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 Primary stem cells represent a very small and unique population of cells. Indeed, the 
proportion of stem cells compared to other cells in an organ or tissue is so small that they 
are usually morphologically unidentifi able. Yet, their presence can be detected by functional 
properties and characteristics that make stem cells unique. The present volume in this suc-
cessful series of Methods in Molecular Biology on Stem Cell Protocols focuses on methods 
that allow primary stem cells from a variety of sources to be isolated, cultured in vitro, 
detected, and measured for specifi c applications. These applications range from those in 
basic, stem cell and veterinary research to toxicology and cellular therapy and regenerative 
medicine. 

 If the volume demonstrates a slight bias towards the blood-forming system, it is no 
coincidence. More is known about the blood-forming or hematopoietic system than prob-
ably any other primary stem cell system. The hematopoietic system has been used as a 
model for many stem cell systems. However, although every stem cell system is unique in 
its own way, there are many commonalities that are demonstrated in the methods and tech-
niques described in this volume. 

 All of these unique properties and characteristics are discussed and examined, mostly at 
the cellular level and in detail in this volume. Unlike non-defi nitive stem cell systems such 
as embryonic stem (ES) and induced pluripotent stem (iPS) cells, primary defi nitive stem 
cells still represent a black box of unknown biology and physiology. Although ES and iPS 
cells can be manipulated to produce large numbers of stem cells and functionally mature 
cells, such as hepatocytes, cardiomyocytes, and neurons, investigators still have to demon-
strate that these artifi cially produced parent and progeny cells are similar in virtually every 
aspect to their primary counterparts. 

 It is therefore imperative to understand and characterize primary stem cell populations 
and how they are regulated. Primary, defi nitive stem cells emit and receive a multitude of 
signals, both internal and external, to maintain homeostasis. For applications such as cel-
lular therapy and regenerative medicine, it is important to understand the complexity of the 
stem cell compartment in order to develop assays that provide informative and predictive 
information prior to use in the patient. Assays are already available for this purpose. But, 
new future technologies, such as nanotechnology, may provide the capability, accuracy, and 
sensitivity needed to probe far deeper into the intricacies of the stem cell compartment. The 
question is whether these new technologies will be accepted and trusted over other tech-
nologies that may have been in place for decades. 

  Pref ace   
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 Those new to the fi eld of stem cell biology will fi nd a wealth of “go to” and “how to” 
information that will hopefully provide some of the fundamentals to spark further interest 
and incentive to develop new technologies that will be required for basic and clinical 
research in the future. Those who have worked and are established in the fi eld will hopefully 
fi nd some new methodologies that will provide a wider viewpoint and an even greater scope 
for their own research. 

 The editor wishes to thank all the authors who contributed their time and effort to this 
volume and stem cell biology fi eld.  

  Colorado Springs, CO     Ivan     N.     Rich    

Preface
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    Chapter 1   

 Short Primer in Stem Cell Biology 

           Ivan     N.     Rich    

     Key words     Stem cell systems  ,   Continuously proliferating systems  ,   Partially proliferating systems  , 
  Stem cell organization  ,   Stem cell hierarchy  

      Stem cells can be divided into two types, namely non-defi nitive and 
defi nitive stem cells. Non-defi nitive stem cells have the capacity of 
developing into any organ or tissue of the body. The best example 
is the fertilized egg, but the most commonly known are embryonic 
stem cells (ESC) and induced pluripotent stem (iPS) cells. Defi nitive 
stem cells are derived from non-defi nitive stem cells and are organ 
or tissue specifi c. They are responsible for maintaining the organ or 
tissue. Defi nitive stem cells can be divided into two types; those 
that maintain continuously proliferating cell systems and those that 
maintain partially proliferating cell systems. Continuously prolifer-
ating cell systems include the blood-forming or hematopoietic sys-
tem, the gastrointestinal system, the reproductive system, the skin, 
and specifi c cells of the eye. Partially proliferating stem cell systems 
include the liver, kidney, lung, and neural systems to name but a 
few (Fig.  1 ). In fact, virtually every organ and tissue is associated 
with or has its own defi nitive stem cell system [ 1 – 3 ].

   It should be emphasized that our knowledge and understand-
ing of stem cell systems is based upon arbitrarily dividing these 
biological systems into compartments and sub-compartments that 
allow us to better visualize these systems (Fig.  2 ). In reality, all of 
these systems represent a continuum, in which one cell stage of 
development changes imperceptibly into the next [ 4 ]. Although 
some stem cell systems may appear to be static, they are continu-
ously in fl ux. All stem cell systems are highly regulated by positive 
and negative internal and external feedback signals that maintain 
the system in homeostasis and in harmony with every other system 
of the body.

   All defi nitive stem cell systems exhibit a common organization 
and hierarchy [ 3 ] consisting of four primary compartments 
(Fig.  2 ). The fi rst is the stem cell compartment. Next comes the 
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progenitor cell compartment. These are the direct progeny of the 
stem cells. Progenitor cells are the fi rst cells to enter a differentia-
tion lineage. For continuously proliferating stem cells systems, the 
progenitor cells are responsible for the amplifi cation required to 
produce the requisite number of mature cells. The progenitor cells 
give rise to the precursor cells, which in many systems represent the 
fi rst morphologically identifi able cells. The precursor cells differen-
tiate and eventually produce mature, functional cells that make up 
most of the organ or tissue. Within each compartment there is a 
hierarchy comprising primitive to mature cells. These may be 
divided into sub-compartments that will contain cell populations 
that are identifi ed and detected using many of the methods 
described in this volume. 

 Of particular importance are the properties and characteristics 
of the defi nitive stem cells [ 5 ] since these have implications not 
only for understanding the regulation of stem cells in basic research, 
but applications that involve toxicology, cellular therapy, regenera-
tive medicine, and clinical treatments. Indeed, regulatory agencies 
are requiring greater focus on the properties and characteristics of 
stem cells, since these provide the backbone for designing and 
developing assays to determine the quality and potency of stem 
cells used for therapies (Fig.  2 ). 

 Regardless of whether stem cells are non-defi nitive or defi ni-
tive and derived from primary tissues and organs, they all exhibit 
the same properties and characteristics.

 ●    Stem cells are defi ned by their capacity for self-renewal.  
 ●   Stem cells are undifferentiated.  

Immune and Hematopoietic Cells

Gastro- 
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  Fig. 1    Different types of proliferation biological systems       
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 ●   Stem cells only proliferate. Stem cells exhibit the greatest 
 proliferation potential of all other cells in the body.  

 ●   Stem cells have the capability of becoming “determined,” at 
which point they cease to be stem cells and enter the path of 
differentiation down a lineage that terminates as a mature 
functional cell.    

 Unlike the non-defi nitive ESC and iPSC that can be produced 
artifi cially in relatively large numbers, defi nitive stem cells are pres-
ent in very small (<0.01 %) numbers. Yet, they are capable of 

Mature Functional Cells
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PROLIFERATION

PROLIFERATION
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Stem cell determination
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  Fig. 2    The general organization of primary stem cell systems       
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maintaining a cell system throughout life. Probably the most 
 notable example is the hematopoietic system. Under steady-state 
conditions a human adult produces approximately 2,000,000 red 
blood cells and 200,000 white blood cells every second of their 
life. Although the mechanism and regulation of the stem cell com-
partment is still a matter of active research, it is worth noting that 
most of our present knowledge and understanding of how a min-
ute number of morphologically unidentifi able stem cells can 
accomplish this spectacular fete is due largely to the ingenuity of 
investigators to develop functional assays. 

 Functional assays detect the presence of stem cells by utilizing 
two basic biological processes. The fi rst is proliferation and the 
second is differentiation. Proliferation is the expansion of cells 
by the continuous division of single cells into two daughter cells. 
Differentiation, on the other hand, is the process whereby an 
undifferentiated cell acquires the features of a specialized cell. 
Proliferation occurs prior to differentiation and without prolifera-
tion, differentiation would not occur. Although proliferation and 
differentiation overlap with each other, they are two separate bio-
logical processes that cannot be measured using the same assay 
readout; at least two assay readouts have to be used to detect each 
of these biological processes. 

 As a direct consequence of radiation research in the 1940s and 
1950s, it was found that if cells from an untreated donor mouse 
were injected into lethally irradiated animals the latter survived. 
When these animals were later necropsied, investigators noticed 
bumps or nodules on the surface of the spleens. In 1961, Till 
and McCulloch demonstrated that this response could be quanti-
fi ed [ 6 ]. They injected known numbers of bone marrow cells from 
donor mice into lethally irradiated animals. They demonstrated 
that there was a direct correlation between the number of cells 
injected and the number of spleen nodules counted. However, the 
most important fi nding was that when the linear regression of this 
correlation was extrapolated backwards, the line intersected with 
the origin (Fig.  3 ). This observation demonstrated that each of the 
spleen nodules counted was derived from the clonal proliferation 
of a single cell; a stem cell. Although the stem cell within the spleen 
nodule could not be identifi ed, the cells within each nodule were a 
colony of cells that had produced identifi able blood cell types. 
In other words, the stem cell was demonstrating its functional 
 ability to both proliferate to produce daughter cells that could 
eventually differentiate and mature into functional mature cells. 
This original type of functional assay is still used today and has 
morphed into other types of in vivo functional assays [ 7 ]. Later it 
was found that cells with proliferation capability could produce 
colonies of cells in vitro in a semisolid medium such as agar or 
methylcellulose or even as adherent cells (Fig.  3 ) [ 8 ,  9 ]. However, 
it should be emphasized that it is the functional ability and capacity 

Ivan N. Rich
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of the original cell to proliferate in a clonal fashion that eventually 
forms a colony of cells that can be identifi ed as originating from a 
specifi c cell type. Such colony-forming assays detect and measure 
differentiation ability and potential, but do not actually measure 
proliferation ability and potential, even though proliferation is 
required for colony formation [ 10 ]. Proliferation within a colony 
can only be measured using a proliferation assay readout.

   One of the most signifi cant achievements of identifying the 
presence of stem cells and their functional ability and potential 
has been to incorporate that knowledge into stem cell transplan-
tation treatments for numerous malignancies and other diseases. 
Within the United States, the Stem Cell Therapeutic and Research 
Act of 2005 [ 11 ] recognized the power of stem cell treatment. 
Regulatory agencies and standards organizations around the 
world are rapidly producing guidelines and updating standards so 
that stem cell therapy can be performed with increased effi cacy 
and reduced risk to the patient. There are about 4,000 stem cell 
clinical trials that have or are occurring worldwide. Yet, much is 
still trial and error because stem cell-specifi c assays are used either 
minimally or not at all. 

 In 1962, Thomas Kuhn used the term “paradigm shift” in his 
infl uential book, The Structure of Scientifi c Revolutions [ 12 ]. The 
commitment by all involved, law makers, regulatory agencies, 
 standards organizations and the investigator, might just provide 
the “paradigm shift” required to harness and safely use the unique 
power of the stem cell, by incorporating standardized and vali-
dated methodologies to treat patients.    

Cell Concentration
0

(Origin)

Measurable
response

range

Extrapolated response range

D
ep

en
de

nt
 V

ar
ia

bl
e 

e.
g.

 n
um

be
r o

f c
ol

on
ie

s 
or

 b
io

ch
em

ic
al

 v
ar

ia
bl

e

  Fig. 3    Primary, defi nitive stem cell systems       
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    Chapter 2   

 Measurement of Hematopoietic Stem Cell Proliferation, 
Self-Renewal, and Expansion Potential 

           Ivan     N.     Rich    

    Abstract 

   All stem cells exhibit the capacity and ability to proliferate. This is a fundamental property of stem cells, 
since it is required not only for self-renewal, but also for expansion and the ability for stem cells to engraft 
in a patient. The capacity or potential for proliferation by stem cells defi nes their degree of primitives or 
stemness. This, in turn, is directly related to stem cell self-renewal. Using a highly sensitive, accurate, and 
reliable ATP bioluminescence signal detection system that can be multiplexed with other assay readouts, it 
has been possible to determine three stem cell parameters using a single assay. Using primitive hematopoi-
etic bone marrow stem cells as an example, an in vitro protocol is described that incorporates initially 
culturing primitive stem cells to induce them into cell cycle, followed by a secondary re-plating step that 
demonstrates both self-renewal capability and expansion potential.  

  Key words     Stem cells  ,   Stem cell self-renewal capacity  ,   Proliferation potential  ,   Expansion potential  , 
  ATP bioluminescence assays  ,   Flow cytometry  

1      Introduction 

 All stem cell systems consist of four primary compartments; the 
stem cell compartment, the amplifi cation compartment, the dif-
ferentiation compartment, and the maturation compartment. 
These systems are continuums in that one stage of cell develop-
ment moves imperceptibly into the next. To try and understand 
these systems, assays have been used that divide the system into 
arbitrary and manageable compartments, sub-compartments, and 
different cell populations so that the organization and hierarchy 
can be better investigated and understood. These divisions are usu-
ally based on properties and characteristics specifi c to the cell pop-
ulations detected and may include, for example, physical properties, 
response to drugs and other agents, as well as their response to 
growth factor and/or cytokines that may affect the proliferation or 
differentiation processes. 
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 Stem cells in primary, defi nitive biological systems represent a 
 minute proportion of the total cellularity of the tissue or organ. 
Since these primary stem cells are usually morphologically uniden-
tifi able in vivo, functional in vitro assays have been used to indicate 
their presence and their characteristics [ 1 – 3 ]. The hematopoietic 
system is often used as a model system for other stem cell systems. 
Indeed, many of the assays developed to study the hematopoietic 
system are now being applied to other stem cell systems [ 4 – 6 ]. It 
has been possible, for instance, to differentiate between primitive, 
quiescent, but high proliferative potential stem cells from more 
mature stem cells that are in cell cycle and exhibit a lower prolifera-
tion potential [ 7 ,  8 ]. Until a stem cell becomes determined and 
begins its development to a functional, mature end cell, it demon-
strates two primary characteristics. The fi rst is proliferation ability, 
which increases as the stem cells become less quiescent and more 
are recruited to enter the cell cycle. The proliferation ability of a 
stem cell is determined at a specifi c point in time of development, 
or rather at a specifi c stage of primitiveness or maturity. Thus, the 
proliferation ability of quiescent stem cells would be essentially 
zero, while the proliferation ability of stem cells near the point of 
entering a differentiation cell lineage would be much greater. The 
other parameter is proliferation potential or the capacity for prolif-
eration. Stem cell proliferation potential is the exact opposite of 
stem cell proliferation ability; that is, the more primitive a stem 
cell, the greater its proliferation potential. 

 The ability to measure these two parameters has numerous 
applications, from in vitro toxicology to cellular therapy and regen-
erative medicine [ 9 – 11 ]. This is because proliferation ability and 
potential also defi ne stem cell quality and potency, respectively. 

 The general protocol described below is divided into fi ve pri-
mary steps.

    1.    Cell preparation.   
   2.    Stem cell “priming” to induce primitive stem cells into cell cycle.   
   3.    Analysis of “primed” stem cells.   
   4.    Secondary re-plating of “primed” stem cells to demonstrate 

self-renewal and measure expansion potential.   
   5.    Analysis of the secondary re-plated cells.      

2    Materials 

      1.    Biohazard safety hood, also called a laminar air fl ow hood, for 
manipulating cells under sterile conditions.   

   2.    Tissue culture incubator set at 37 °C, fully humidifi ed and 
containing an atmosphere of 5 % carbon dioxide (CO 2 ) and 
5 % oxygen (O 2 ) ( see   Note 1 ).   

2.1  Equipment

Ivan N. Rich
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   3.    Cell counter for counting mononuclear cells (e.g., hemocy-
tometer, electronic particle or cell counter, fl ow cytometer. 
 See   Note 2 ).   

   4.    Dye exclusion cell viability counter (e.g., hemocytometer, fl u-
orescence microscope, or fl ow cytometer.  See   Note 3 ).   

   5.    Luminescence plate reader (Molecular Devices, SpectraMax L 
or Berthold, CentroLia) ( See   Note 4 ).   

   6.    A full set of calibrated (preferably electronic) pipettes to accu-
rately dispense liquids from 1 μL to 1 mL. Manual pipettes for 
mixing reagents and resuspending cells ( see   Note 5 ).   

   7.    Multichannel (8-channel, preferably electronic) pipettes for 
dispensing into multiwell plates.      

      1.    Reagent reservoirs for an 8- or 12-channel pipette.   
   2.    An assortment of sterile tips for different pipettes.   
   3.    Sterile plastic tubes (e.g., 5, 10, 15, 50 mL).   
   4.    Nonsterile 5 mL tubes with caps.   
   5.    Stem cell proliferation potential, self-renewal, and expansion 

potential ATP bioluminescence assay (HALO-96 PREP, 
HemoGenix) ( see   Note 6 ).   

   6.    Antibodies conjugated to different fl uorophores to determine 
different stem cell, progenitor, and mature cell populations.      

      1.    Phosphate buffered saline (PBS).   
   2.    Iscove’s Modifi ed Dulbecco’s Medium (IMDM).   
   3.    Serum (e.g., fetal bovine serum, FBS).   
   4.    Cell fractionation medium, e.g., for density gradient centrifu-

gation (NycoPrep, Axis-Shield; Ficoll (GE Healthcare Life 
Sciences)).       

3    Methods 

  This protocol can be performed using bone marrow cells derived 
from multiple species. The protocol works best with fresh, primary 
cells. Cryopreserved bone marrow cells can also be used, but lower 
proliferation activity of the stem cells compared to fresh cells 
should be expected.

    1.    Remove the femora and tibia under aseptic conditions from 
mice and rats.   

   2.    Cut the proximal and distal ends from the bones and fl ush out 
the bone marrow with 1–2 mL of IMDM using a syringe and 
needle directly into a 5 or 10 mL sterile tube containing 

2.2  Supplies

2.3  Reagents

3.1  Cell Preparation

Measuring the Properties of Stem Cells
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1–2 mL IMDM. Flush the bones at least 3–5 times to ensure 
that most of the marrow has been removed. For rat bone mar-
row cells, it is usually necessary to remove red blood cells, 
granulocytes, and other cells to produce a mononuclear cell 
(MNC) fraction by density gradient centrifugation according 
to the manufacturer’s protocol.   

   3.    Canine, primate, and human bone marrow can be obtained 
from vendors either as whole bone marrow or as a MNC 
 fraction. If whole bone marrow aspirates are obtained, an 
MNC fraction must be prepared using density gradient 
centrifugation.   

   4.    When a MNC fraction has been obtained, ascertain the nucle-
ated cell concentration and viability by dye exclusion. Do not 
use cells that exhibit a viability of less than 85 %.   

   5.    Adjust the cell concentration to a working concentration of 
1 × 10 6  cells/mL using IMDM.   

   6.    Prepare serial dilutions from 1 × 10 6  cells/mL to working cell 
dilutions in IMDM of 5 × 10 5  and 2.5 × 10 5  cells/mL. Ensure 
that for all three cell concentrations a volume of at least 2 mL 
is prepared.      

