells 
that  provide sources for generating human iPSCs, fi broblasts being the most com-
mon of them (Huangfu et al.  2008 ; Lowry et al.  2008 ; Park et al.  2008 ; Soldner 
et al.  2009 ; Takahashi et al.  2007  ) , are isolated from tissues harvested via surgical 
intervention. 

 Aasen et al. were the fi rst to report the effi cient reprogramming of human kerati-
nocytes derived from skin biopsies (Aasen et al.  2008  ) . Skin fi broblasts are isolated 
through an invasive surgical procedure. Skin biopsies are not always possible due to 
blood coagulation disorders, skin diseases, or mental disorders. Moreover, young 
children cannot undergo this procedure and some adults may refuse it for religious 
or cultural reasons (Novak et al.  2010  ) . 

 Aasen et al. also demonstrated that keratinocytes derived from human plucked 
hair can be reprogrammed into iPSCs (Aasen et al.  2008  ) . Reprogramming is 
achieved by culturing the hair in MEF-conditioned hESC medium on a Matrigel-
coated dish, using the pMSCV retrovirus vectors expressing Yamanaka’s four repro-
gramming factors. As an effortlessly obtained biological material, readily available 
from all individuals, plucked hair has signifi cant advantages over skin fi broblasts as 
a source for the generation of human iPSCs. Plucked hair follicles have thus become 
a very practical and convenient biopsy material for the study of genetic disorders, as 
well as for diagnostic purposes (Limat and Noser  1986  ) . 

 A hair follicle is composed of concentric layers containing the inner sections of 
the hair shafts, the surrounding inner root sheath (IRS), and the outer root sheath 
(ORS), which is the outermost layer of the hair follicle (Rogers  2004 ; Schneider 
et al.  2009  ) . Sommer and his colleagues recently reported on the use of a single 
excisable lentiviral “stem cell cassette” (STEMCCA) encoding the four reprogram-
ming factors—Oct4, Sox2, Klf4, and c-Myc—in a single polycistronic vector 
fl anked by loxP sites (Sommer et al.  2009,   2010  ) . 

 In this chapter, we provide a detailed protocol for the reprogramming of human 
keratinocytes derived from the ORS of human plucked hair follicles, using the 
humanized version of the single lentiviral “STEMCCA” vector. The derived iPSCs 
were further characterized for their lineage-specifi c differentiation potential in vitro 
through spontaneous EB formation, and in vivo using the teratoma assay. Moreover, 
we found this reprogramming protocol to be effi cient due to the fact that the hair 
keratinocytes are sensitive and, unlike the fi broblasts, cannot be grown in hESC 
conditions (Novak et al.  2010  ) . Therefore, all resultant colonies comprise true and 
stable iPSCs that can be easily observed, isolated, and further expanded. Our data 
suggest that human hair follicle keratinocytes, reprogrammed by the STEMCCA 
cassette-generated iPSCs, represent a superior source for modeling human diseases 
and clinical applications.  
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    9.2   Materials 

    9.2.1   NIH-3T3/293T Cells 

    9.2.1.1   Culture Medium 

 90% Dulbecco’s modifi ed Eagle’s medium (DMEM) (GIBCO, 14190-094), 10% 
fetal bovine serum (FBS) (HyClone, SV30160.03), 2 mM  l -glutamine (Biological 
Industries Ltd., 03-020-1B), 100 U/ml penicillin, and 100  m g/ml streptomycin 
(Biological Industries Ltd., 03-031-1B).  

    9.2.1.2   Freezing Medium 

 40% DMEM, 40% FBS, and 20% dimethyl sulfoxide (DMSO) (Sigma, D-2650).  

    9.2.1.3   Splitting 

 Trypsin/EDTA (Invitrogen Corporation, type IV, 17104019).  

    9.2.1.4   Washing 

 Phosphate-buffered saline (PBS) with Ca -  and Mg -  (GIBCO, 14190-094).  

    9.2.1.5   (For NIH-3T3) Mitomycin C 

 8  m g/ml mitomycin C (Sigma, M-4287) diluted in DMEM.   

    9.2.2   Keratinocyte Derivation from Plucked Hair Follicles 

    9.2.2.1   Follicle Washing Medium 

 DMEM containing 25 mM HEPES (Biological Industries Ltd, 03-025-1B), 2 mM 
 l -glutamine, 400 U/ml penicillin, and 400  m g/ml streptomycin (PS).  