   The MNC cell suspensions contain stem and progenitor cells at 
different stages of primitiveness. The PREP assay contains two cul-
ture reagents, one to “prime” the primitive quiescent stem cells 
into cell cycle and the other to expand the “primed” cells. Stem 
cell “priming” is performed in the 96-well plate provided with the 
kit. When setting up the “priming” cultures, the total number of 
replicate wells will be 16, of which 6–8 will be used to measure the 
proliferation potential and the cells in the remaining replicate wells 
will be used for secondary re-plating and assay multiplexing.

    1.    Label and prepare 3 × 5 mL sterile tubes (one for each cell 
dose) and accurately dispense 1.8 mL of the “priming” stem 
cell culture reagent.   

   2.    0.2 mL from each cell dose is dispensed into the tubes produc-
ing a fi nal volume of 2 mL. At this point, the cell concentration 
from each dose has been reduced tenfold.   

   3.    Gently vortex the contents of the tubes.   
   4.    Remove a sterile 96-well plate from its plastic cover and, if 

available, using the repeater function on the pipette, dis-
pense 0.1 mL into 16 replicate wells in columns across the 
plate. Each dose will then take up 2 columns of the 96-well 
plate. The working cell concentrations will be reduced 
 100-fold so that the fi nal cell concentrations are 2,500, 
5,000, and 10,000 cells/mL.   

3.2  In Vitro Stem Cell 
“Priming”

Ivan N. Rich
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   5.    Replace the lid onto the 96-well plate and transfer the plate to 
the incubator. For animal cells, with the exception of primate, 
culture the cells for 4–5 days. For primate and human cells, the 
incubation time is extended between 5 and 7 days.      

    In Subheading  3.2 , 16 wells from each cell dose were cultured. In 
this part of the procedure, the proliferation potential of the cells 
in 6–8 replicates is measured. The remaining wells are used in 
Subheading  3.4  for secondary re-plating.

    1.    Prior to determining the proliferation of the “primed,” cul-
tured stem cells, the assay is calibrated and standardized using 
the ATP standard and controls provided with the PREP kit. 
The ATP-Enumeration Reagent (ATP-ER) that contains the 
components to produce bioluminescence is thawed at room 
temperature and transferred to a reservoir for an 8-channel 
pipette. Each well receives 0.1 mL of the ATP-ER and after 
mixing, the plate is transferred to the luminometer and incu-
bated in the dark for 2 min prior to measurement. The slope of 
the ATP standard curve must lie within the specifi ed range 
provided with the kit to proceed to the sample measurement. 
The values of the controls must also lie on the standard curve 
and exhibit values within a specifi c range ( see   Note 7 ).   

   2.    Transfer the plate containing the “primed” stem cells from the 
incubator to a sterile hood. Remove the lid from the plate. 
Remove a sterile adhesive foil included with the kit and peel 
away the backing paper. Place the foil over the whole plate and 
press it down so that it adheres. Using a sharp knife or scalpel, 
cut away the foil covering the wells that will be used for mea-
suring proliferation and peel the foil away from the plate. 
Be careful not to remove the foil away from those wells con-
taining cells that will be used for secondary re-plating. All 
unused wells will also remain sterile.   

   3.    Using an 8-channel pipette, dispense 0.1 mL of the ATP-ER 
into the replicate wells to be used to determine proliferation. 
Mixing of the well contents is important ( see   Note 8 ).   

   4.    Once all the wells have received ATP-ER, transfer the plate to 
the luminometer and incubate in the dark for 10 min prior to 
measuring the luminescence.   

   5.    Using the ATP standard curve, interpolate the results from the 
instrument (as Relative Luminescence Units, RLU) into stan-
dardized ATP concentrations ( see   Note 9 ).   

   6.    Plot the ATP concentration (μM) on the  Y -axis against the cell 
dose on the  X -axis. Use linear regression analysis to produce a 
straight line curve and note the slope of the fi tted curve. The 
slope of the cell dose response linear regression is a measure of 

3.3  Determining 
Proliferation Potential 
of “Primed” 
Stem Cells

Measuring the Properties of Stem Cells
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the proliferation potential and therefore the primitiveness of 
the stem cells being measured. The steeper the slope, the more 
primitive the stem cells ( see   Note 10 ).    

       The cells in the remaining wells from each cell dose are removed 
and re-plated.

    1.    Transfer the 96-well plate to a sterile hood.   
   2.    Label and prepare 3 × 10 mL sterile plastic tubes with caps, one 

for each cell dose.   
   3.    Carefully remove the foil covering the wells that were not used 

to measure proliferation.   
   4.    Using a manual pipette add 0.1 mL of IMDM (at room 

 temperature) to each well. Each well will now contain a total 
of 0.2 mL.   

   5.    Using a manual pipette and sterile tips, mix the contents of 
each well several times so that the cells are in a cell suspension. 
Take care not to cause too many bubbles.   

   6.    Transfer 0.1 mL of the contents of each well from a specifi c cell 
dose to the respective 10 mL tube.   

   7.    Add another 0.1 mL of IMDM to each of the wells, mix, and 
transfer all of the contents from each well to the 10 mL tube.   

   8.    Repeat this procedure for each cell dose transferring the cells 
to the respective 10 mL tubes.   

   9.    Centrifuge the cells at 200 ×  g  for 10 min at room temperature.   
   10.    Discard the supernatant and resuspend the cells in each tube 

with 0.5–1.0 mL IMDM.   
   11.    Perform a nucleated cell count and prepare 0.3 mL from each 

original cell suspension so that a new cell dose response of 
2.5 × 10 5 , 5 × 10 5 , and 1 × 10 6  is prepared in 3 × 5 mL tubes.   

   12.    Any remaining cells from each of the original cell doses can be 
used for assay multiplexing. For example, phenotypic analysis 
by fl ow cytometry can be performed on the remaining cells to 
determine the presence of different stem and progenitor cell 
populations.      

  The “primed” stem cells that have been collected from each cell 
dose are now re-cultured in an Expansion Culture Medium (ECM) 
( see   Note 11 ).

    1.    Remove the ECM (included with the assay kit) and allow it to 
thaw at room temperature.   

   2.    While the ECM is thawing, remove the foil from the unused 
wells of the 96-well plate. Using a new sterile adhesive foil 
cover the already used wells so that the contents of these wells 

3.4  Preparing 
Cells for Secondary 
Re-plating

3.5  Secondary 
Re-plating 
to Investigate Self- 
Renewal Capacity 
and Expansion 
Potential of “Primed” 
Stem Cells

Ivan N. Rich
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do not contaminate the unused wells that will be used for 
 secondary re-plating.   

   3.    Label and prepare 3 × 5 mL sterile tubes and dispense 1.8 mL 
of the ECM into each of the three tubes.   

   4.    Dispense 0.2 mL from the tube containing 2.5 × 10 5  cells/mL 
into one of the tubes containing 1.8 mL ECM. Repeat this for 
each of the other cell doses.   

   5.    Mix the contents of each tube gently on a vortex mixer.   
   6.    For each cell dose, dispense 0.1 mL into 16 replicate wells of 

the 96-well plate.   
   7.    Replace the lid and transfer the plate to the incubator. Culture 

the cells for another 5–7 days.    

    This procedure is essentially the same as described in Subheading  3.3  
and part of Subheading  3.4 . If primitive, quiescent stem cells were 
present in the “priming” culture step, stem cells will also be pres-
ent in the secondary re-plating step. However, in this case, the 
“primed” cells should also demonstrate extensive expansion.

    1.    Transfer suffi cient ATP-ER to a reservoir for the number of 
replicate wells to be assessed for proliferation.   

   2.    Prior to measuring proliferation for each cell dose, perform the 
ATP standard curve and measure the controls. Without this 
procedure it will not be possible to ensure that the assay is 
working correctly, convert RLU values obtained from the 
instrument to standardized ATP concentrations, and compare 
the results from the “priming” step to those of the secondary 
re-plating step.   

   3.    Dispense 0.1 mL of the ATP-ER into each of the replicate 
wells. Mix according to the proper protocol ( see   Note 8 ) and 
transfer the plate to the plate luminometer.   

   4.    Incubate the plate in the dark for 10 min prior to reading the 
luminescence.   

   5.    Analyze the resulting cell dose response in the same manner as 
described in Subheading  3.3 ,  step 6 . If stem cell expansion has 
occurred, the ATP concentrations for all 3 cell doses should be 
greater than that for the “primed” cells. However, the slope of 
the linear regression cell dose response may be lower than that 
for the “primed” stem cells. This is an indication that the 
“primed” stem cells were more primitive (greater proliferation 
potential) than after secondary culture. As the stem cells 
expand and mature, the slope of the linear regression cell dose 
response will decline. If little or no proliferation is observed 
after secondary culture, this is an indication that few if any 
primitive stem cells were originally present, thereby implying 
that no self- renewal occurred.   

3.6  Determination 
of Stem Cell 
Self- Renewal 
and Expansion 
Potential

Measuring the Properties of Stem Cells
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   6.    The cells in the replicate wells that were not used to measure 
luminescence can be removed as described in Subheading  3.4  
and the compliment of stem and progenitor cells ascertained 
using fl ow cytometry to determine the expansion and differen-
tiation provided by the “primed” stem cells. Instead of prepar-
ing the cells for fl ow cytometry, gene expression analysis could 
be performed ( see   Note 12 ).   

   7.    Alternatively, detection of other stem and progenitor cell pro-
liferation can be investigated using other proliferation assays.    

4       Notes 

     1.    Culturing cells under low oxygen tension is not a necessity, but 
for many cell types (e.g., hematopoietic cells and mesenchymal 
stem cells), it helps signifi cantly. This is because most cells exist 
under oxygen tensions that are below atmospheric conditions. 
The partial oxygen tension in the venous system is between 40 
and 45 mmHg. This is approximately equivalent to 5 % oxy-
gen. Culturing cells between 3 and 7 % oxygen is advantageous 
because it reduces oxygen toxicity due to the production of 
free oxygen radicals. Cell growth media often contains agents 
that keep molecules in a reduced state. Examples are reduced 
glutathione, vitamin E, β-mercaptoethanol, and α-thioglycerol. 
Culturing cells under low oxygen tension produces an additive 
effective with these agents resulting in a higher culture plating 
effi ciency.   

   2.    It is important to distinguish between the total nucleated cell 
(TNC) count and a mononuclear cell count (MNC). The 
TNC may contain not only stem cells, but other cell types that 
can dilute the stem cell fraction. An MNC fraction usually con-
tains the stem cells and other primitive proliferating cells. It is 
produced by separating these cells from the remaining cells 
using, for example, density gradient centrifugation or other 
physical separation medium. When working with stem cells 
from different organs and tissues, it is therefore important to 
decide the type of cell count upon which the results will be 
based. It is not recommended to use a cell count based on 
TNC since this will mean that far fewer stem cells will be used 
for the assay readout. The consequence will be that an extremely 
low signal will be produced that will infl uence the result, inter-
pretation, and conclusions.   

   3.    Dye exclusion viability detects membrane integrity. Cells dem-
onstrating a viability of less than 85 % should not be used since 
the chances of these cells being capable of sustaining cell pro-
liferation are low. Dyes such as trypan blue, propidium iodide 

Ivan N. Rich
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(PI), acridine orange, and 7-aminoactinomycin D (7-AAD) 
can be used. The latter agent is usually used in combination 
with fl ow cytometry. It should be noted that dye exclusion 
viability does not detect cellular and metabolic integrity. 
In other words, it does not determine the “health” of the 
cell. To do this, a metabolic viability assay should be used. 
However, if an absorbance, fl uorescence, or bioluminescence 
viability assay is performed, these assays combine metabolic 
viability with measuring cell proliferation.   

   4.    Plate readers are available as multimode readers or as individual 
readers that can measure absorbance, fl uorescence, or lumines-
cence. It is important to determine which plate reader is avail-
able in the laboratory. In some cases a multimode reader 
(capable of measuring all three readouts) may need an extra 
adaptor in order to measure luminescence. It is also necessary 
to determine if the luminescence plate reader can measure 
“fl ash,” “glow,” or both types of luminescence output. 
A “fl ash” readout is produced by chemiluminescence reagents, 
while a “glow” luminescence is usually produced by biolumi-
nescence reagents. For this protocol, an instrument that mea-
sures “glow” bioluminescence is required.   

   5.    Accurate dispensing, especially for microcultures such as those 
prepared in 96-well plates, is extremely important. Small pipet-
ting errors can produce large variations that can signifi cantly 
affect the resulting statistics and conclusions.   

   6.    Stem cell Proliferation, Renewal and Expansion Potential 
(PREP) assays are part of a family of ATP bioluminescence 
proliferation assays for hematopoietic stem and progenitor 
cells. Cells produce intracellular ATP for their chemical energy 
requirements. Without ATP, the cells would die. When stem 
cells are induced to proliferate, there is a concomitant increase 
in the intracellular ATP concentration from basal levels of 
ATP. After culture, the    ATP is released by cell lysis and acts as 
a limiting substrate for a luciferin/luciferase reaction. Both the 
lysis and luciferin/luciferase reagents are combined in the 
ATP- Enumeration Reagent (ATP-ER) used in these assays. 
The reaction produces bioluminescence in the form of light 
that can be measured in a plate luminometer.   

   7.    Performing the ATP standard curve and measuring the con-
trols is an integral part of the assay. A specifi c range is allowed 
for the slope of the ATP standard curve and the values for the 
controls. If the values are outside the specifi ed ranges, this part 
of the assay should be repeated. If the values continue to be 
outside of the specifi ed parameters, new reagents will have to 
be used. Only when the ATP standard curve and controls 
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 comply with the specifi ed parameters should samples be 
 processed. In this way, the user knows whether the assay is 
working correctly.   

   8.    A specifi c procedure is used to mix the ATP-ER with the cells. 
This involves mixing the contents in the center and at each 
“corner” of the well twice. In this way, the lysis buffer reacts 
with the cells to release intracellular ATP. If mixing is insuffi -
cient, not all the cells will be lyzed and a low ATP value will be 
obtained. If the cells are mixed too well, the ATP can be 
degraded, again producing low ATP values.   

   9.    The output of a luminescence plate reader is Relative 
Luminescence Units (RLU). This is a non-standardized out-
put that does not allow results from one experiment to be 
compared to that of another. Performing the ATP standard 
curve allows the RLU values to be interpolated into stan-
dardized ATP concentration, which can then be compared 
over time and between stem cell “priming” and secondary 
re-plating.   

   10.    The ATP standard curve is plotted as a log-log linear regres-
sion. This does not mean that the  X - and  Y -axes can be simply 
converted from a linear scale to a log scale. All the values 
(RLU and ATP concentrations) must be transformed into log 
values and then plotted. Some instruments include software 
that can be programmed to perform this function automati-
cally. If this is not available, third-party software such as 
Microsoft Excel, GraphPad Prism, or Systat SigmaPlot or 
TableCurve 2D software can be used to perform these func-
tions and convert the RLU values from the samples into ATP 
concentrations.   

   11.    The “priming” stem cell culture reagent contains growth fac-
tors and cytokines that are used to induce the stem cells out of 
quiescence and into cell cycle. The Expansion Culture Medium 
(ECM) contains similar growth factors and cytokines to that of 
the “priming” culture reagent, but in addition also includes 
factors such as erythropoietin (EPO), granulocyte- macrophage 
colony-stimulating factor (GM-CSF), thrombopoietin (TPO), 
interleuin-2 (IL-2), and interleukin-7 (IL-7). These factors act 
on progenitor cells from different lympho- hematopoietic lin-
eages thereby resulting in cell expansion. The presence of these 
progenitors as well as the stem cells can be detected using fl ow 
cytometry.   

   12.    Assay multiplexing is an important tool used to obtain as much 
information from a single sample as possible. Multiplexing 
involves combining different assay readouts to measure differ-
ent parameters on the same cells.         

Ivan N. Rich
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    Chapter 3   

 Measuring the Aging Process in Stem Cells 

           Yi     Liu    ,     Gary     Van Zant    , and     Ying     Liang    

    Abstract 

   Stem cells persist in replenishing functional mature cells throughout life by self-renewal and multilineage 
differentiation. Hematopoietic stem cells (HSCs) are among the best-characterized and understood stem 
cells, and they are responsible for the life-long production of all lineages of blood cells. HSCs are a hetero-
geneous population containing lymphoid-biased, myeloid-biased, and balanced subsets. HSCs undergo 
age-associated phenotypic and functional changes, and the composition of the HSC pool alters with aging. 
HSCs and their lineage-biased subfractions can be identifi ed and analyzed by fl ow cytometry based on cell 
surface makers. Fluorescence-activated cell sorting (FACS) enables the isolation and purifi cation of HSCs 
that greatly facilitates the mechanistic study of HSCs and their aging process at both cellular and molecular 
levels. The mouse model has been extensively used in HSC aging study. Bone marrow cells are isolated 
from young and old mice and stained with fl uorescence-conjugated antibodies specifi c for differentiated 
and stem cells. HSCs are selected based on the negative expression of lineage markers and positive selec-
tion for several sets of stem cell markers. Lineage-biased HSCs can be further distinguished by the level of 
SLAM/CD150 expression and the extent of Hoechst effl ux.  

  Key words     Stem cells  ,   Hematopoietic stem cells  ,   Aging  ,   Flow cytometry  ,   Fluorescence-activated 
cell sorting  

1      Introduction 

 Stem cells are rare and self-renewing cells that give rise to all types 
of mature cells. In any tissue or organ with high cell turnover, stem 
cells should be long lived in order to constantly replenish cells lost 
throughout the lifetime and to maintain optimal tissue function. 
Therefore, stem cells are exposed to the noxious effects of both 
intrinsic and extrinsic effectors of damage during organismal aging 
[ 1 ]. As a result, stem cells may undergo functional decline, and 
their repair and renewal capacity may be impaired, which in turn 
contributes to overall organismal aging [ 2 ,  3 ]. Because of the 
unprecedented experimental model systems that are available for 
the exploration of hematopoietic stem cells (HSCs), stem cell aging 
research in the fi eld of hematology has been the subject of extensive 
studies and has advanced dramatically in the past several years [ 4 ]. 
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It is likely that the same broad concepts that defi ne and character-
ize blood-forming stem cells will apply to stem cell populations 
found elsewhere. 

 HSCs reside in the bone marrow and provide life-long produc-
tion of hematopoietic progenitors (HPCs) and peripheral blood 
lymphoid and myeloid cells. At the same time, HSCs undergo self- 
renewal divisions in order to sustain the stem cell pool. Precisely 
regulated blood cell production is vital for organismal survival; 
therefore functional failure of HSCs can potentially threaten the 
longevity of an organism. Accumulating evidence in the study of 
mouse models has suggested that HSCs undergo age-related 
changes in phenotype, function, and clonal composition. The 
changes of aged HSCs include increased HSC number [ 5 – 9 ]; 
reduced self-renewal capacity [ 10 ,  11 ]; skewed differentiation 
towards myeloid lineage at the replacement of lymphoid cells [ 5 ,  7 , 
 12 ]; enhanced mobilization from bone marrow to peripheral blood 
[ 13 ]; reduced homing back to bone marrow [ 14 ]; decreased pro-
liferative response to cytokines [ 9 ]; and loss of cell polarity [ 15 ]. 
The HSC population is heterogeneous and is composed of three 
subfractions with distinct differentiation potentials [ 16 – 18 ]. These 
subfractions are (1) myeloid-biased HSCs with a high myeloid dif-
ferentiation potential, (2) lymphoid-biased HSCs with a preferred 
lymphoid differentiation, and (3) balanced HSCs with equal lin-
eage outputs. With aging, myeloid-biased HSCs become domi-
nant in the old bone marrow, resulting in a skewed myeloid output 
in the circulation. These phenotypic and functional alterations in 
old HSCs have been ascribed to the age-associated accumulation 
of a variety of damages that are intrinsic to HSCs as well as extrinsic 
to their microenvironment [ 19 – 21 ]. DNA mutations [ 22 – 24 ], 
telomere shortening [ 25 ], and oxidative stress [ 26 ,  27 ] are 
among the most signifi cant cellular changes in old HSCs; these 
changes trigger signaling cascades that lead to cell cycle checkpoint 
activation [ 28 ,  29 ], apoptosis [ 30 ], senescence [ 31 ,  32 ], or differ-
entiation [ 33 ]. At the molecular level, young and old HSCs dem-
onstrate distinct profi les in both transcriptome and epigenome, 
resulting in the identifi cation of genes and pathways that correlate 
with HSC aging [ 34 – 37 ]. 

 Characterization of HSCs and their aging process requires the 
isolation and purifi cation of HSCs. The advent of fl ow cytometry 
has allowed this task to be successfully implemented and enables 
researchers to isolate HSCs and other types of blood cells from 
young and old subjects (mice or humans) for further functional 
analysis. In this procedure, bone marrow cells are stained with 
fl uorescence- conjugated monoclonal antibodies that bind specifi c 
cell surface proteins. HSCs are analyzed and sorted by fl uorescence- 
activated cell sorting (FACS) based on the expression level of these 
markers. In the mouse model, HSCs and HPCs are enriched in 
the population negative for the markers of all differentiated 
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lineages cells ( L ineage-) and positive for stem cell markers  S ca-1 
and c- K it (LSK cells) [ 38 ]. HSCs are further purifi ed from LSK 
population by several sets of cell surface proteins, including (1) 
Flk2 −  CD34 −  LSK [ 39 ]; (2) CD150 +  CD48 −  CD41 −  LSK [ 40 ,  41 ]; 
(3) SP LSK  ( S ide  P opulation with high Hoechst effl ux) [ 42 ]; and (4) 
EPCR +  CD150 +  CD48 −  CD34 −  LSK [ 10 ]. In these phenotypically 
defi ned HSCs, lineage-biased HSCs can be distinguished by the 
expression of CD150 protein or the extent of Hoechst effl ux [ 17 , 
 43 ,  44 ]. Myeloid-biased HSCs are Flk2 −  CD34 −  LSK CD150  high   or 
SP LSK  with lower Hoechst effl ux (Lower-SP LSK ), whereas Flk2 −  
CD34 −  LSK CD150  negative / low   or SP LSK  with higher Hoechst effl ux 
(Upper-SP LSK ) population contains a majority of lymphoid-biased 
HSCs. Balanced HSCs have not been clearly defi ned, but cells with 
Flk2 −  CD34 −  LSK CD150  low   immunophenotype demonstrate a 
balanced output at both lymphoid and myeloid lineages. Another 
SLAM maker, CD229, has recently been found to distinguish 
lymphoid- biased HSCs from myeloid-biased cells [ 45 ]. Although 
the functionality of these phenotypically defi ned HSCs needs to be 
confi rmed by the gold-standard transplantation assay, fl ow 
cytometry- mediated HSC purifi cation greatly facilitates analysis of 
the cellular and molecular mechanisms of HSCs and their aging 
process. HSC aging in humans has not been well studied partially 
due to lack of markers to defi ne highly purifi ed HSCs [ 46 ]. Despite 
this limitation, studies have shown that HSCs from older people 
have some characters similar to those in old mice: increased num-
bers, myeloid differentiation skewing [ 47 ,  48 ], and accumulation 
with damages [ 26 ,  32 ,  47 ,  49 ], for example. Human HSCs and 
HPCs are identifi ed by a different set of markers, which are lin-
eage −  CD34 +  CD38 −  CD45RA −  CD90 + . The size of this popula-
tion has been shown to increase with aging [ 48 ]. CD49 has been 
recently discovered to present in a group of highly primitive HSCs, 
leading to a further purifi cation of human HSCs [ 50 ]. Since 
CD150 cannot be used for labeling human HSCs, the clonal com-
position of HSC population in human and its shift during the 
aging process is not clear [ 51 ]. 

 Flow cytometry-mediated HSC sorting is a multi-step process 
(Fig.  1 ). HSCs are very rare in the adult bone marrow, comprising 
less than 0.005 % of total bone marrow cells. This low frequency 
requires a large number of cells to be processed in order to obtain 
suffi cient HSCs for experimental uses. For this reason, pre- 
enrichment steps are typically used to remove differentiated cells 
and reduce the sample size and subsequent sorting time. Ficoll- 
mediated density separation and/or red blood cell lysis are two 
procedures commonly used to remove granulocytes and red blood 
cells. The most prominent step for pre-enrichment of stem and 
progenitor cells from the bulk of bone marrow cells is the immu-
nomagnetic depletion of all types of differentiated cells. HSCs are 
identifi ed based on the antibody-mediated negative and positive 
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selections, in which differentiated cells are antibody-labeled and 
removed, whereas HSCs are stained with specifi c makers and 
recovered. This is a multiple-step cell separation process requiring 
multiple fl uorochromes to be used. Therefore, the precise com-
pensation among different fl uorescent signals will ensure that these 
signals are correctly detected by the fl ow cytometer and HSCs will 
be selected by the defi ned immunophenotype and sorted with a 
high purity. In this chapter, we will focus on FACS and describe 
the procedures involved in the HSC staining and sorting from the 
mouse bone marrow.

2       Materials 

  C57BL/6 mice are the strain commonly used for aging studies. 
This strain has a mean lifespan of 800 days in males and 750 days 
in females [ 52 ,  53 ]. Typically, young C57BL/6 mice are 6–8 
weeks old, and old ones used in aging studies are usually more 
than 24 months old. If other inbred strains are used, the age of 
old mice needs to be practically determined based on their actual 
mean lifespan.  

2.1  Animals

  Fig. 1    Flowchart of mouse HSC isolation and purifi cation by fl ow cytometry       
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      1.    Medium: Hank’s Balanced Salt Solution (HBSS) with 2 % 
heat- inactivated fetal bovine serum, phosphate buffered saline 
(PBS) without calcium and magnesium.   

   2.    Syringes with 23  G  1-gauge needles to fl ush marrow out of 
femurs and tibias of young mice. Marrow cavity in old mice is 
larger; therefore the use of larger needles, such as 20  G  1 1/2- 
gauge, is recommended.   

   3.    Cell strainer with 70 μm nylon screen to fi lter bone marrow 
single cell suspensions.   

   4.    Density-separation medium: Ficoll-Paque PREMIUM 1,084; 
store and use at room temperature.   

   5.    Red blood cell lysis buffer: 8.26 g of NH 4 Cl, 1.19 g of 
NaHCO 3 , and 200 μl of EDTA (0.5 M, pH 8) in 1 litre (L) 
distilled H 2 O. Adjust pH to 7.3 and fi lter-sterilize through 
0.2 μm  fi lter. Store stock solution at 4 °C.   

   6.    15 or 50 mL conical tubes for holding bone marrow cells dur-
ing antibody staining.   

   7.    5 mL polystyrene round-bottom tube (FACS tube) for  holding 
cells during fl uorescence-activated cell sorting.   

   8.    5 mL polypropylene round-bottom tubes (collection tube) or 
1.5 mL Eppendorf tubes for colleting sorted cells.   

   9.    Magnetic stand for 15 and 50 mL centrifuge tubes.      

      1.    Lineage marker antibodies: 53-7.3 (anti-CD5), 53-6.7 
 (anti- CD8a), RA3-6B2 (anti-B220; CD45R), M1/70 (anti-
CD11b; Mac-1), RB6-8C5 (anti-Gr-1; Ly-6G and Ly-6C), 
and Ter119 (anti-erythroid antigen; Ly76). Note that all these 
lineage antibodies (used in the author’s lab) are biotinylated 
and anti- mouse antibodies.   

   2.    Streptavidin-conjugated allophycocyanin-Cy7 (APC-Cy7) 
antibody for the secondary immunofl uorescent staining of lin-
eage cells, labeled with biotinylated primary antibodies.   

   3.    Alexa Fluor ®  700-conjugated anti-mouse c-Kit (CD117) 
antibody.   

   4.    Pacifi c blue (PB)-conjugated anti-mouse Sca-1 (Ly6A/E) 
antibody.   

   5.    Phycoerythrin (PE)-conjugated anti-mouse Flk2/Flt3 
(CD135) antibody.   

   6.    Fluorescein-5-isothiocyanate (FITC)-conjugated anti-mouse 
CD34 antibody.   

   7.    Alexa Fluor ®  647 anti-mouse CD150 (SLAM) antibody.   
   8.    Hoechst 33342 is a DNA dye that can be pumped out by stem 

and progenitor cells. Stem/progenitor cells thus have a 

2.2  Reagents 
and Supplies

2.3  Fluorescence- 
Conjugated Antibodies
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Hoechst low fl uorescence in both the blue and red regions of 
the spectrum.   

   9.    A viability dye, such as propidium iodide (PI) or 7-aminoacti-
nomycin D (7-AAD).   

   10.    2.4G2 antibody against FcgII/III receptors for blocking non-
specifi c antibody binding.      

  Magnet bead-mediated depletion of differentiated cells is 
 recommended for HSC sorting, because it will pre-enrich HSCs 
and HPCs and reduce the sorting time. Two types of magnetic 
beads are commercially available for this purpose.

    1.    Dynabeads ®  Sheep Anti-Rat IgG: 4.5 μm superparamagnetic 
beads covalently bound with affi nity purifi ed polyclonal sheep 
anti-rat IgG.   

   2.    Streptavidin-conjugated paramagnetic beads used for 
MACS columns and cell separation unit from Miltenyi Biotec 
(Auburn, CA).      

  Flow cytometers/cell sorters are equipped with lasers, fi lters, and 
detectors and can simultaneously select for the presence or absence 
of several cell surface markers. Several instruments are available 
from different manufacturers. For the technique described in this 
chapter, sorting is performed using the BD FACSAria™ II.   

3    Methods 

       1.    Euthanize young or old mice by either cervical dislocation or 
isofl urane inhalation.   

   2.    Dissect the femurs and tibias, and cut the ends off the bones.   
   3.    Put 10 mL medium into a 50 mL conical tube. Put 23  G  1-

gauge (young marrow) or 20  G  1 1/2-gauge (old marrow) nee-
dles onto a 3 mL syringe and pre-fi ll the syringe with 1 mL 
medium. Note that the amount of medium used is for collect-
ing bone marrow cells from ten mice.   

   4.    Insert the needle into one end of the bone and fl ush the mar-
row out of the bone cavity with pre-fi lled medium several 
times. Repeat the same procedure from the other end of the 
bone to ensure the maximal collection of marrow cells.   

   5.    Prepare a single-cell suspension by drawing and expelling the 
marrow and medium through the needle several times; the 
marrow will tend to dissociate as it passes through the needle.   

   6.    Filter the single cell suspension through a nylon screen (cell 
strainer, 70 μm).      

2.4  Magnetic Beads 
for Depletion 
of Differentiated Cells

2.5  FACS Instrument

3.1  Preparation 
of Bone Marrow Cells

3.1.1   Sample
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      1.    Dilute samples 1:2 in medium, and make the fi nal volume 
30 mL.   

   2.    Pour 20 mL Ficoll into a 50 mL conical tube, and then slowly 
layer (tilting tube and running the cells down the side of the 
tube) 30 mL of diluted marrow cells on top ( see   Note 1 ).   

   3.    Centrifuge at 600 ×  g  for 30 min at room temperature with the 
“Brake Off” setting.   

   4.    Remove half of the top layer and discard.   
   5.    Carefully pipet off “cloudy” interface layer (approximate 

10 mL) and transfer into a clean 50 mL tube. Wash these cells 
with 50 mL medium twice; a pellet should be seen at the bot-
tom of the tube ( see   Note 2 ).      

       1.    Resuspend cells in red blood cell lysis buffer at 3–4 times the 
original sample volume.   

   2.    Incubate on ice for 10 min.   
   3.    Centrifuge cells at 400 ×  g , 4 °C for 5 min, wash twice, and 

resuspend cells in medium with a density of 10 8  cells per 
mL. Meanwhile, aliquot 0.5 × 10 6  cells into a FACS tube and 
use them as a nonstaining control (Control 1) ( see   Note 3 ). 
Note that all control cells are resuspended in 50 μL of medium.       

       1.    Cells are fi rst stained with 2.4G4 antibody directed against 
FcgII/III receptors on ice for 15 min, washed twice, and 
resuspended into 3 mL medium.   

   2.    Cells are stained with biotinylated antibodies against lineage 
markers, including CD5, CD8a, B220, Mac-1, Gr-1, and 
Ter119. All antibodies should be titrated before use and dilu-
tions are selected that can brightly stain antigen-positive cells 
without nonspecifi cally staining antigen-negative cells. The 
concentrations of antibodies used in the authors’ laboratory 
are CD5 (1:200), CD8a (1:200), B220 (1:300), Mac-1 
(1:320), Gr-1 (1:350), and Ter119 (1:320). All the antibod-
ies are mixed to make lineage antibody cocktail according to 
these titrations.   

   3.    Add lineage antibody cocktail to bone marrow cells prepared 
in Subheading  3.1.3  with a concentration of 112.4 μL per 
1 × 10 8  cells.   

   4.    Incubate cells with antibody for 30 min at 4 °C on a rocker.   
   5.    Wash cells twice and resuspend cells in medium, with a density 

of 10 8  cells per mL in a 15 mL conical tube. Also aliquot 
0.5 × 10 6  cells into a FACS tube for a lineage staining control 
(Control 2).      

3.1.2  Density Separation 
Procedure (Ficoll)

3.1.3  Red Cell Lysis 
Procedure (Optional)

3.2  Staining Bone 
Marrow Cells 
with Lineage 
Antibodies
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       1.    Wash Dynabeads ®  Sheep Anti-Rat IgG before use according to 
the manufacturer’s instruction. Resuspend Dynabeads with a 
density of 4 × 10 8  beads per 1 mL PBS and store at 4 °C.   

   2.    Mix Dynabeads well and add them to cells (stained with lin-
eage antibodies) with a concentration of 1 × 10 8  cells per 1 mL 
beads solution (4 × 10 8  beads, i.e., 4 beads per single cell).   

   3.    Incubate cells with Dynabeads for 20 min at 4 °C on a rocker.   
   4.    Bring the total volume to 6 mL. Put cells into the magnet 

stand. The Dynabeads, along with differentiated cells, are 
attracted and attached to the magnet during a period of 
2–3 min.   

   5.    Carefully remove the cell suspension without disturbing the 
attached beads, and transfer it to a new 15 mL conical tube for 
the second round of magnet separation. Repeat the same pro-
cedure one more time for the maximal removal of remaining 
beads from the cell suspension.   

   6.    In order to enhance the cell yield, the attached beads are 
washed again with 6 mL medium and subjected to three 
rounds of magnet separations.   

   7.    After two rounds of washes and three rounds of magnet sepa-
rations, all cells are collected into a 50 mL conical tube, spun 
down, and resuspended into the medium at a concentration of 
10 × 10 6 /mL.      

      1.    Miltenyi beads are already in the ready-to-use solution and can 
be directly added into the cells prepared from Subheading  3.2 . 
For 10 8  cells, use 0.4 mL medium plus 0.1 mL magnetic beads. 
Incubate for 15 min at 4 °C on a rocker.   

   2.    During this incubation period, place the column in the magnet 
and prepare a miniMACS column (capacity 10 7  cells in the 
magnetic fraction) by running medium through it. This col-
umn size is appropriate for enriching progenitors from up to 
2 × 10 8  bone marrow cells. If larger numbers of bone marrow 
cells are being processed, midiMACS columns with a capacity 
of 10 8  cells in the magnetic fraction can be used.   

   3.    Load the cells onto a MACS column and allow the cells to pass 
through the column. Return the cell suspension to the column 
twice, allowing the cells to pass through the column a total of 
three times for maximal removal of lineage +  cells. Unbound 
cells are lineage-depleted (or stem/progenitor-enriched) cells 
( see   Note 4 ). Dispense six aliquots of 0.5 × 10 6  cells into six 
FACS tubes that will be used for stem cell marker single-color 
controls (Controls 3–7) and for PI viability marker staining 
(Control 8).       

3.3  Magnetic Beads 
Depletion 
of Differentiated 
Lineage Cells

3.3.1  Dynabeads ®  Sheep 
Anti-Rat IgG

3.3.2  Miltenyi 
Streptavidin-Conjugated 
Paramagnetic Beads
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      1.    Add CD34-FITC to lineage-depleted cells (main sample) at a 
concentration of 1:25. Incubate for 90 min at 4 °C on a rocker. 
Add 2 μL of CD34-FITC into Control 3 tube.   

   2.    Incubate for 1 h, and add other markers for stem cell staining. 
The panel of markers and the corresponding concentrations used 
in the authors’ laboratory are Sca-1 (1:100), c-Kit (1:100), Flk2/
Flt3 (1:100), and CD150 (1:100). Streptavidin is also added to 
the cell suspension to bind biotinylated lineage antibodies (1:150). 
Meanwhile, add Sca1 (0.5 μL), c-Kit (0.5 μL), Flk2/Flt3 (0.5 μL), 
and CD150 (0.5 μL) to Control tubes 4–7, respectively, and add 
Streptavidin (0.33 μL) to Control tube 2. Incubate cells with 
these antibodies for 30 min.   

   3.    Wash the sample and control cells twice.   
   4.    Resuspend sample cells into the medium at a density of 

10 × 10 6 /mL. Add 2 μL PI (1 mg/mL stock concentration) 
per mL cells. Add 0.1 μL PI into control tube 8 for PI single-
color control.   

   5.    Cells must be transferred to 5 mL polystyrene round-bottom 
tubes before FACS.      

      1.    FACS instrument alignment procedure and instrument settings 
 The FACS instrument must be aligned using procedures 

recommended by the manufacturer. The use of calibration 
beads that mimic fl uorescently labeled cells facilitates selection 
of instrument settings in the range of the type of cells to be 
sorted. For the techniques described in the chapter, access to a 
two-laser (Octagon 488 nm and Trigon 633 nm) instrument 
capable of sorting cells on the basis of ten independent vari-
ables is recommended.   