130 9 iPSCs Derived from Plucked Hair Keratinocytes

    9.2.2.2   Culture Medium (Green Medium) 

 60% DMEM, 30% DMEM F-12, 10% FBS, 1 mM sodium pyruvate (Sigma, P-5280), 
2 mM  l -glutamine, 5  m g insulin (Sigma, I-9278), 0.5  m g/ml hydrocortisone (Sigma, 
H-0888), 0.2 nM adenine (Sigma, A-2786), 2 nM triiodothyronine (T3) (Sigma, 
T-2877), 10 ng/ml epidermal growth factor (EGF) (R&D Systems, 236-EG), trans-
ferrin (GIBCO, 03-0124SA), 100 U/ml penicillin, and 100  m g/ml streptomycin.  

    9.2.2.3   Splitting 

      3T3 Removal 

 0.02% EDTA (Promega, V4231) in PBS.  

      Keratinocyte Splitting 

 0.1% Trypsin and 0.02% EDTA (Invitrogen Corporation, type IV, 17104019) in 
PBS.   

    9.2.2.4   Washing 

 PBS with Ca −  and Mg − .    

    9.3   Methods 

    9.3.1   NIH-3T3 and 293T Culture Methods 

    9.3.1.1   NIH-3T3/293T Splitting 

     1.    Remove the culture medium (see Sect.  9.2.1.1 ).  
    2.    Wash with 5 ml of PBS (for T75 fl ask) to remove all traces of serum that con-

tain trypsin inhibitor.  
    3.    Add 3 ml of trypsin/EDTA.  
    4.    Incubate for 5 min at 37°C.  
    5.    Tap the side of the fl ask to loosen the cells. Add 5 ml of culture medium (see 

Sect.  9.2.1.1 ) to neutralize the trypsin.  
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    6.    Transfer the cell suspension into a conical tube.  
    7.    Centrifuge for 5 min at 250 ×  g .  
    8.    Remove the suspension, re-suspend in 3 ml of culture medium (see Sect.  9.2.1.1 ), 

and pipette in order to fracture the pellet.  
    9.    Distribute the cell suspension to the desired number of culture fl asks. The 

 recommended ratio is 1:6–1:8.  
    10.    Add the culture medium (see Sect.  9.2.1.1 ) to a fi nal volume of 15 ml.     

  Do not allow the cells to be more than 80%      confl uent.   

    9.3.1.2   NIH-3T3/293T Freezing 

     1.    Wash with 5 ml of PBS (for T75 fl ask) to remove all traces of serum that con-
tain trypsin inhibitor.  

    2.    Add 3 ml of trypsin/EDTA and cover the entire culture fl ask surface.  
    3.    Incubate for 5 min.  
    4.    Tap the side of the fl ask to loosen the cells. Add 5 ml of culture medium (see 

Sect.  9.2.1.1 ) to neutralize the trypsin.  
    5.    Transfer the cell suspension into a conical tube.  
    6.    Centrifuge for 5 min at 250 ×  g .  
    7.    Remove the suspension, re-suspend in 1.5 ml of culture medium (see 

Sect.  9.2.1.1 ), and pipette in order to fracture the pellet.  
    8.    Add an equivalent volume of freezing medium drop by drop (see Sect.  9.2.1.1 ) 

and mix gently. Adding the freezing medium drop by drop is crucial for cell 
recovery.  

    9.    Place 1 ml into two 1-ml cryogenic vials.  
    10.    Freeze the vials overnight at −80°C in a freezing box (Nalgene freezing box, 

C.N. 5100–0001).  
    11.    Transfer the vials into a liquid nitrogen container.      

    9.3.1.3   NIH-3T3/293T Thawing 

     1.    Remove the vial from the liquid nitrogen and thaw briefl y in a 37°C water bath.  
    2.    When a small pellet of frozen cells remains, clean the vial using 70% ethanol.  
    3.    Pipette the contents of the vial once and transfer the cells into a conical tube.  
    4.    Add 2 ml of culture medium drop by drop (see Sect.  9.2.1.1 ). Adding the medium 

drop by drop is crucial for cell recovery.  
    5.    Centrifuge for 5 min at 250 ×  g .  
    6.    Re-suspend the pellet in the culture medium (see Sect.  9.2.1.1 ).  
    7.    Transfer the cell suspension into culture fl asks and add 15 ml of culture medium 

(see Sect.  9.2.1.1 ).      
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    9.3.1.4   Preparation of NIH-3T3 Covered Plates 