   2.    FACS windows 
 Figure  2  shows typical fl ow cytometry profi les about serial 

gating for the selection of HSCs. Cells are gated on the forward 
and side scatter and PI staining (Fig.  2a ). PI negative viable cells 
(PI - ) cells are then gated for the negative expression of lineage 
antibodies-APC Cy7 (Fig.  2b ). In lineage- cells, Sc-1 and c-Kit 
positive cells are selected (Fig.  2c ). Lineage -  Sca-1 +  c-Kit +  cells 
are further gated for the negative expression of Flk2/fl t3 and 
CD34 (Fig.  2d ). Therefore, PI -  lineage -  Sca1 +  c-Kit +  Flk2/fl t3 −  
CD34 −  cells represent a population of highly purifi ed HSCs, and 
they comprise 0.0032 % of whole bone marrow cells in young 
mice. In this population, three subfractions are divided based on 
the level of CD150 expression in which myeloid-biased, bal-
anced, and lymphoid- biased HSCs are enriched in the popula-
tions with high, low, and negative expression of CD150, 
respectively (Fig.  2e ). With aging, numbers of HPCs and HSCs, 
like LSK (Fig.  2f ) or more greatly purifi ed LSK Flk2/fl t3 −  

3.4  Stem Cell Marker 
Staining

3.5  Flow Cytometry 
and FACS
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  Fig. 2    Flow cytometry profi les and gate settings for selection of young and old lineage- Sca1 +  c-Kit +  
Flk2 −  CD34 −  HSCs and lineage-biased subpopulations. ( a ) Low-density mononucleated cells without PI expres-
sion (PI-). ( b ) Selection of lineage negative cells (lineage-). ( c ) Positive selection of cells expressing Sca1 and

 

Yi Liu et al.



29

CD34 −  (Fig.  2g ) cells, are  signifi cantly increased, and the pro-
portion of LSK Flk2/fl t3 −  CD34 −  cells in the aged bone marrow 
(0.0331 %) is nearly tenfold higher than in young marrow. With 
aging, myeloid-biased HSCs progressively dominate the old 
bone marrow, whereas the proportions of balanced and 
lymphoid- biased HSCs gradually diminish (Fig.  2h ).

       3.    Collection medium and vessels 
 The choice of collection tubes and media will depend on 

the number of cells needed and the intended use of the sorted 
cells. Note that medium needs to be added to the collection 
tubes. If less than 500,000 cells are collected, 1.5 mL Eppendorf 
tube pre-fi lled with 0.5 mL medium will be suitable. 5 mL 
polypropylene round-bottom tubes containing about 1.5 mL 
medium will be required for collecting 0.5 to 1.5 × 10 6  cells. 
Cells can also be directly sorted into multi- well plates using the 
program Automated Cell Deposition Unit (ACDU). Suitable 
collection media includes HBSS plus 2 % FBS, long-term cul-
ture (LTC) media, or serum-free media.   

   4.    Verify the purity of sorted cells 
 Even though fl ow cytometry is expected to reliably sort an 

HSC product of high purity with an acceptable yield, post-sort 
analysis is necessary to determine the purity of sorted cells. An 
aliquot of the sorted product should be reanalyzed on the 
same instrument on which it was sorted. In general, if greater 
than 90 % of cells fall into the original gates, the sorting is con-
sidered to have high fi delity. In addition to purity, cell viability 
and recovery should also be measured by independent quanti-
tative analysis in sorted cells. For example, a hemocytometer 
with Trypan blue staining can be used to determine the num-
ber and viability of cells recovered after sorting.       

4    Notes 

     1.    Add the Ficoll-Paque into the tube fi rst, and then put the bone 
marrow cells on the top. It is extremely important to load the 
cells slowly—especially the fi rst several millimeters of cell solu-
tion. After a correct loading, a clear interface between cells and 
Ficoll-Paque should be seen, and this will ensure a successful 
gradient separation.   

Fig. 2 (continued) c-Kit antigens (Sca1 +  c-Kit + ). ( d ) Selection of cells with undetectable levels of Flk2 and CD34 
(Flk2 −  CD34 − ) from lineage- Sca1 +  c-Kit +  (LSK) cells. LSK Flk2 −  CD34 −  cells are highly purifi ed HSCs. ( e ) 
Subdivision of LSK Flk2 −  CD34 −  cells into myeloid-biased, balanced, and lymphoid-biased populations based 
on the expression level of CD150. ( f ) LSK cell selection in the bone marrow of old mice (>24 month old). ( g ) 
Dramatic increase in the number of LSK Flk2 −  CD34 −  cells in old bone marrow. ( h ) Dominance of myeloid-
biased CD150 high  LSK Flk2 −  CD34 −  cells at the replace of lymphoid-biased and balanced HSCs in old bone marrow       
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   2.    All procedures are performed on ice from this step. After 
 washing and spinning, a white pellet containing mononucle-
ated cells should be seen at the bottom of the tube. The pres-
ence of a red pellet indicates the incomplete separation of red 
blood cells from mononucleated cells; red blood cell lysis is 
recommended. After the gradient separation, around 10 % of 
total bone marrow cells will be recovered.   

   3.    Single-color controls are used for the background staining and 
compensation that are required for any type of fl ow cytome-
try. The excitation spectrum of a fl uorochrome is a range of 
light wavelengths. When multiple fl uorochromes are used in 
fl ow cytometry, the emission spectra from different fl uoro-
chromes could be overlapped. As a result, fl uorescence could 
leak to other fi lters, causing false positive signals. To correct 
this spectral overlap, a procedure called fl uorescence com-
pensation is needed. Cells are stained with a single fl uoro-
chrome and run through the fl ow cytometer. The 
compensation settings are adjusted to ensure that the signal 
detected in a particular detector derives solely from the fl uo-
rochrome that is being measured. In the described HSC sort-
ing protocol, eight tubes of control cells are set up, and each 
tube contains 0.5 × 10 6  cells in 50 μL medium. Tube 1 is 
unstained (background) control. Tube 2 is APC-Cy7 lineage 
control. Tube 3 is FITC CD34 control. Tube 4 is Pacifi c Blue 
Sca1 control. Tube 5 is Alexa Fluor 700 c-Kit control. Tube 
6 is the PE Flk2 control. Tube 7 is the Alexa Fluor 647 
CD150 control. Tube 8 is the PI control.   

   4.    About 10 % of mononucleated cells will be recovered from 
the Ficoll-gradient separation. Another 10 % cells will be 
recovered from the magnetic lineage depletion. Therefore, 
only about 1 % of whole bone marrow cells will be obtained 
after Ficoll-gradient separation and beads depletion, and 
bone marrow stem and progenitor cells are signifi cantly 
enriched.         
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    Chapter 4   

 Measuring the Potency of a Stem Cell Therapeutic 

           Holli     Harper     and     Ivan     N.     Rich    

    Abstract 

   The potency of a drug is one of the most important parameters of a therapeutic. Besides providing the 
basis for manufacturing consistency and product stability, the potency can predict product failure or toxic-
ity due to incorrect potency, provide release criteria, and the dose that will ensure that it can be used as 
intended. Recently, cellular therapeutics, in particular, stem cell therapy products, have being designated 
as “drugs” by regulatory agencies if they produce a systemic effect in the patient. Regulatory agencies are 
becoming increasingly stringent with respect to the manufacture, production, and testing of these prod-
ucts prior to being used in a patient. A clear understanding of what potency is and how it can be measured 
should help erase the misunderstandings and misconceptions that have accrued within the cellular therapy 
fi eld. This protocol describes how the potency of hematopoietic stem cell therapy products is determined. 
The same principles apply to any proliferating stem cell therapeutic product.  

  Key words     Potency  ,   Stem cell potency  ,   Cellular therapy  ,   Drug potency  ,   Stem cell proliferation  ,   Stem 
cells  ,   Umbilical cord blood  ,   Bone marrow  ,   Mobilized peripheral blood  ,   Mesenchymal stem cells  

1      Introduction 

 Potency may be defi ned as the quantitative and validated 
 measurement of biological activity of the “active” ingredients or 
components of a product, which, when administered to a patient, 
produces the intended effect or response. This defi nition is part 
and parcel of the United States Food and Drug Administration 
(U.S. FDA) requirements and regulations for a drug potency assay. 
It also includes many of the aspects used by the European Medicines 
Agency (EMA) [ 1 ,  2 ]. 

 Potency determination of traditional drugs has been a routine 
exercise for pharmaceutical companies for many years. With the 
designation of umbilical cord blood (UCB) as a “drug” by the 
FDA in 2009 [ 3 ], because it results in systemic effects after trans-
plantation into patients with blood malignancies, there has been an 
increased effort to designate other cellular therapies as “drugs.” 
For academic institutions that have viewed hematopoietic stem cell 
transplantation as a routine procedure since the 1970s, the 
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introduction of regulations and the requirement for potency 
 testing has resulted in considerable misunderstanding of how 
potency should be measured and the misconception that potency 
must correlate with clinical outcome [ 4 ,  5 ] ( see   Note 1 ). Potency 
should correlate with a biological response, but this response need 
not correlate with clinical outcome. 

 There are three primary requirements for a potency assay. The 
fi rst is knowledge of the biological properties and characteristics of 
the “active” ingredients or components that are responsible for the 
response that has to be measured as a basis for the assay. The sec-
ond is a reference standard (RS) of the same material or source as 
the sample being measured and against which the sample can be 
compared to determine the potency ratio. The fi nal requirement is 
a quantitative and validated assay that can measure the “active” 
components in both the reference standard and the sample. 

 For a cell therapeutic that requires the administration of stem 
cells, it is these that represent the “active” ingredients or compo-
nents, since it is only the stem cells that are responsible for engraft-
ment and later reconstitution. Therefore, suffi cient information 
must be available that allows the assay to identify and measure a 
stem cell response that can be used for potency measurement. 
When developing any new cellular therapeutic, the earlier a 
potency assay can be developed, the better. Furthermore, as more 
information is accrued, the potency assay may pass through sev-
eral iterations that will better defi ne how the response should be 
measured. 

 For traditional drugs, establishing an RS is not a diffi cult task 
since suffi cient amounts of the drug are usually available for several 
RS batches to be produced at different times. Cellular RSs are 
more diffi cult to establish. Large numbers of cells are not available 
to establish “global” RSs that would allow, for example, all cord 
blood banks worldwide to use the same RS. Nevertheless, provid-
ing a standardized assay readout is available that allows direct com-
parison of samples, both within and between laboratories over 
time, in-house RSs for different tissues can be established and used 
to calculate the potency ratio. 

 The following protocol was designed and developed for hema-
topoietic stem cell therapy products derived from human umbilical 
cord blood, normal or mobilized peripheral blood, bone marrow, 
and purifi ed stem cell fractions (e.g., CD34 +  cells) from these tis-
sues. However, by changing the method by which cells are cul-
tured in vitro, the same basic protocol can be used for mesenchymal 
stem/stromal cells (MSC) as well as other stem cell sources, includ-
ing other primary stem cell preparations, embryonic stem (ES) 
cells and induced pluripotential stem (iPS) cells that might be used 
as a cellular therapeutic (Fig.  1 ). All protocols use the same fully 
calibrated, standardized, and validated ATP bioluminescence 
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  Fig. 1    Potency assay paradigm. This is a fl ow diagram demonstrating how stem cell potency is measured. The 
paradigm demonstrates the steps for measuring potency of hematopoietic stem cell using two stem cell popu-
lations as the “active” components. It also shows how the release criteria for a cell therapeutic are determined 
from both the potency ratio and “quality” of the stem cell populations. Abbreviations used:  RS  reference stan-
dard,  PQR  potency, quality, release,  UCB  umbilical cord blood,  mPB  mobilized peripheral blood,  BM  bone mar-
row,  Primitive L-HSC  primitive lympho-hematopoietic stem cell,  Primitive HSC  primitive hematopoietic stem 
cell,  DRLR  dose response linear regression       
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signal detection system for measuring stem cell proliferation 
 potential and ability. The present protocol focuses on detecting a 
minimum of two “active” stem cell populations derived from 
human, lympho- hematopoietic tissues ( see   Note 2 ).

2       Materials 

      1.    To measure potency of lympho-hematopoietic stem cells for 
cellular therapy, two assays are required. The fi rst, HALO-96 
PRS [ 4 ,  6 ], is used to establish the fi rst primary, in-house RS. 
Once the potency of this RS has been established, the potency 
of all other RS batches or lots and samples can be measured 
using HALO-96 PQR. For MSCs, MSCGlo-96 PRS and 
MSCGlo-96 PQR are available. All assays incorporate a fully 
calibrated, standardized, and validated ATP bioluminescence 
readout ( see   Note 3 ). These assay kits contain Master Mixes 
( see   Note 4 ) or growth medium needed to culture the cells 
in vitro and measure their proliferation response ( see   Note 5 ). 
Only an appropriate cell sample is required as well as ancillary 
equipment and supplies. All assay kits are available from 
HemoGenix.   

   2.    Luminescence plate reader (plate luminometer, Molecular 
Devices, SpectraMax L; Promega Corporation; Berthold, 
CentroLia) or a multimode plate reader that not only may have 
the capability of measuring absorbance and/or fl uorescence, 
but also luminescence.   

   3.    Fully humidifi ed incubator at 37 °C with an atmosphere con-
taining 5 % carbon dioxide (CO 2 ) and, if possible, nitrogen to 
reduce the oxygen tension from atmospheric concentrations to 
5 % O 2 . Both the CO 2  and O 2  concentrations should be moni-
tored using a Fyrite analyzer.   

   4.    Biohazard/laminar fl ow hood for sterile cell/tissue culture.   
   5.    Laboratory centrifuge.   
   6.    Single channel, electronic pipettes for volumes from 0.1 to 

1 mL include sterile pipette tips.   
   7.    An 8-channel electronic pipette to dispense volumes of 0.1 mL 

using non-sterile tips.   
   8.    Electronic cell counter or fl ow cytometer that can determine 

nucleated cell counts.   
   9.    Method for determining dye exclusion viability (e.g., hemocy-

tometer, fl ow cytometer, viability counter).   
   10.    Sterile, conical 15 and/or 50 mL tubes with screw lid.   
   11.    Sterile, 5 mL tubes with snap on lid.   
   12.    1.5 mL Eppendorf conical vials.      

2.1  Equipment
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      1.    Dulbecco’s phosphate buffered saline (dPBS).   
   2.    Iscove’s Modifi ed Dulbecco’s Medium (IMDM).   
   3.    Density gradient centrifugation (DGC) medium (NycoPrep 

1.077, Axis-Shield; or Ficoll, GE Healthcare).   
   4.    Cryopreservation medium: IMDM + 10 % fetal bovine serum 

(FBS) + dimethylsulfoxide (DMSO). Alternatively, a commer-
cially available cryopreservation medium can be used, e.g., 
CryoStor (BioLife Solutions).   

   5.    DNase (Sigma-Aldrich).   
   6.    Thaw medium: IMDM + 10 % FBS.       

3    Methods 

        1.    Collect or procure fresh, whole tissue that will be used for the 
primary RS.   

   2.    Split the tissue between two or more sterile 50 mL tubes (max-
imum 25 mL/tube) and dilute with the same amount of 
dPBS. Mix the contents by inversion several times.   

   3.    In a new sterile, 50 mL tube, add 15 mL of the DGC medium, 
and tilting the tube at about 45°, carefully and very slowly 
dispense the diluted cells on top of the DGC layer making sure 
that the cells do not mix with the DGC medium. For each 
15 mL of DGC medium, add between 15 and 20 mL of diluted 
cells to be fractionated.   

   4.    Centrifuge the tubes using the conditions specifi ed by the 
manufacturer of the DGC medium. After centrifugation, allow 
the centrifuge to slow down without the brake. After removal 
of the tube(s), there should be a distinct layer of cells at the 
interface between the plasma and the DGC medium. 
Granulocytes and platelets are usually contained in the DGC 
medium layer. The red blood cells will be a pelleted at the base 
of the tube.   

   5.    Remove and discard the top layer of plasma until about 5 mm 
is left above the interface.   

   6.    Using a 1 mL manual pipette with sterile tip, gently remove 
the cells at the interface and transfer them to a new 50 mL 
tube. Interface cells from at least 2–3 tubes can be pooled.   

   7.    Fill the tube with dPBS to a total of 50 mL, replace the cap, 
mix by inversion, and centrifuge the cells for 10 min at 200 ×  g  
at room temperature.   

   8.    Remove and discard the supernatant above the cell pellet and 
resuspend the cells in about 2–5 mL IMDM.   

2.2  Reagents

3.1  Establishing 
a Reference Standard

3.1.1  Preparation 
of the Mononuclear 
Cell (MNC) Fraction 
( See   Note 6 )

Stem Cell Potency
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   9.    Perform a nucleated cell count and viability assessment. 
The viability should be at least 90–95 % or greater. This MNC 
fraction contains stem cells and other primitive nucleated cells, 
and will represent the fi rst or primary (1°) RS.      

      1.    Prepare the cryopreservation medium or use a commercially 
available medium and keep on ice or at 4 °C.   

   2.    After determining the nucleated cell count, calculate the 
 volume of the cell concentration that will produce 2 × 10 6  
cells/mL. Keep the cells on ice or at 4 °C.   

   3.    Calculate the number of cryopreservation vials required to 
freeze a certain number of cell suspension aliquots and label 
each vial.   

   4.    Calculate the amount of cryopreservation reagent needed to 
make up 1 mL in each vial and dispense this amount of reagent 
into the vials.   

   5.    Dispense the volume of cell suspension into each vial.   
   6.    Cap each vial securely and mix by inversion.   
   7.    Place the vials in a CoolCell, transfer the CoolCell to a −80 °C 

freezer, and leave overnight. Alternatively, cryopreserve the 
cells using an automated rate-controlled freezer.   

   8.    After freezing, transfer the vials to an LN2 container for 
storage.      

   In order to establish the primary, in-house RS, it is necessary to 
thaw the vial of cells that came with the HALO-96 PRS assay kit 
and a vial of cells that had been cryopreserved for use as the 
future RS.

    1.    Thaw the vials in a 37 °C water bath, by swirling the vial for 
approx. 1 min.   

   2.    When a small ball of ice remains (1–2 min), remove the vial 
from the water bath, sterilize the outside of the vial by spraying 
with 70 % ethanol, and carefully unscrew the vial lid.   

   3.    It is possible that clumping can occur at this stage. To avoid 
this, add DNase to the total volume in the vial to achieve a 
concentration of 6 μg/mL before proceeding to the next step 
and mix.   

   4.    Use a 1 mL pipette to gently mix the contents of the vial and 
transfer to a 50 mL tube containing 20 mL of thaw medium. 
Up to three vials of the same cells can be added to this 20 mL 
of thaw medium. However, clumping can still occur. Add 
DNase    at a fi nal concentration of 6 μg/mL before proceeding 
to the next step.   

   5.    Gently mix the cells by swirling the contents of the tube. 
Do not use    repeat pipetting to mix the cells. This could cause 

3.1.2  Cryopreservation 
of the Primary Reference 
Standard ( See   Note 7 )

3.1.3  Cell Thawing 
to Establishing the Primary, 
In-house Reference 
Standard ( See   Note 8 )
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further rupture of cells and the release of DNA resulting in 
increased clumping.   

   6.    Centrifuge the cells at 200 ×  g  for 10 min at room temperature 
and discard the supernatant after centrifugation.   

   7.    Resuspend the cells in 1 mL of IMDM. If necessary, add 
6 μg/mL DNase.   

   8.    Perform a nucleated cell count and viability assessment.   
   9.    Prepare working serial cell dilutions containing 750,000, 

500,000, and 250,000 cells/mL in IMDM for both the kit RS 
and the future 1° RS. A total volume of 1 mL is suffi cient.   

   10.    The method of determining the potency of the primary, in-
house RS is the same as measuring the potency of an unknown 
sample. Follow the instructions in Subheading  3.2 .       

    Two stem cell populations for both the RS and sample (or the RS 
from the PRS kit and the primary RS sample from Subheading  3.1 ) 
will each be cultured at three cell doses. The two stem cell popula-
tions are designated HPP-SP and CFC-GEMM ( see   Note 9 ). 
Master Mixes containing all components, including the growth 
factor cocktails needed to stimulate the two stem cell populations, 
are included in the kits.

    1.    Thaw a vial of RS cells and the unknown sample as described 
in Subheading  3.1.3  and for both the RS and sample, prepare 
working serial cell dilutions of 750,000, 500,000, and 250,000 
cells/mL in IMDM. If possible, use electronic pipettes. A total 
volume of 1 mL for each cell concentration is suffi cient.   

   2.    Remove the two Master Mixes for the two stem cell popula-
tions to be determined from the freezer and thaw in a beaker 
of water or at room temperature. When thawed, mix gently 
by inversion.   

   3.    For both the RS and sample, 3 × 5 mL tubes are labeled for 
HPP-SP and 3 for CFC-GEMM; i.e., a total of six tubes are 
necessary to test the RS and six for the sample.   

   4.    Using an electronic pipette (if possible), dispense 0.9 mL of 
the HPP-SP Master Mix into three tubes for the RS and three 
for the sample. Similarly, dispense 0.9 mL of the CFC-GEMM 
Master Mix into the other three tubes for the RS and sample.   

   5.    Transfer 0.1 mL of the lowest cell dose (250,000 cells/mL) of 
the RS cells into the HPP-SP tube and the fi rst CFC-GEMM 
tube. Follow this by transferring 0.1 mL from the 500,000 and 
750,000 cells/mL into the individual tubes. This procedure 
reduces the cell concentration in each tube by tenfold.   

   6.    Repeat this process for the sample cells.   
   7.    All 12 tubes will now contain 1 mL of Culture Master Mix.   

3.2  Measuring 
the Potency 
and Quality 
of Lympho- 
Hematopoietic 
Stem Cells

3.2.1  Stem Cell Culture

Stem Cell Potency
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   8.    Using an electronic pipette and repeat pipetting function, 
transfer 0.1 mL from the lowest HPP-SP stem cell dose for RS 
cells to all eight replicate wells ( see   Note 10 ) in the fi rst col-
umn of the sterile, 96-well plate provided. Similarly, transfer 
0.1 mL from the middle cell dose for the RS, HPP-SP stem 
cells into eight replicate wells in column two of the plate. 
Finally, transfer the highest dose of RS, HPP-SP stem cells to 
column 3.   

   9.    Repeat this procedure for the RS, CFC-GEMM stem cells fi ll-
ing columns 4–6.   

   10.    Repeat  steps 8  and  9  for the sample cells fi lling columns 7–9 
for the HPP-SP stem cells and columns 10–12 for the CFC-
GEMM stem cells. The fi nal cell concentrations are now 2,500, 
5,000, and 7,500 cells/well.   

   11.    Replace the lid and transfer the plate to the incubator. Culture 
the cells for 5 days. This incubation period can be extended to 
7 days if required for increased assay sensitivity and/or to 
accommodate work schedules ( see   Note 11 ).    

    Prior to measuring proliferation of the cultured cells, the assay 
must be calibrated and standardized. It is essential that laboratory 
gloves are worn during this and the following steps, since ATP is 
present on the skin and can cause erroneous results.

    1.    Remove a vial of ATP standard, one vial each of high and low 
controls and a bottle of ATP-Enumeration Reagent (ATP-ER) 
from the freezer and thaw the contents at room temperature.   

   2.    Label fi ve Eppendorf 1.5 mL vials and perform a serial dilution 
of the ATP Standard (10 μM) in IMDM to produce ATP dilu-
tions of 1, 0.5, 0.1, 0.05, and 0.01 μM.   

   3.    Using an electronic pipette with repeat dispensing function, 
dispense 0.1 mL of IMDM alone into the fi rst four wells of the 
fi rst column into the non-sterile, 96-well plate provided with 
the assay kit. This will be the background.   

   4.    Dispense 0.1 mL of the lowest ATP concentration (0.01 μM) 
into the next four replicate wells in the fi rst column of the plate.   

   5.    The remaining ATP dilutions are then transferred into each of 
four replicate wells so that the ATP standard curve occupies 
the fi rst three columns of the 96-well plate.   

   6.    Dispense 0.1 mL of the low ATP control into the fi rst four 
wells of column 4 and 0.1 mL of the high ATP control into the 
last four wells of column 4. In this way, three ATP standard 
curves and controls can be performed on a single 96-well plate.   

   7.    Pour the ATP-ER into a reservoir and, using an 8-channel 
pipette, dispense 0.1 mL of the ATP-ER into all eight wells of 

3.2.2  Assay Calibration 
and Standardization 
( See   Note 12 )
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the fi rst column. Mix the contents making sure that no  bubbles 
are produced. Discard the tips after using.   

   8.    Using new pipette tips for each column, continue adding 
0.1 mL of ATP-ER into the other wells and mix. Discard the 
tips after each ATP-ER addition.   

   9.    Transfer the plate to the luminescence plate reader and incu-
bate in the dark at room temperature for 2 min.   

   10.    Measure the luminescence using an integration time of 2 ms. 
If a multimode instrument is used, it will probably be necessary 
to establish the “gain” required to achieve optimum sensitivity 
using the method provided by the instrument manufacturer.   

   11.    If the instrument software cannot be programed to calculate 
and graph the ATP standard curve, it will be necessary to 
export the data to third-party software (e.g., Microsoft Excel) 
and plot the curve as a log-log linear regression ( see   Note 13 ).   

   12.    The goodness of fi t of the regression line should be 0.995 or 
greater. The slope of the log-log linear regression should be 
within the range specifi ed in the assay manual. The two control 
values should lie directly on the curve and also be within spe-
cifi c limits specifi ed in the manual (Fig.  2 ). If these specifi ca-
tions are met, the instrument has been calibrated and the assay 
standardized so that the remaining part of the assay (measure-
ment of the samples) can be completed.

             1.    The calibration of the instrument and standardization of the 
assay must conform to the parameters given in the assay man-
ual in order to measure the response of the RS and sample. If 
the ATP standard curve and controls do not comply with these 
parameters, it will be necessary to either repeat the previous 
step or troubleshoot why these parameters are not obtained.   

   2.    Remove the sample plate from the incubator and let it come to 
room temperature.   

   3.    Using the 8-channel pipette, dispense 0.1 mL of the ATP-ER 
into all wells of the fi rst column and mix without causing bub-
bles. Mixing is extremely important at this stage since the 
ATP-ER contains a lysis buffer that releases the iATP so that it 
can react with luciferin and luciferase. If the cells are not lysed 
properly, incorrect ATP values will result.   

   4.    Change the tips on the pipette and add 0.1 mL of the ATP-ER 
to the next column of wells. Repeat this for the whole plate.   

   5.    Transfer the plate to the luminometer and incubate in the dark 
for 10 min, prior to reading the plate.      

       1.    The output of a plate luminometer is Relative Luminescence 
Units or RLU. This is a nonstandardized value because 
 different instruments will produce different RLU values for the 

3.2.3  Processing 
and Measurement 
of Proliferation 
of the Reference Standard 
and Sample

3.2.4  Analysis of Results
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  Fig. 2       Measurement of cell proliferation using ATP bioluminescence. When cells are stimulated to proliferate, 
the concentration of iATP increases in proportion to the amount of stimulation. When the iATP is released from 
the cells it acts as a limiting substrate for a luciferin/luciferase reaction that produces bioluminescence. The 
“glow” luminescence produced is measured as light by a plate luminometer. The concentration of ATP pro-
duced is calculated from an ATP standard curve that is performed prior to measuring any samples. Inclusion 
of controls allows the instrument to be calibrated, which together with the standards provides a the means to 
validate the assay       

 

Holli Harper and Ivan N. Rich



43

same samples. To compare results, it is necessary to transform 
RLU values into standardized ATP concentrations (μM). This 
is performed using the ATP standard curve. If the software 
allows, it can be programed to interpolate all RLU values into 
ATP concentrations for each individual well and then calculate 
the mean, standard deviation, and %CV values for each group 
of replicates. If the software cannot perform these functions, 
the results will have to be exported into a third-party software 
(e.g., Microsoft Excel) and the mathematical and statistical 
functions used to perform the interpolations. Other software 
packages such as GraphPad Prism, Systat SigmaPlot, or 
OriginLab’s Origin can also be used.   

   2.    Once all the results are in ATP concentrations, perform a linear 
regression analysis for the RS dose response for HPP-SP and 
CFC-GEMM and the sample HPP-SP and CFC-GEMM cell 
populations and calculate the slope of each dose response 
curve.   

   3.    ( See   Note 14 ) The potency ratio for each unknown 
stem cell population is given by:

   Potency Ratio
Slope of the sample stem cell population

Slope of the R


FF stem cell population
.
 
  

 The potency ratio will either be (a) similar or =1, (b) >1 or 
(c) <1. The potency of the RS is always 1. Therefore a sample 
demonstrating a potency ratio >1 indicates that less of the 
sample can be used to obtain the same response as the RS for 
that stem cell population, and vice versa for a sample potency 
ratio <1. However, since two stem cell populations are being 
measured, a cumulative potency ratio is used. It therefore fol-
lows that the cumulative potency ratio of both stem cell pop-
ulations should be greater than that of the RS. It is important 
that the potency ratio for the CFC-GEMM alone is similar to 
or greater than that for the RS, since it is this stem cell popu-
lation that will be primarily responsible for short-term 
engraftment and reconstitution.   

   4.    ( See   Note 14 ) From the cell dose response curves for each 
stem cell population, determine the ATP concentration at a 
specifi c cell dose, e.g., 5,000 cells/well. This ATP concentra-
tion gives the proliferation ability or “quality” of the stem cell 
population. If the ATP concentration value is >0.04 μM, this is 
an indication that the stem cells will sustain proliferation. If the 
ATP concentration value is <0.04 μM, but >0.01 μM, the cells 
might proliferate, but they will not be able to sustain prolifera-
tion to result in engraftment if the cells were transplanted into 
a patient. If the ATP concentration <0.1 μM, the cells will be 
metabolically dead. Thus, the proliferation ability value is also 
a metabolic viability measurement.        
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4    Notes 

     1.    Measuring stem cell potency and the potency of other cellular 
therapeutics is a new area with a lot of uncertainties, not only 
for the institutions and companies that work in the fi eld, but 
also the agencies that regulate it. It has been assumed by the 
regulatory agencies that the same regulations that apply to tra-
ditional drugs will also apply to cellular therapeutics. In most 
cases this is correct. One of the exceptions is the requirement 
to measure all “active” ingredients or components ( see   Note 
2 ). However, it is also apparent that many false assumptions 
have or are being made with respect to how cell potency can be 
measured without taking present regulations and guidelines 
into account. For example, any potency assay must include a 
dose response for both the sample and the reference stan-
dard. This allows determination of the potency ratio ( see  
Subheading  3.2.4 ). The potency ratio cannot be determined 
from a single point. A non-validated assay cannot be used to 
measure potency, since the purpose of assay validation is to 
obtain scientifi c data about the assay that allows the results to 
be trusted. An assay, such as the colony-forming unit (CFU) 
assay, may have been used for decades and “grandfathered” in 
[ 5 ], but that does not mean that the results can be trusted or, 
more importantly, used to release a product for patient use 
[ 4 ,  6 ,  7 ]. Potency requires that a biological response has to be 
measured. A basic laboratory test such as cell number or viabil-
ity [ 8 ] is required to perform a cell potency assay, but these, by 
themselves, are not potency assays [ 4 ,  5 ]. It follows that con-
siderable thought has to be given when developing a potency 
assay and should be one of the fi rst things to be considered 
when developing a new cellular therapeutic.   

   2.    Regulatory agencies require that the potency of all “active” 
ingredients or components shall be determined. This is cer-
tainly possible for traditional drugs but is impossible for stem 
cells. This is because the stem cell compartment of biological 
systems contains an unspecifi ed number of stem cells at 
 different degrees of primitiveness that constitute a continuum. 
That is, one degree of stem cell primitiveness passes impercep-
tibly into the next. In vitro culture technology is incapable of 
separating and detecting this continuum at its lowest possible 
level. The technology described in this protocol is, at present, 
only capable of detecting up to eight different stem cell popu-
lations within the lympho-hematopoietic stem cell continuum. 
For other stem cell systems, it may not even be possible to dif-
ferentiate two stem cell populations. Although testing the 
potency of more stem cell populations might provide greater 
accuracy to predict a response, the requirement to measure all 
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“active” stem cell components would not only be impractical 
but prohibitively expensive and time consuming.   

   3.    Bioluminescence is the most sensitive, nonradioactive signal 
detection system available. The principle of using biolumines-
cence to measure stem cell proliferation or the proliferation of 
other cells types is shown in Fig.  2 . All cells produce chemical 
energy in the form of adenosine triphosphate or ATP. This is 
produced in the mitochondria of the cells. Some cells (e.g., 
stem cells) have very low levels of intracellular ATP while oth-
ers (e.g., hepatocytes) have high basal levels of ATP because 
they are actively metabolizing. When stem cells are induced 
into proliferation, their iATP levels increase signifi cantly. This 
increase correlates directly with their proliferation. Intracellular 
ATP can therefore be used as a marker for proliferation. After 
stimulation and incubation of the cells, the iATP is released 
and acts as a limiting substrate for a luciferin/luciferase reac-
tion to produce bioluminescence. This is in the form of light 
that is then measured in the plate luminometer.   

   4.    The HALO assay platform was originally derived from the 
conventional colony-forming unit (CFU) or cell (CFC) assay, 
fi rst described in 1966 [ 9 ,  10 ] and later modifi ed to use a 
methylcellulose, semisolid medium [ 11 ]. Due to the many 
problems that have been encountered over the years with the 
CFU/CFC assay that include subjectivity, high coeffi cients of 
variation, lack or standards and controls and therefore the 
inability to validate the assay, and the fact that it detects cell 
differentiation ability rather than cell proliferation, a Suspension 
Expansion Culture (SEC) Technology was developed specifi -
cally for the HALO Platform. Removing the viscous methyl-
cellulose medium from the assay allows reagents to be dispensed 
rapidly and accurately using normal pipettes or even a liquid 
handler. By allowing the cells to interact, not only is the onset 
of cell proliferation reduced by at least 24 h, but the sensitivity 
of assay is also increased.   

   5.    Measuring potency of stem cells uses a basic characteristic 
common to all stem cells; their capacity and ability to  proliferate. 
The degree of primitiveness or “stemness,” their capacity to 
self-renew (a property that defi nes stem cells), and even their 
ability to engraft in a patient after transplantation all rely on 
the proliferation process. The response that is determined 
using this protocol is made up of two components, namely 
proliferation potential and proliferation ability. Proliferation 
potential measures the primitiveness of the stem cell or its 
capacity to proliferate. This is equivalent to stem cell potency, 
which, in turn, predicts engraftment potential. Proliferation 
ability is a measure of stem cell “quality”; that is, the 
 proliferation status of the stem cells at a specifi c point in time. 
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Both stem cell potency and “quality” are used to release the 
product for use in a patient.   

   6.    It is very important that when adding the cells to the DGC 
medium, the cells form a distinct and sharp layer on the top of 
the medium. The sharper this layer, the better the quality of 
the cell fractionation. In addition, when removing the cells 
from the interface after centrifugation, care should be taken 
not to withdraw cells underneath the interface since these con-
tain granulocytes and platelets. The granulocytes, in particular, 
can cause clumping problems when the cells are eventually 
thawed after cryopreservation.   

   7.    There are many ways to cryopreserve cells. There is no stan-
dardized method for cryopreserving stem cells. Many centers 
use an automated rate-freezing system and a preformulated 
cryopreservation medium (e.g., CryoStore, BioLife Solutions). 
Alternatively, ampoules of cells can be frozen in CoolCells, 
which are placed in a −80 °C freezer overnight. In both cases 
the cells are stored in liquid nitrogen (LN2). Regardless of the 
method used to cryopreserve the cells, 2.5–5 × 10 6  MNCs/mL 
should be cryopreserved/vial. Approximately 50 % of the cells 
will be lost upon thawing.   

   8.    To determine whether the cryopreserved batch or lot of cells 
can be used as an RS, the stem cells should be tested and com-
pared with an external RS of the same material or source. For 
hematopoietic cells and MSCs, HALO-96 PRS or MSCGlo-96 
PRS assay kits are used, respectively. These kits contain a vial of 
cryopreserved cells against which the in-house primary RS can 
be tested. The quality and potency of the future, primary RS 
should be similar or greater than that of the assay kit reference 
standard. The method by which this is performed is exactly the 
same as the procedure for measuring the potency of an 
unknown sample. If the primary reference standard exhibits 
similar or greater potency and quality as the external RS, this 
1° RS is now used to establish a secondary (2°) and even a 
tertiary (3°) RS batch. The 2° RS is tested against the 1° RS 
and the 3° RS is tested against the 2° RS. To test unknown 
samples, the most recent RS established is used. Prior to using 
the last RS vials of cells, a new RS batch is established and 
tested against the  previous batch of cells. In this way the 1° and 
even the 2° RS will not be depleted and will be available for 
many years.   

   9.    Two stem cell populations are detected and measured for hema-
topoietic stem cell potency. The fi rst is a primitive lympho- 
hematopoietic stem    cell designated the High Proliferation 
Potential—Stem and Progenitor cells or HPP-SP. This stem 
cell is capable of producing both lymphopoietic and hemato-
poietic cell lineages. The second is the Colony-Forming 
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Cell—Granulocyte, Erythroid, Macrophage, Megakaryocyte, 
or CFC- GEMM. As its name implies, this primitive hematopoi-
etic stem cell produces cells of all three hematopoietic lineages, 
but not cells of the lymphopoietic system.   