     1.    Add 8  m g/ml of mitomycin C (see Sect.  9.2.1.3    ) into the culture fl ask and incu-
bate for 2 h.  

    2.    Wash four times with 10 ml PBS.  
    3.    Add 3 ml of trypsin/EDTA and cover the entire culture fl ask surface (T75).  
    4.    Incubate for 5 min.  
    5.    Tap the side of the fl ask to loosen the cells. Add 4 ml of NIH-3T3 culture 

medium (see Sect.  9.2.1.1 ) to neutralize trypsin.  
    6.    Transfer the cell suspension into a conical tube.  
    7.    Centrifuge for 5 min at 250 ×  g .  
    8.    Remove the suspension, re-suspend in 10 ml of culture medium (see 

Sect.  9.2.1.1 ), and pipette in order to fracture the pellet.  
    9.    Count the cells and re-suspend in the desired medium volume (see Sect.  9.2.1.1 ).  
    10.    Seed 2 × 10 5  inactivated NIH-3T3 cells per well in 6-well plates (10 cm 2 ) per 

2 ml (2 × 10 4  cells/cm 2 ). Let set for at least 8 h before plating the keratinocytes.       

    9.3.2   Keratinocyte Culture Methods 

    9.3.2.1   Derivation of Keratinocytes from Plucked Hair Follicles 

 Human hair keratinocytes can be derived as previously described (   Limat and Noser 
 1986  ) .

    1.    Pluck ten hair follicles with the visible ORS from the scalp.  
    2.    Cut off the bulk of the hair follicles.  
    3.    Immerse the follicles into a 10-cm petri dish with hair washing medium (see 

Sect.  9.2.1.1 ) for 30 min in 37°C.  
    4.    Remove the hair washing medium and add 0.1% trypsin and 0.02% EDTA.  
    5.    Incubate for 15–30 min at 37°C until cells are visibly dissociated from the folli-

cles (see Fig.  9.1a, b ).   
    6.    Pipette the follicles vigorously with Green medium (see Sect.  9.2.1.2 )    to obtain 

a single-cell suspension.  
    7.    Centrifuge the dissociated keratinocytes for 10 min at 200 ×  g  and seed in two 

wells of a 6-well plate on NIH-3T3 feeder layer (2 × 10 4  3T3 cells/cm 2 ) with 
Green medium (see Fig.  9.1c, d ).      

    9.3.2.2   Keratinocyte Splitting 

     1.    Aspirate the culture medium and wash the well once with 2 ml of PBS (one well 
of a 6-well plate).  

    2.    Add 1 ml of 0.02% EDTA to remove the NIH-3T3 feeder cells.  
    3.    Incubate for 5 min at 37°C.  
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    4.    Wash the culture twice with 2 ml of PBS.  
    5.    Add 1 ml 0.1% of trypsin and 0.02% of EDTA to detach the keratinocyte cells 

into single cells.  
    6.    Incubate for 10–15 min at 37°C.  
    7.    Centrifuge the dissociated keratinocytes for 5 min at 200 ×  g .  
    8.    Seed 30,000 keratinocytes on inactivated NIH-3T3 feeder layer (2 × 10 4  3T3 

cells/cm 2 ).       

    9.3.3   Preparation of the STEMCCA Virus for Infection 

 The STEMCCA vector is a lentivirus containing the four factors: OCT4, SOX2, 
KLF4, and C-MYC, generated by Dr. Gustavo Mostoslavsky at Boston University 
School of Medicine.

    1.    Day 1: Seed 2 million 293T cells in culture in a 10-cm petri dish with 7 ml of 
growth medium (see Sect.  9.2.1.1 ).  

    2.    Day 2: Transfect to 293T cells with a total DNA quantity of 15  m g per 10-cm 
petri dish, using JET reagent (Tamar Ltd.) according to the manufacturer’s 

  Fig. 9.1    Derivation of human hair follicle keratinocytes. ( a ) A bulk of intact plucked hair follicles. 
( b ) An intact plucked hair follicle following enzymatic removal of the cells. ( c ) Hair keratinocytes 
(at  arrow ), which were isolated from the plucked hair follicles seeded on inactivated NIH-3T3 
feeder cells (around the keratinocytes), appeared as small colonies 2 days after passaging and ( d ) 
as large colonies 7 days after passaging       
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instructions. The lentiviral plasmid ratio is 20:1:1:1:2—STEMCCA: Gag-
Pol:REV:TAT:VSVG.  

    3.    Day 3: Replace the growth medium with 4.5 ml of Green medium (see 
Sect.  9.2.2.2 ).  

    4.    Day 4: Collect the Green medium containing the virus from the 293T cells and 
replace it with 4.5 ml of fresh Green medium.  

    5.    Filter the infection medium (Green medium containing the virus) with a 0.45- m m 
fi lter.  

    6.    Add 2  m g/ml of polybrene to the infection medium. This medium will be used for 
the fi rst infection.  

    7.    Day 5: Collect the Green medium containing the virus from the 293T cells and 
eliminate the 293T cells.  

    8.    Filter the infection medium (Green medium containing the virus) with a 0.45- m m 
fi lter.  

    9.    Add 2  m g/ml of polybrene to the infection medium. This medium will be used for 
the second infection.      

    9.3.4   Derivation of iPSCs from Hair Keratinocytes 

     1.    On day 1, seed 30,000 keratinocytes in one well of a 6-well plate on inactivated 
NIH-3T3 feeder layer (see Sect.  9.3.2 ).  

    2.    On day 4, after seeding the keratinocytes, aspirate the culture medium and wash 
the well once with 2 ml of PBS (for one well of a 6-well plate).  

    3.    Add 1 ml of 0.02% EDTA to remove the NIH-3T3 feeder cells.  
    4.    Incubate for 5 min at 37°C.  
    5.    Wash the culture twice with 2 ml of PBS.  
    6.    First infection: Add 4.5 ml of fi ltrated infection medium containing the 

STEMCCA lentivirus and polybrene (see Sect.  9.3.3 ) to the keratinocyte cul-
ture (free of feeder) in one well of a 6-well plate.  

    7.    Centrifuge the infection for 50 min with 500 ×  g  at 32°C.  
    8.    Remove the infection medium.  
    9.    Wash the cells with PBS.  
    10.    Add 2 × 10 5  inactivated NIH-3T3 cells with 2 ml of Green medium (see 

Sect.  9.2.2.2 ) to one well of a 6-well plate containing the infected keratinocytes.  
    11.    Second infection: Repeat the infection protocol after 24 h.  
    12.    At day 4 postinfection, aspirate the culture medium and wash the well once 

with 2 ml of PBS (one well of a 6-well plate).  
    13.    Add 1 ml of 0.02% EDTA to remove the NIH-3T3 feeder cells.  
    14.    Incubate for 5 min at 37°C.  
    15.    Wash the culture twice with 2 ml of PBS.  
    16.    Add 1 ml 0.1% of trypsin and 0.02% EDTA to detach the keratinocyte cells into 

single cells.  
    17.    Incubate for 10–15 min at 37°C.  
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    18.    Centrifuge the dissociated keratinocytes for 5 min at 200 ×  g .  
    19.    Seed the dissociated keratinocytes on three wells of a 6-well plate covered with 

4 × 10 5  inactivated MEFs (see Sect.    3.3.1.6 in Chap.   3    ) with 2 ml of Green 
medium (see Sect.  9.2.2.2 ) per well.  

    20.    On the next day, replace the Green medium with 4 ml of hESC medium (see 
Chap.   3    , serum-free medium, Sect.   3.2.2.1    ) containing 8 ng/ml bFGF per one 
well of a 6-well plate.  

    21.    Replace the medium every other day.     

 iPSC colonies emerge about 25 days after keratinocyte seeding on the MEF 
feeder; they are true iPSCs according to immunostaining of typical hESC markers: 
Nanog, Oct4, Ssea4, Sox2, and Tra1-60 (see Fig.  9.2 ).  

 The pluripotency of the iPSCs has been further characterized by the differentia-
tion of the cells; in vitro into embryonic bodies (EBs) and in vivo into teratomas. 
The differentiated cells contained derivatives of all three embryonic germ layers; 
ectoderm, mesoderm, and endoderm (see Fig.  9.3 ).  

 For the maintenance of iPSCs, see Sect.   3.2.2     in Chap.   3    .       

  Fig. 9.2    Pluripotency of iPSCs derived from hair keratinocytes. Morphology of an iPSC colony 
derived from hair keratinocytes, clone KTR13 at passage 27, and immunostaining of the typical 
hESC markers; Nanog, Oct4, Tra1-81, SSEA4, and Sox2 shown for the iPSC clone KTR13 derived 
from hair keratinocytes at passage 20. Nuclei are stained with DAPI ( blue ). Scale bar represents 
100  m m       
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  Fig. 9.3    Differentiation of HFKT-iPSCs. (a) Five-day-old EBs generated from the iPSCs derived 
from hair keratinocytes, KTR13 clone. ( b – f)  Immunostaining of 21-day-old EBs derived from the 
KTR13 clone revealed expression of ectodermal (tubulin b 3, Nestin) ( b ), mesodermal (SMA— c ,
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