   10.    The reason for performing eight replicate wells is for statistical 
purposes. When measuring the response of rare, primary cell 
populations, such as stem cells, outliers can occur. This is due 
to different numbers of primitive cells being dispensed into 
neighboring, replicate wells despite attempts to produce a 
homogenous cell suspension. By performing eight replicates of 
the same sample, it is possible to remove or mask the results of 
up to three outliers, if necessary, to reduce variation without 
signifi cantly affecting the overall results. If the number of 
 replicates is reduced to six, a maximum of two outliers can be 
removed from the results. The fewer the replicate number, the 
greater the chance of high variations in the results. From an 
economic standpoint, it is cheaper to increase the number of 
replicates than to repeat a complete experiment. However, the 
number of cells available may be limited. If this is the case, then 
it is best to reduce the number of replicates to a minimum of 
four and ensure that a cell dose response for both stem cell 
populations is performed.   

   11.    By increasing the culture time from 5 to 7 days, an approxi-
mate threefold increase in stem cell proliferation can be 
expected. This increases the assay sensitivity threefold. 
However, an increase in percent coeffi cients of variation (%CV) 
may also occur.   

   12.    Performing the ATP standard curve and controls is an integral 
part of the assay and should always be completed. If the ATP 
standard curve and control specifi cations are not met, it will be 
necessary to repeat this step. The calibration and standardiza-
tion ensures that the assay is working correctly prior to 
 measuring the samples. It also allows the assay to be validated. 
A validated assay is a prerequisite to performing a potency assay, 
since it is a regulatory requirement. When an assay is validated 
according to regulatory guidelines, the results can be trusted. 
Validation is not the same assay verifi cation. The latter occurs 
when a new, perhaps more advanced assay, is tested against an 
established assay. If the results from the two assays correlate, the 
newer assay is said to be “verifi ed” against the established assay 
[ 12 ,  13 ]. Assay validation is a more complicated procedure that 
involves many experiments to document the parameters of 
accuracy, sensitivity, selectivity or specifi city, precision (reliabil-
ity and reproducibility), and robustness. Assay validation can 
only be performed if standards and controls are available. An 
assay without standards and controls cannot be considered 
standardized and therefore cannot be validated.   
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   13.    A log-log linear regression is calculated from the equation: 
log  Y  =  A  +  B  × log  X , where  A  is the intercept and  B  is the slope 
of the linear regression and uses a least-squares method to fi t 
the points.   

   14.    There is a direct correlation between the stem cell potency 
ratio and “quality.” This means that both parameters are 
needed to allow release of a product for use in the patient. 
Neither potency ratio alone nor “quality” alone is suffi cient. 
Together, these parameters provide the information that will 
predict whether the cells have both the capacity and ability to 
engraft in the patient. This is the engraftment potential and is 
the response that will correlate with potency.         
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    Chapter 5   

 Culturing Protocols for Human Multipotent 
Adult Stem Cells  

           Bart     Vaes    ,     Sara     Walbers    ,     Kristel     Gijbels    ,     David     Craeye    , 
    Robert     Deans    ,     Jef     Pinxteren    , and     Wouter     van’t     Hof    

    Abstract 

   Culture procedures are presented that support the initiation and controlled expansion of the multipotent 
adult progenitor cell (MAPC) population within the human bone marrow derived multipotent mesenchy-
mal stromal cell compartment. Culture procedures or conditions and characterization assays that maintain 
and survey the distinctive primitive MAPC properties are discussed in the context of cell culturing plat-
forms that facilitate controlled expansion of clinical grade human MAPC product to levels required for mid 
to late stage clinical testing.  

  Key words     Mesenchymal stromal cells  ,   Multipotent adult progenitor cells  ,   Immune modulation  , 
  Cell therapy  ,   Manufacture  ,   Clinical trials  

1      Introduction 

 Over the past years, various types of bone marrow (BM)-derived 
multipotent mesenchymal stromal cells (MSC) have been isolated 
and characterized. This includes the multipotent adult progenitor 
cell (MAPC) population which appears to be more primitive than 
classically cultured MSC [ 1 ]. When expanded under the culture 
conditions specifi ed in this chapter, human MAPC display enhanced 
proliferation and regenerative properties, while displaying strong 
immunomodulatory properties characteristic of cells in the MSC 
compartment [ 2 ,  3 ]. The unique MAPC properties have triggered 
great interest in their utility as a cell-based therapy platform for 
modulation of infl ammatory conditions, immune dysregulation 
and tissue repair [ 4 ,  5 ]. Protocols for culturing rodent MAPC have 
been provided previously [ 6 ,  7 ]. Here we discuss culture proce-
dures for human MAPC, amenable to the manufacture of human 
cGMP MAPC technology-based cell therapy products for use in 
clinical trials, with emphasis on culture platforms that accommo-
date controlled scale-up, standardization, and automation.  



50

2    Materials 

      1.    0.20 μm Filtropur fi lter (Sarstedt).   
   2.    Sterile syringe (BD Biosciences).   
   3.    15 mL polypropylene centrifuge tube (Corning).   
   4.    50 mL polypropylene centrifuge tube (Corning).   
   5.    70 μm cell strainer (BD Biosciences).   
   6.      500 mL Vacuum Filter/Storage Bottle System, 0.22 μm Pore 

33.2 cm 2  PES Membrane     (Corning).   
   7.      150 mL Tube Top Vacuum Filter System, 0.22 μm Pore 

13.6 cm 2  CA Membrane     (Corning).   
   8.    75 cm 2  Rectangular Canted Neck Cell Culture Flask 

(T75, Corning).   
   9.    Cryovials (1.5 mL system 100™; Fisher Scientifi c).      

      1.    Dexamethasone (Sigma-Aldrich).   
   2.    Dulbecco’s Modifi ed Eagle medium (DMEM; 1 g/L glucose; 

Life Technologies).   
   3.    Dimethyl sulfoxide (DMSO; Sigma-Aldrich).   
   4.    Fetal Bovine Serum (FBS; Lonza).   
   5.    Fibronectin (FN; 0.1 %; Sigma).   
   6.    Acetic Acid (HAc; VWR Prolabo).   
   7.    Hydrochloric Acid (HCl; VWR Prolabo).   
   8.    Histopaque-1077 ®  (Sigma-Aldrich).   
   9.    Human epidermal growth factor (hEGF), 1 mg (R&D 

Systems).   
   10.    Human platelet derived growth factor-BB (hPDGF-BB), 2 mg 

(R&D Systems).   
   11.    Insulin-Transferrin-Selenium (ITS; 500×; Sigma-Aldrich).   
   12.    Linoleic acid-bovine serum albumin (LA-BSA; 0.5×; Sigma-

Aldrich).   
   13.     L -Ascorbic acid 2-phosphate sesquimagnesium salt hydrate 

(Sigma-Aldrich).   
   14.    MCDB-201 (Sigma-Aldrich).   
   15.    NaOH pellets (VWR Prolabo).   
   16.    Phosphate Buffered Saline (PBS; Lonza).   
   17.    Penicillin-Streptomycin (10,000 U/mL; Life Technologies).   
   18.    Trypsin-Ethylenediaminetetraacetic acid (Trypsin-EDTA; 

Lonza).       

2.1  Culture Vessels

2.2  Reagents
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3    Methods 

      1.    Human PDGF-BB stocks
   (a)    A 100 mM HCl solution is prepared by adding 1 mL HCl 

to 119 mL Milli-Q water. Next a 4 mM HCl solution is 
made by adding 2 mL of 100 mM HCl to 48 mL Milli-Q 
water. Filter the solution through a 150 mL Tube Top 
Vacuum Filter System.   

  (b)    2 mg hPDGF-BB is delivered in a solution of 30 % v/v 
acetonitrile and 0.1 % v/v TFA. This is diluted to 40 mL 
with 4 mM HCl to achieve a fi nal concentration of 50 μg/
mL.   

  (c)    Prepare 100 μL aliquots and store at −80 °C. Each aliquot 
should only be thawed once to avoid repeated freeze–thaw 
cycles.   

  (d)    Frozen hPDGF-BB aliquots remain stable for up to 12 
months at −80 °C.       

   2.    Human EGF stocks
   (a)    A 1 M HAc solution is prepared by adding 1 mL HAc to 

16.5 mL Milli-Q water. Next a 10 mM HAc solution is 
made by adding 0.5 mL 1 M HAc to 49.5 mL Milli-Q 
water. Filter the solution through a 150 mL Tube Top 
Vacuum fi lter system.   

  (b)    Reconstitute 1 mg hEGF with 40 mL 10 mM HAc to 
obtain a fi nal concentration of 25 μg/mL.   

  (c)    Prepare 200 μL aliquots and store at −80 °C. Each aliquot 
should only be thawed once to avoid repeated freeze–thaw 
cycles.   

  (d)    Frozen hEGF aliquots remain stable for up to 12 months 
at −80 °C.          

      (a)    To make a stock solution of 10 −4  M  L -ascorbic acid, dissolve 
1.45 g  L -Ascorbic acid in 500 mL PBS. Filter the solution 
through a 500 mL Vacuum Filter/Storage Bottle System.   

   (b)    Prepare 5 mL aliquots and store at −20 °C. Each aliquot should 
only be thawed once to avoid repeated freeze–thaw cycles.   

   (c)    Frozen L-ascorbic acid aliquots remain stable for up to 3 
months in the dark at −80 °C.      

      (a)    Prepare a 0.25 mM stock solution by dissolving 0.981 mg 
dexamethasone per 10 mL Milli-Q water.   

   (b)    Calculate the exact amount of dexamethasone needed. The 
supplied powder contains on average 65 mg dexamethasone 
per gram powder. The accurate amount is provided for each batch.   

3.1  Preparation 
of Growth Factor 
Solutions

3.2  Preparation 
of Ascorbic Acid

3.3  Preparation 
of Dexamethasone
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   (c)    Example for 6.8 mg per 100 mg powder: dissolve 70 mg total 
powder (4.76 mg dexamethasone) in 48.52 mL Milli-Q water.   

   (d)    Filter through a 150 mL Tube Top Vacuum Filter System.   
   (e)    Prepare 100 μL aliquots and store at −80 °C. Each aliquot 

should only be thawed once to avoid repeated freeze–thaw 
cycles.   

   (f)    Frozen dexamethasone aliquots remain stable for up to 12 
months at −80 °C.      

       1.    MCDB-201 is prepared by dissolving 17.7 g MCDB-201 in 
1 L Milli-Q water.   

   2.    Adjust the solution to pH 7.2 using NaOH pellets, and sterile 
fi lter using a 500 mL Vacuum Filter/Storage Bottle System. 
The solution can be stored for up to 4 weeks at 4 °C.   

   3.    Dulbecco’s Modifi ed Eagle Medium is mixed with MCDB-
201 solution at a 60:40 vol/vol ratio.   

   4.    500 mL base medium is supplemented with the following 
reagents;
   (a)    1 mL of 500× Insulin-Transferrin-Selenium.   
  (b)    2.5 mL of 100× Linoleic Acid-Bovine Serum Albumin.   
  (c)    5 mL of 10,000 U/mL Penicillin-Streptomycin.   
  (d)    5 mL of 10 −4  M  L -Ascorbic Acid.   
  (e)    100 μL of 50 μg/mL hPDGF.   
  (f)    200 μL of 25 μg/mL hEGF.   
  (g)    100 μL 0.25 mM dexamethasone.   
  (h)    10 mL (2 %) Fetal Bovine Serum ( see   Note 1 ).       

   5.    Complete    MAPC expansion medium is then fi ltered through a 
500 mL Vacuum Filter/Storage Bottle System and can be used 
for up to 1 month when stored at 4 °C.      

      1.    Prepare 1× FN (100 ng/mL) coating solution by diluting 
50 μL of 0.1 % FN into 500 mL of PBS. Store solution at 4 °C.   

   2.    Coat T75 culture fl asks for at least 30 min in a 37 °C, 5.5 % 
CO 2  incubator with 5 mL coating solution.      

   A 2× stock of freezing medium (20 % DMSO, 20 % FBS in expansion 
medium) is prepared as described below. Required volumes of freez-
ing solution are routinely prepared freshly for each freezing proce-
dure. The 2× stock may be used for up to a week when stored at 4 °C.

    1.    Determine the required volume of 2× stock needed for 
the cells.   

   2.    Mix 20 % FBS, 20 % DMSO and 60 % MAPC expansion 
medium (Subheading  3.4 ).   

3.4  Preparation 
of MAPC 
Expansion Medium

3.5  Preparation 
of Fibronectin (FN) 
Coating Solution

3.6  Preparation 
of Freezing Medium
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   3.    Filter the 2× stock of freezing medium through a 0.20 μm 
Filtropur fi lter and precool on ice.   

   4.    Concentrated DMSO solutions will solidify on ice and freezing 
medium should only be chilled after DMSO dilution.   

   5.    For freezing cells, mix equal volumes of cell suspension with 
2× freezing medium to achieve the required cell concentra-
tions in a fi nal freezing solution containing 10 % DMSO and 
10 % FBS.      

      1.    Remove a cell vial from a cryogenic storage tank (e.g., liquid 
nitrogen), slightly open the cap to release the pressure.   

   2.    Thaw the cell suspension in a 37 °C water bath until all ice 
crystals have disappeared. This should take 2–3 min and no 
more than 5 min for a 1.5 mL cryovial.   

   3.    Transfer the thawed cell suspension to a 15 mL conical tube.   
   4.    Dropwise add 10 mL MAPC expansion medium.   
   5.    Wash the cryovial with 1 mL of medium to ensure that all cells 

are transferred.   
   6.    Add fresh MAPC expansion medium to fi ll up the 15 mL 

 conical tube.   
   7.    Centrifuge for 5 min, 350 ×  g  at RT.   
   8.    Remove the supernatant, resuspend the cell pellet in medium 

by gently pipetting.   
   9.    Count cells using a hemacytometer or nucleocounter.      

      1.    Fresh marrow will provide optimal results but successful isola-
tions have also been performed using aspirates that were 
shipped overnight.   

   2.    Transfer the bone marrow aspirate into a 50 mL conical centri-
fuge tube and add an equal volume of PBS.   

   3.    Carefully layer 20 mL of the diluted bone marrow on top of 
20 mL Histopaque-1077 ® , use multiple tubes if needed.   

   4.    Centrifuge at 1,000 ×  g  for 20 min at RT with the centrifuge 
break set to 0.   

   5.    Collect the mononuclear layer and dilute to 50 mL with PBS 
in a fresh 50 mL conical tube.   

   6.    Centrifuge at 350 ×  g  for 5 min at RT.   
   7.    Remove supernatant and resuspend cells in 50 mL PBS.   
   8.    If cell clumps are observed, the cell suspension may be fi ltered 

over a 70 μm cell strainer.   
   9.    Centrifuge at 350 ×  g  for 5 min at RT.   

3.7  Thawing 
of Cryopreserved 
Human MAPC

3.8  MAPC Isolation 
from Bone Marrow 
Aspirate
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   10.    Remove the supernatant and resuspend cells in a small volume 
of PBS, e.g., 1 or 2 mL and count cells.   

   11.    For MAPC isolations, the cells are seeded at a density of 0.5–
1.0 × 10 6  cells/cm 2  in 15 mL pre-warmed medium on 1× FN 
(100 ng/mL) coated T75 fl asks.   

   12.    Place the cells in an incubator under hypoxic conditions (5.5 % 
CO 2 , 5 % O 2 ) at 37 °C ( see   Note 2 ).   

   13.    Remove the medium 24 h after seeding and rinse each T75 
fl ask three times with 5 mL PBS to remove non adherent cells.   

   14.    For expansion, 10 mL fresh medium is added and cells are 
cultured for 5–8 days depending on growth. Replace the cul-
ture medium every 2–3 days.   

   15.    Cell growth and expansion
   (a)    Cells undergo clonal expansion and will become visible as 

distinct cell clusters.   
  (b)    When clonal expansion clusters reach a confl uency of 

50–70 % (within the clusters) cells need to be passaged.          

      1.    Pre-warm complete MAPC culture medium in a 37 °C 
water bath.   

   2.    Add 10 mL medium to a 1× FN pre-coated T75 fl ask.   
   3.    Seed the cells at a density of 500 cells per cm 2  ( see   Note 3 ).   
   4.    Incubate the cells in a gas-controlled incubator at 37 °C, 5.5 % 

CO 2  and 5 % O 2  ( see   Note 2 ).      

      1.    Collect and save conditioned growth medium from 2–3-day- 
old MAPC cultures in a sterile recipient.   

   2.    Rinse each T75 fl ask with 3 mL PBS and remove PBS.   
   3.    Add 2 mL of 0.05 % Trypsin-EDTA ( see   Note 4 ). Incubate for 

2–5 min at 37 °C until the cells have detached. If necessary, 
gently tap the fl ask to detach all cells.   

   4.    Stop the reaction by adding 3 mL of the collected expansion 
medium from  step 1  to each T75 fl ask.   

   5.    Collect and transfer cells to a conical tube and centrifuge for 
5 min, at 350 ×  g , RT.   

   6.    Remove supernatant, resuspend cells in MAPC expansion 
medium and count cells.   

   7.    Seed at a density of 500 cells per cm 2  in 10 mL pre-warmed 
medium in a 1× FN coated fl ask and place in the incubator.   

   8.    Passage MAPC every other day in order to maintain cultures at 
low density ( see   Note 3 ).   

   9.    The type of culture vessel used will change depending on the 
clinical development stage of the cell product as it drives the 
number of cells required per expansion ( see   Note 5 ).      

3.9  MAPC Culture 
from Thaw

3.10  MAPC 
Subculturing 
and Expansion 
( See   Note 3 , Cell 
Density)
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     MAPC cultures are characterized using a variety of assays, 
discussed under  Note 6 .  

      1.    Resuspend the appropriate amount of cells (typically 1 × 10 6 ) in 
750 μL of expansion medium and transfer to a cryovial.   

   2.    Place the cells on ice to cool.   
   3.    Add 750 μL of prechilled freezing medium (Subheading  3.6 ) 

in one quick movement and gently fl ick the vial.   
   4.    Place the cryovial in a Nalgene container fi lled with 100 % 

isopropanol.   
   5.    Place at −80 °C to freeze cells at a rate of 1 °C per minute 

( see   Note 7 ).   
   6.    After a minimum of 6 h the vials can be stored in a cryopreser-

vation tank.       

4    Notes 

     1.     Serum supplementation . MAPC culture protocols were 
 developed using fetal bovine serum. It is well known that 
serum as a culture medium supplement can provide a signifi -
cant source of variability. Optimal serum concentrations may 
vary depending on serum batch characteristics and different 
cell types may require different serum concentrations to 
accommodate preservation of their unique properties. Since 
MAPC cultures display a fast doubling time of less than 24 h, 
proliferation rate is a rapid method to screen different serum 
lots for their capacity to support MAPC expansion, followed 
by additional cell characterization ( see   Note 6 ). Once an appro-
priate lot has been identifi ed a large quantity of serum from 
that batch should be reserved to provide as much consistency 
as possible. For manufacturing purposes, the amount of serum 
purchased or allocated should permit multiple series of manu-
facturing runs. A main practical reason to avoid serum for 
human cell therapy culturing is the fact that the world serum 
supply may become insuffi cient for clinical production of an 
off-the-shelf allogeneic product. In addition to practical incen-
tives, there is signifi cant need for development of serum-free 
culturing alternatives for scientifi c and safety reasons. Currently 
it is largely unknown which (growth) factors present in animal 
serum infl uence particular properties and/or behavior of 
human cells, especially when intended for clinical use. It is 
essential that a clinical human cell product displays high consis-
tency and an important step towards consistent production 
would be the use of serum-free defi ned medium.   

3.11  Cell 
Characterization

3.12  MAPC 
Cryopreservation 
Procedure
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   2.     Oxygen levels . MAPC populations are cultured under hypoxic 
conditions (3–5 % O 2 ), whereas MSC are routinely expanded 
under normoxic conditions (21 % O 2 ).   

   3.     Cell density . Cell seeding density and the time frame at which 
cultures reach confl uency are critical factors that can drastically 
alter the outcome of culture protocols. At confl uency, cell pop-
ulations start to undergo changes based on cross talk mecha-
nisms (e.g., WNT or TGF-signaling pathways) that will impact 
stemness and proliferation characteristics. Classically, MSC are 
seeded at higher density (e.g., 5,000 cells per cm 2 ) and pas-
saged at confl uency. Under these conditions, MSC culture can 
be routinely expanded for 2–5 passages. MAPC and MAPC 
platform- based products are seeded at much lower densities 
(200–2,000 cells/cm 2 ) and they are consistently passaged at 
sub-confl uency (30–70 %). Under these conditions, in combi-
nation with the culture media and oxygenation levels described 
here, cell populations can be routinely expanded for up to 
15–20 passages (50–70 population doublings).   

   4.     Trypsin . Historically, trypsin used for cell expansions has been 
porcine derived, thus in effect providing a xenobiotic- 
containing expansion procedure. Xeno-free protocols are 
under development using a variety of trypsin alternatives, such 
as Accutase™ or TrypLE™ Select. The optimal choice of tryp-
sin should be determined for each cell culture protocol, as the 
cell type and culture plastic surface used will impact the effi -
ciency of cell detachment for expansion.   

   5.     Culture vessel system . For production of research or preclinical 
grade cell therapy products, culture protocols based on T75 
culture vessels suffi ce. Ultimately, for production of clinical 
grade materials to be used in clinical trials, larger scale expan-
sion platforms are required [ 5 ]. Available 2-dimensional cul-
ture technologies include the use of cell factories, i.e., 10- or 
40-tier culture vessels, which can be implemented for genera-
tion of consistent clinical product at levels suffi cient for early 
and mid- stage clinical evaluations (10–100 patients). Critical 
late-stage, Phase 3, clinical studies will require cell numbers 
that are anticipated to depend on different types of cell expan-
sion platforms providing controlled scale-up. Technologies 
under evaluation for this include various bioreactor systems 
and three- dimensional cell culture modules based on perme-
able nanotube confi gurations.   

   6.     MAPC product characterization . A variety of assays can be car-
ried out for physiochemical or biological characterization of cell 
populations resulting from specifi c culturing protocols. Physio-
chemical parameters refer to size, morphology,  confl uency, and 
gene and protein expression. Biological  characterization 
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measures biological functions such as  proliferation, differentia-
tion, or migration [ 8 ]. The International Society for Cellular 
Therapy (ISCT) has defi ned minimal criteria to defi ne mesen-
chymal stromal cell products [ 9 ]. These criteria include the 
adherence to plastic in standard culture conditions, the pheno-
typic profi le consisting of CD105 + , CD73 + , CD90 + , CD45 − , 
CD34 − , CD14 −  or CD11b − , CD79α −  or CD19 − , HLA-DR − , 
and multipotent functionality defi ned by in vitro differentia-
tion protocols guiding osteoblast, adipocyte, and chondrocyte 
development. MAPC cultures display certain differences in 
phenotype and routinely show enhanced proliferation capacity 
compared to MSC. In addition, in comparison to MSC, MAPC 
cultures display distinct transcriptome profi les, which are 
deemed to underlie differences in in vivo activity. For example, 
MAPC have demonstrated the capacity to induce the forma-
tion of functional blood vessels when implanted in a Matrigel 
plug with VEGF and bFGF under the skin of nude mice, while 
vessels induced by MSC are not consistently functional in this 
manner [ 10 ]. Thus, specifi c cell characterization assays are 
important for development and application of therapeutic stem 
cells products. For instance, donor/batch variation and the 
effects of process improvement can be understood more read-
ily using a routinely implemented cell comparability testing 
panel. Such a panel may include markers (protein, mRNA, 
miRNA) or profi ling assays to establish cell identity, while bio-
logic potency assays are indicative for in vivo activity. At pres-
ent, immunosuppression and pro-angiogenic activity have 
received the most attention in terms of providing regenerative 
capacity of therapeutic stromal stem cells. Immunosuppressive 
capacity of stromal cells is most frequently evaluated in vitro in 
mixed lymphocyte reactions [ 3 ]. Measurement of pro-angio-
genic activity in vitro has included the ability of stromal cells or 
conditioned media from cell cultures to induce tube formation 
of human umbilical vein endothelial cells (HUVEC). A main 
drawback of this type of potency assay for routine use is the 
need for accessory or target cell types (e.g., human PBMC or 
HUVEC), which adds assay variability. The development of 
simplifi ed, surrogate potency assays are needed to overcome 
these limitations. For MAPC based culture platforms, the 
expression of the cytokines CXCL5, VEGF, and IL8 has been 
reported to specifi cally correlate with their pro-angiogenic 
capacity [ 11 ]. This supports the development of a matrix of 
ELISA assays as a simple and effi cient potency screen for spe-
cifi c MAPC cell therapy activity.   

   7.     Cryopreservation . Alternative systems are available, such as 
CoolCell ®  alcohol-free containers, or controlled rate freezer 
protocols per manufacturer instructions.         

Human Multipotent Adult Stem Cells
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    Chapter 6   

 Isolation of Murine Bone Marrow Scavenging 
Sinusoidal Endothelial Cells 

           Peter     A.    G.     McCourt    ,     Ana     Oteiza    ,     Benjamin     Cao    , and     Susan     K.     Nilsson    

    Abstract 

   The bone marrow (BM) is permeated with sinusoidal vessels lined with sinusoidal endothelial cells (SEC), 
which are crucial for BM physiology and hemopoietic stem cell (HSC) renewal. However, little is known 
about the characteristics or functional capacity of bone marrow sinusoidal endothelial cells (BMSEC). One 
signifi cant barrier to the study of BMSEC is the lack of specifi c cell surface markers that can be used to 
isolate these cells. Nevertheless, BMSEC possess one exceptional property, namely, the ability to scavenge 
large amounts of soluble waste molecules such as advanced glycation end-products (AGE) and we have 
utilized this to label BMSEC for cell sorting and isolation. We describe the means to produce and fl uores-
cently label AGE, its use as a functional in vivo marker of BMSEC and the isolation of these cells from 
murine BM using fl uorescent activated cell separation (FACS).  

  Key words     Bone marrow niche  ,   Sinusoidal endothelial cell  ,   Scavenger  ,   Advanced glycation 
end-products  

1      Introduction 

 Bone marrow (BM) hemopoietic stem cells (HSC) are ultimately 
responsible for the production of all blood cells and reside within a 
specialized microenvironment within endosteal BM termed the 
stem cell “niche” [ 1 – 3 ]. Previously, we demonstrated that endos-
teal BM HSC (Lin − Sca-1 + c-Kit + CD150 + CD48 −  [ 4 ]) home more 
effi ciently and have signifi cantly higher hemopoietic reconstitution 
potential than their central counterparts [ 5 ,  6 ], suggesting the 
microenvironment within this region is different to other BM 
areas. Interfacing between the blood and the niche are BM vessels 
lined with sinusoidal endothelial cells (SEC) [ 4 ,  7 ], which are cru-
cial for BM ultrastructure, for self-renewal and reconstitution of 
HSC and their transport from and to the BM extravascular space 
[ 7 – 10 ]. However, the prospective isolation of BMSEC has proven 
to be incredibly diffi cult due to the lack of specifi c cell surface 
markers. Recently, BMSEC were shown to scavenge advanced 
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glycation end-products (AGE) with high avidity [ 11 ] in a similar 
manner to liver SEC (LSEC) [ 12 ,  13 ]. Both BMSEC and LSEC 
are classifi ed as “scavenging endothelial cells,” maintaining verte-
brate circulatory homeostasis via the rapid removal of vast amounts 
of soluble (i.e., non-particulate) waste molecules, such as AGE and 
oxidized LDL, via clathrin mediated endocytosis [ 14 ]. By attach-
ing fl uorescent tags to these waste molecules, one can specifi cally 
label the sinusoidal endothelium in BM and liver via a specifi c func-
tion, without any uptake in other endothelial structures (e.g., arte-
rial vessels in BM) or extravascular cells/structures [ 11 ,  14 ]. 

 Herein we describe the production [ 13 ] and use of FITC-
AGE- BSA to specifi cally label and prospectively isolate murine 
endosteal BMSEC. Injected FITC-AGE-BSA is stable in vivo and 
highly specifi c for BMSEC [ 11 ] (Fig.  1a ). We demonstrate that 
this in vivo labelling provides an easy method for the isolation of 
murine BMSEC using fl uorescent activated cell separation (FACS).
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  Fig. 1    ( a ) Mouse femoral BM 1 h post FITC-AGE-BSA injection. FITC-AGE-BSA uptake is restricted to BM sinu-
soidal endothelium (green fl uorescence).  Arrows  indicate BM sinusoids. ( b ) Dot plots showing the sequential 
sorting strategy for FITC-AGE-BSA +  BM. From  right  to  left : Single cells, BM nucleated cells, FITC-AGE-BSA +  
cells for sorting. ( c ) Unstained BM nucleated cells from a non-injected mouse. ( d ) CD102 and CD31 expression 
on FITC-AGE-BSA +  BM ( Red line ). Isotype control ( Grey line )       
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2       Materials 

      1.    25 % ammonia solution to wash all glassware, stirrer bars, and 
lids/stoppers and allow drying in dust-free conditions.   

   2.    Bovine serum albumin, essentially fatty acid free, 99 % 
pure  (BSA).   

   3.    150 mM  D -glucose made by adding 0.675 g  D -glucose, ultra-
pure to reverse osmosis (RO) water to a fi nal volume of 25 mL.   

   4.    2 M NaOH: 3.2 g sodium hydroxide, ultrapure (NaOH) 
added to (RO) water to a fi nal volume of 40 mL.   

   5.    1 M Na 2 HPO 4 : 7.098 g disodium hydrogen phosphate, 
ACS  grade (Na 2 HPO 4 ) added to RO water to a fi nal volume 
of 50 mL ( see   Note 1 ).   

   6.    100 mL Buchner (side-arm) fl ask with oversize rubber stopper 
( see   Note 2 ).   

   7.    Schott Duran borosilicate 100 mL glass bottle with screw cap.   
   8.    Tefl on coated stirrer bar (2 cm).   
   9.    Magnetic stirrer plate.   
   10.    Sterile fi lters (0.22/0.45 μm) ( see   Note 3 ).   
   11.    Laminar fl ow hood for completing  step 1  ( see   Note 4 ).   
   12.    Nitrogen gas.   
   13.    Infl atable glove chamber ( see   Note 5 ).   
   14.    Incubator capable of heating to 50 °C and housing a magnetic 

stirrer plate.   
   15.    Regenerated cellulose dialysis membrane with MWCO 

25,000 Da.   
   16.    Phosphate buffered saline pH 7.4, 280 mOsm (PBS).   
   17.    Latex condom.      

      1.    Fluorescein isothiocyanate isomer 1 (FITC, >90 % pure).   
   2.    1.0 M Na 2 CO 3 : 21.2 g sodium carbonate (anhydrous) added 

to RO water to a fi nal volume of 200 mL.   
   3.    1.0 M NaHCO 3 : 16.8 g sodium bicarbonate added to RO 

water to a fi nal volume of 200 mL.   
   4.    1.0 M Na 2 CO 3 /NaHCO 3  pH 9.5 buffer: 30 mL 1.0 M 

Na 2 CO 3  added to 70 mL 1.0 M NaHCO 3 . Filter through a 
0.22 μm fi lter.   

   5.    Dialysis cassette, MWCO 10,000 Da ( see   Note 6 ).      

      1.    1 mg/ml stock solutions of BSA, AGE-BSA and 
FITC-AGE-BSA.   

   2.    PBS.   
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   3.    10 mm Cuvette cell suitable for UV-VIS and fl uorescence 
emission spectroscopy.   

   4.    UV-VIS-NIR spectrophotometer (we use a Varian Cary 500).   
   5.    Luminescence Spectrophotometer (we use a Perkin Elmer 

LS50B).      

      1.    Adult C57BL/6J (Ly5.2) mice, 6–8 week old.   
   2.    1 mL syringe attached to 27.5-gauge needle.   
   3.    Heat lamp.   
   4.    70 % Ethanol made in distilled water.   
   5.    Facial tissue wipes.   
   6.    Sodium chloride (NaCl) (0.9 %) for injection.   
   7.    FITC-AGE-BSA diluted to 375 mg/ml in saline for injection.   
   8.    Apparatus to immobilize mouse during injection.      

      1.    Sterile #11 surgical blade and #3 handle.   
   2.    50 mL polypropylene conical centrifuge tubes.   
   3.    Phosphate buffered saline (PBS): 310 mOsm, pH 7.2 

( see   Note 7 ).   
   4.    PBS, 310 mOsm, pH 7.2, supplemented with 2 % bovine calf 

serum (PBS-2 %Se).   
   5.    1 mL syringes attached to 23-gauge and 21-gauge needles to 

fl ush marrow from bones.   
   6.    Sterile porcelain mortar and pestle.   
   7.    40 μm nylon cell strainer.   
   8.    Digestive enzymes: 3 mg/mL Collagenase I/4 mg/mL 

Dispase II in PBS. Enzymatic mixture needs to be made fresh 
every day of use. ( Clostridium Histolycum  Collagenase I, 
Worthington Biochemical and  Bacillus Polymyxa  neutral pro-
tease, grade II Dispase II, Roche Applied Science.)   

   9.    37 °C orbital shaker (Eppendorf Thermomixer comfort 
model).   

   10.    Hemocytometer and microscope equipped with phase contrast 
or an automated cell counter (Sysmex model KX-21N).      

       1.    Lineage depletion antibody cocktail: a mixture of purifi ed rat 
anti-mouse antibodies recognizing the following cell surface 
antigens: GR-1, MAC-1, and TER119 diluted in PBS-2 %Se. 
Antibody concentrations are all ≤1 μg/mL.      

2.4  FITC-AGE-BSA 
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      1.    Magnetic beads for cell labelling (Dynal Dynabeads: 4.5 μm 
diameter sheep anti-rat IgG Dynabeads, 4 × 10 8  beads/mL).   

   2.    Magnetic bead working buffer: PBS, 310 mOsm supplemented 
with 2 mM EDTA and 0.1 % (w/v) fraction V bovine serum 
albumen (BSA; pH 7.4).   

   3.    Magnet (Dynal MPC-L for 1–8 mL samples).   
   4.    Tube rotator or similar suspension mixer: allowing both tilting 

and rotation at 4 °C for Dynabeads incubation step (MACSmix 
Tube Rotator in a fridge).   

   5.    1.5 mL microtubes.   
   6.    Polypropylene 5 and 14 mL round bottom tubes.       

      1.    An optimally titrated mixture of the following antibodies: 
Allophycocyanin (APC) conjugated rat anti-mouse CD31 
(MEC13.3 clone) and Phycoerythrin (PE) conjugated rat 
 anti- mouse CD102 (ICAM-2, 3C4 clone) in PBS-2 %Se 
( see   Note 8 ).   

   2.    5 mL polystyrene round bottom tube with cell strainer (40 μm) 
caps. The cap is swapped to a 5 mL polypropylene tube for 
fi ltering cells.   

   3.    Flow cytometer with sorting capability (Cytopeia Infl ux 
516SH cell sorter equipped with fi ve solid state lasers (355, 
405, 488, 561, and 633 nm). Band pass fi lter settings for the 
detection of fl uorescence for FITC, APC, and PE are 528 ± 19, 
660 ± 10, and 605 ± 20 respectively). BMSEC are sorted using 
a 70 μm nozzle at 30 psi, drop delay frequency of 61 kHz. 
Sorting speed 25,000 cells/s.   

   4.    Collection tubes post-sorting: 5 mL polypropylene tubes or 
1.5 mL microtubes.       

3    Methods 

       1.    Dispense 50 mL ultrapure RO water (water vacuum) in the 
Buchner fl ask containing the stirrer bar. Degas (water vacuum) 
for at least 30 min while stirring.   

   2.    Infl ate the glove chamber bag with nitrogen and place a mag-
netic stirrer inside. This should be placed nearby the laminar 
fl ow hood. Maintain gentle N 2  fl ow to purge all oxygen.   

   3.    Add D-glucose (0.675 g) and BSA (2.5 g) to a 50 ml propylene 
tube in the laminar fl ow hood.   

   4.    When degassed, add 25 ml of the ultrapure RO water from 
 step 1  to the 50 ml tube to dissolve the D-glucose/BSA, close 
the lid and mix the solution by gently tapping and slowly 
inverting the tube up and down. Final concentration should be 
150 mM D-glucose/100 mg/ml BSA ( see   Note 9 ).   

2.6.2  Immunomagnetic 
Cell Separation
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   5.    Move the mixture promptly to the glove chamber bag and 
remove the lid. Leave it under nitrogen atmosphere to purge 
oxygen.   

   6.    Prepare the incubation buffer by adding 1M Na2HPO4 
(50 ml) and 2 M NaOH (26 ml) to the Buchner fl ask contain-
ing the stirrer bar in the laminar fl ow hood. pH should be 
12.43-12.29.   

   7.    Degas the incubation buffer for at least 30 mins while 
stirring.   

   8.    Transfer the buffer to the glove chamber bag.   
   9.    Start the 50 °C incubator with gentle nitrogen fl ow.   
   10.    Filter the D-glucose/BSA solution and the buffer through a 

0.22 mm fi lter into polypropylene tubes under nitrogen 
atmosphere.   

   11.    Mix the buffer with the D-glucose/BSA solution (1:1) into a 
polypropylene tube. Final concentration 50 mg/ml BSA, 75 
mM glucose and pH 11.   

   12.    Keep the tube with the lid loose under gentle nitrogen fl ow in 
the glove chamber.   

   13.    After 30 min put the lid on fi rmly.   
   14.    Open the latex condom in the glove chamber, and place the 

tube inside. Seal the tube with the condom.   
   15.    Place the tube in the pre-warmed 50 °C incubator. Incubate 

for 2 weeks under nitrogen atmosphere.   
   16.    After 2 weeks the AGE-BSA solution should be brown. 

Remove to a laminar fl ow hood and cool to room temperature.   
   17.    Decant and fi lter the solution through a 0.22 μm fi lter into 

polypropylene tubes, transfer solution to pre-wetted dialysis 
tubing and dialyze against 15,000 volumes of PBS at 4 °C.   

   18.    After dialysis, fi lter the solution through 0.22 μm fi lter and 
aliquot desired volumes into polypropylene tubes ( see   Note 10 ). 
Determine the fi nal protein concentration.   

   19.    At this stage the AGE-BSA can be frozen at −70 °C 
( see   Note 11 ).      

      1.    FITC-AGE-BSA is prepared by incubating FITC and AGE- 
BSA at a 1:5 dye–protein ratio in 0.1 M Na 2 CO 3 /NaHCO 3  
pH 9.5 buffer at room temperature overnight, light protected. 
Typically after  step 11  of Subheading  3.1  there is approxi-
mately 20 mg/mL AGE-BSA, so a 3 mL incubation mix 
would consist of FITC (10.5 mg) dissolved 1 M Na 2 CO 3 /
NaHCO 3  pH 9.5 buffer (0.3 mL) plus AGE-BSA (54 mg in 
2.7 mL PBS).   

3.2  FITC Labelling 
of AGE-BSA
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   2.    After the overnight incubation, dialyze (10,000 MWCO) the 
reaction mix against 35,000 volumes of PBS at 4 °C ( see  
 Note 12 ) to remove unbound FITC.   

   3.    Carefully decant and measure the volume of the dialyzed 
FITC-AGE- BSA. With this data calculate the protein concen-
tration based on what was added in  step 1  ( see   Note 13 ). 
Alternatively a new protein assay can be performed.   

   4.    Sterile fi lter the dialyzed FITC-AGE-BSA using a 0.22 μm 
 fi lter into sterile polypropylene tubes and store at <−70 °C 
until use.      

         1.    UV-VIS absorption spectra of BSA, AGE-BSA and FITC-
AGE-BSA is obtained by diluting 1 mg/ml stock solutions to 
appropriate concentrations (0.1–0.5 mg/ml) in PBS and mea-
sured on a Varian Cary 500 UV-VIS-NIR Spectrophotometer.   

   2.    Prior to acquiring measurements, obtain a baseline correction 
by running a blank sample consisting of PBS.   

   3.    Transfer 2 ml of BSA, AGE-BSA and FITC-AGE-BSA solu-
tion into 10 mm Cuvette cells.   

   4.    Acquire measurements between 250–800 nm.   
   5.    Absorption peaks at ~280 nm are observed for BSA (strong), 

AGE-BSA (medium) and FITC-AGE-BSA (low) due to 
absorption by aromatic amino acids. Absorption peaks at ~320 
nm are observed for AGE-BSA (medium) and FITC-AGE-
BSA (low) and are absent in BSA. An absorption peak at ~490 
nm is only evident for FITC-AGE-BSA (strong). Representative 
absorption spectra are depicted in Figure  2a .       

       1.    Fluorescence emission spectra of BSA, AGE-BSA and FITC-
AGE-BSA are obtained by adding a few drops of the solu-
tions used in section  3.3.1  to a 10 mm cuvette containing 2 

3.3  Characterisation 
of AGE-BSA and 
FITC-AGE-BSA

3.3.1  UV-VIS absorption 
Spectroscopy

3.3.2  Fluorescence 
Emission Spectroscopy

  Fig. 2    ( a ) UV/VIS absorption spectroscopy of BSA ( black ), AGE-BSA ( blue ) and FITC-AGE-BSA ( green ). *lamp 
source changeover at 350 nm.  Fluorescence emission spectra of BSA, AGE-BSA and FITC-AGE-BSA with an 
excitation wavelength of ( b ) 280 nm and ( c ) 370 nm. Inset: Image of 1 mg/ml solution of i. BSA, ii. AGE-BSA 
and iii. FITC-AGE-BSA under UV excitation (355 nm). Arrows indicate characteristic absorption/emission peaks 
as described in section  3.3.1  and  3.3.2         
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ml of PBS measured on a Perkin-Elmer LS50 Luminescence 
Spectrophotometer.   

   2.    Acquire measurements between 250 and 500 nm with an exci-
tation wavelength of 280 nm. Only BSA emits at 340 nm, 
which is indicative of fl uorescence emission by aromatic amino 
acid residues. A representative emission spectrum is depicted in 
Figure  2b .   

   3.    Acquire measurements between 400–600 nm with an excita-
tion wavelength of 370 nm. BSA does not emit between 
400–600 nm. A characteristic, broad emission peak at ~440 
nm is observed for AGE-BSA, which is absent in both BSA and 
FITC-AGE-BSA. A peak at ~520 nm observed for FITC-
AGE-BSA is attributed to the presence of FITC. A representa-
tive emission spectrum is depicted in Figure  2c .       

      1.    Place mice under a heating lamp to dilate the tail vein.   
   2.    Fill a 1 mL syringe with well-mixed FITC-AGE-BSA solution.   
   3.    Weigh each mouse, wipe tail with 70 % ethanol, and place in 

the immobilization apparatus.   
   4.    Inject FITC-AGE-BSA i.v. at 3.75 mg/kg by giving 200 μL, 

per 20 g of mouse into the lateral tail vein.   
   5.    Allow the FITC-AGE-BSA solution to circulate for 60 min 

( see   Note 14 ).      

      1.    Euthanize mice by cervical dislocation and dissect iliac crests, 
femurs, and tibiae.   

   2.    Remove the epiphyseal and methaphyseal region of femurs and 
tibiae using the scalpel blade. Store these bone fragments in 
10 mL PBS-2 %Se in a 50 mL Falcon tube ( see   Note 15 ).   

   3.    Flush central marrow of the bones harvested ( step 1 ) using the 
23-gauge needle for the iliac crests and the 21-gauge needle 
for the femurs and tibiae, then store the fl ushed bones in same 
tube as above ( step 2 ) ( see   Note 16 ).   

   4.    Decant fl ushed bones and bone fragments into a sterile 
mortar.   

   5.    Grind bones with the pestle until the marrow cavity is open to 
expose it to enzymatic digestion. Be careful not to pulverize 
the bones.   

   6.    Thoroughly mix cell and crushed bone suspension by pipetting 
the supernatant up and down, then remove the cell superna-
tant and fi lter through a 40 μm nylon cell strainer into a 50 mL 
conical tube.   

   7.    Rinse with PBS-2 %Se and if necessary crush any remaining 
intact bones.   

3.4  FITC-AGE-BSA 
Intravenous Injection

3.5  Sampling 
Endosteal 
Bone Marrow
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   8.    Collect and fi lter the supernatant as indicated in  step 6  and 
fi ll tube to 50 mL with PBS-2 %Se and set aside on ice until 
 step 13 .   

   9.    Transfer the crushed bone fragments into a new 50 mL conical 
tube containing the collagenase I/dispase II enzymatic sus-
pension (1 mL enzyme per bone fragments of one mouse) and 
shake at 37 °C in an orbital shaker, 750 rpm for 5 min.   

   10.    Add 20 mL PBS to the digested bone fragments and shake 
vigorously for 20 s.   

   11.    Filter the cell suspension through a 40 μm nylon cell strainer 
into another 50 mL tube.   

   12.    Repeat  steps 10  and  11  and fi lter cells into the same 50 mL 
conical tube. Top up the tube to 50 mL with PBS-2 %Se.   

   13.    Centrifuge the cell suspension tubes (from  steps 8  to  12 ) at 
400 ×  g  for 5 min at 4 °C.   

   14.    Discard supernatant, resuspend and pool cell pellets from 
both tubes in 10 mL PBS-2 %Se. Perform a cell count and 
store cells on ice for BMSEC pre-enrichment by immunomag-
netic separation.      

       1.    Centrifuge cells at 400 ×  g  for 5 min at 4 °C.   
   2.    Stain cells at 1 × 10 8  cells/mL in the cocktail of lineage markers 

on ice for 20 min.   
   3.    Wash cells by fi lling the 50 mL tube with PBS-2 %Se, remove 

an aliquot to perform a cell count, then centrifuging at 400 ×  g  
for 5 min at 4 °C to remove unbound antibodies.      

 

     1.    Resuspend cells at 1 × 10 8  cells/mL in PBS-2 mM EDTA-0.1 % 
BSA and transfer into 5 mL sterile polypropylene tube. Set 
aside on ice until  step 8 .   

   2.    Resuspend Dynabeads.   
   3.    Calculate the volume of Dynabeads needed based on the cell 

number. The optimal Dynabeads–cell ratio used in this proto-
col has been established as 0.5:1 repeated in two steps.   

   4.    Dispense the volume of Dynabeads suspension required for 
both steps into a 5 mL polypropylene tube.   

   5.    Remove azide in the Dynabeads by adding 1 mL PBS-2 mM 
EDTA-0.1 % BSA and mixing well. Place the tube in the mag-
net for 1 min, remove and discard supernatant.   

   6.    Repeat  step 5 .   
   7.    Resuspend aliquot of the washed Dynabeads in 500 μL of 

PBS-2 mM EDTA-0.1 % BSA.   
   8.    Add the 250 μL of Dynabeads to the cells and mix well.   
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   9.    Incubate for 5 min at 4 °C with gentle tilting and rotation.   
   10.    Place the mixture on the magnet for 2 min.   
   11.    Without removing the tube from the magnet, transfer the 

supernatant containing the unbound cells to the tube contain-
ing the remaining aliquot of Dynabeads.   

   12.    In order to collect any residual unbound cells, rinse the bead-
bound cells with 1 mL PBS-2 mM EDTA-0.1 % BSA and place 
in magnet for 1 min.   

   13.    Transfer the supernatant to the tube from  step 11 .   
   14.    Incubate cells–bead mix for 10 min at 4 °C with gentle tilting 

and rotation.   
   15.    Repeat  step 10 .   
   16.    Transfer the supernatant to a new 14 mL polypropylene tube.   
   17.    Make up the volume of the negative cell suspension (unbound 

cells) to 10 mL with PBS-2 %Se and perform a cell count.       

       1.    Pellet cells by centrifuging at 400 ×  g  for 5 min at 4 °C.   
   2.    Stain cells at 1 × 10 8  cells/mL in an optimally pre-titered anti-

body cocktail of rat anti-mouse CD31-APC and CD102-PE 
and incubate light protected on ice for 20 min.   

   3.    Wash cells afterwards in 3 mL PBS-2 %Se by centrifuging at 
400 ×  g  for 5 min at 4 °C to remove unbound antibody. Discard 
the supernatant   

   4.    Resuspend cells at 30–40 × 10 6  cells/mL in PBS-2 %Se and fi l-
ter the cell suspension through a cell strainer into a new 5 mL 
polypropylene tube prior to fl uorescence activated-cell sorting 
( see   Note 17 ). Place on ice until sorted.      

      1.    To set up the BMSEC sorting by fl ow cytometry, the following 
samples are required ( see   Note 18 ).
   (a)    0.5–1 × 10 6  unstained cells to set voltage for Forward 

Scatter, Side Scatter, FITC, APC, and PE.   
  (b)    Individual tubes containing 0.5–1 × 10 6  cells stained 

with FITC, APC, and PE for compensation controls 
( see   Note 19 ).    

      2.    Run the cell samples stained with the cocktail of endothelial 
cell antibodies and sequentially gate through FSC-H versus 
FSC-A, SSC-A versus FSC-A, SSC-A versus FITC. FITC +  cells 
can be selected and sorted through APC and PE histograms 
(Fig.  1b–d ).   

   3.    Sort cells at predetermined optimal input speed and collect 
into 5 mL polypropylene tubes or 1.5 mL microtubes in cul-
ture medium or PBS-2 %Se depending on the functional assay 
requirement.        
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4    Notes 

     1.    Dissolving Na2HPO4 at this concentration is diffi cult. We rec-
ommend dissolving it   in warm water (50–60°), which will 
take approximately 5 min. Na2HPO4 will crystallize within 
hours.   

   2.    An oversize stopper will cover the fl ask mouth and ease break-
ing the vacuum, with the added benefi t of no contact with the 
inner surface of the fl ask.   

   3.    The key to AGE production is cleanliness. Being sterile is pref-
erable, but as this is technically very diffi cult and very little will 
grow in the incubation conditions of pH 11 and at 50 °C, 
clean non-sterile is acceptable.   

   4.    The purpose of the laminar fl ow hood is to keep all reagents, 
glassware, and the incubation mix clean and dust-free.   

   5.    An infl atable glove bag (I2R, Instruments for Research and 
Industry, PA, USA, model X-17-17) is used to work under 
nitrogen and purge remaining oxygen from the reaction mix.   

   6.    Thermo Scientifi c’s “Slide-A-Lyzer” which comes in various 
volume capacities can be used.   

   7.    This osmolarity is appropriate for murine cells and results in 
better cell recovery.   

   8.    CD31 (PECAM-1) and CD102 (ICAM-2) are well-known 
endothelial markers previously reported to be expressed in the 
BM sinusoidal lining [ 7 ,  15 ]. In addition, other antibodies of 
interest can be used. For all antibodies, the equivalent concen-
tration of the appropriately conjugated isotype should also be 
used.   

   9.    Dissolving the BSA may take a signifi cant period of time.   
   10.    This should be done aseptically into sterile tubes. Typically, 

aliquot 1 mL into 1.5 mL Eppendorf tubes.   
   11.    Freezing at −20 °C will cause the AGE-BSA to aggregate.   
   12.    We dialyze in Slide-A-Lyser cassettes, with three changes of 

PBS, at 1 h, then at 8 h, then overnight. Of note, a lot of color 
will come out in the PBS.   

   13.    Do not expect to see any change in volume at this step, i.e., 
3 mL is put into the Slide-A-Lyser and 3 mL collected.   

   14.    This time frame is chosen to ensure a proper FITC-AGE- BSA 
uptake by BMSEC.   

   15.    Volumes described are for marrow harvested from a single 
mouse.   

   16.    We describe the isolation of endosteal BMSEC since they are 
located close to hemopoietic stem cells with higher hemopoi-
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etic reconstitution ability [ 5 ]. In addition, BM can be sepa-
rated as enhanced or as central fractions [ 15 ,  16 ]. For extended 
methods of cleaning and fl ushing bones refer to [ 15 ,  16 ].   

   17.    30–40 × 10 6  cells/mL is the concentration considered to obtain 
optimal yields when performing a two-step sorting strategy 
(enrichment, then purity) on a Cytopeia Infl ux cell sorter.   

   18.    For convenience and saving enriched cell samples, use unfrac-
tionated BM single cells for compensation controls.   

   19.    CD45-conjugated antibodies are used for compensation as 
CD45 is highly expressed on unfractionated BM cells.         
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    Chapter 7   

 Analysis of Circadian Rhythms in Embryonic Stem Cells 

           Jiffi n     K.     Paulose    ,     Edmund     B.     Rucker     III    , and     Vincent     M.     Cassone    

    Abstract 

   Recent attention on the early development of circadian rhythms has yielded several avenues of potential 
study regarding molecular and physiological rhythms in embryonic stem cells (ESCs) and their derivatives. 
While general guidelines of experimental design are—as always—applicable, there are certain idiosyncrasies 
with respect to experiments involving circadian rhythms that will be addressed. ESCs provide a number of 
challenges to the circadian biologist: growth rates are normally much higher than in established cell culture 
systems, the cells’ innate drive towards differentiation and the lack of known synchronizing input pathways 
are a few examples. Some of these challenges can be addressed post hoc, such as normalization to total 
RNA or protein for transcript abundance studies. Most others, as outlined here, require special handling 
of the samples before and during experimentation in order to preserve any potential circadian oscillation 
that is present. Failure to do so may result in a disruption of endogenous oscillation(s) or, potentially 
worse, generation of an artifi cial oscillation that has no biological basis. This chapter begins with cultured 
ESCs, derived from primary blastocysts or in the form of cell lines, and outlines two methods of measuring 
circadian rhythms: the 2DG method of measuring glucose uptake    (Sokoloff et al. J Neurochem 28:
897–916, 1977) and real-time measurement of molecular rhythms using transgenic bioluminescence (Yoo 
et al. Proc Natl Acad Sci U S A 101:5339–5346, 2004).  

  Key words     Embryonic stem cells  ,   Circadian  ,   Clock genes  ,   ESCs  ,   2-Deoxyglucose  ,   Real-time 
bioluminescence  

1      Introduction 

  Nearly every organism on the planet has evolved an endogenous 
mechanism to anticipate the myriad environmental changes that 
coincide with earth’s rotation about its own axis, termed  circadian 
rhythms  [ 1 ]. These rhythms are expressed at every biological level: 
from gene expression to overt behavior [ 2 ]. Regardless of their 
modality, all circadian rhythms share three defi ning characteristics: 
(1) periodicities of approximately 24 h under constant conditions; 
termed  free-running  [ 3 ], (2) the ability to synchronize to an exter-
nal stimulus (“zeitgeber” from the German “time-giver”) [ 4 ], and 
(3) temperature compensation; that is to say an insensitivity of the 
endogenous period to changes in temperature within physiological 

1.1  Circadian 
Rhythms
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range of the organism [ 5 ]. These characteristics are expressed 
within the laboratory and must therefore be considered when per-
forming experiments dealing with circadian rhythms. 

 Similarly, all circadian mechanisms are regulated in a hierarchi-
cal fashion governed by, in the most general sense, a three compo-
nent system. First, an input pathway provides a means for the cell/
tissue/organism to receive temporal information. The classical 
example is photoreceptors in the retinae. That environmental sig-
nal is then relayed to the second component, the oscillator itself. In 
terms of mammalian cell culture systems, this could be the 
 molecular clockworks (Fig.  1 ). Here, time of day information is 
translated to the expression and activity of the various components 
that act in a transcription-translation feedback loop. The “positive 
limb” of effector transcription factors, BMAL1 and CLOCK, acti-
vate transcription of E-box-containing genes, including those 
genes that encode the “negative limb” repressors PERIOD (PER1, 
PER2, and PER3) and CRYPTOCHROME (CRY1 and CRY2). 
 Bmal1  transcription is regulated at Retinoic acid-related Orphan 
Receptor Elements (ROREs) on its promoter by the orphan 

  Fig. 1    Model of the molecular clock       
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nuclear receptor proteins RORα and REVERBα which activate 
and repress  bmal1  expression, respectively [ 6 ]. Finally, the oscilla-
tor relays its own state to downstream outputs, including clock- 
controlled genes (CCGs).

   Two of the three fundamental properties of circadian rhythms, 
dealing with entrainment and temperature compensation, require 
special consideration in that ignorance of either may lead to inac-
curate data. While light is considered the dominant zeitgeber 
for circadian rhythms, it is not the only stimulus capable of 
 synchronizing. Indeed, when considered in the context of mam-
malian stem cell culture, light becomes irrelevant due to the lack of 
photoreceptive machinery in ESCs. With respect to cell culture, we 
and others have found that passaging of cells [ 7 ] or even medium 
exchange [ 8 ] can synchronize rhythms in cell culture. Similar to 
nutrient exchange, temperature fl uctuations are also capable of 
synchronizing rhythms in cultured cells [ 9 ], so care should be 
taken that cultures are maintained at 37 °C and time spent outside 
the incubator—presumably at lower temperatures—is minimal. 
Also, it is vital to consider the time of day when media changes are 
performed in order to avoid (or permit) imposing a zeitgeber to 
one’s preparation.  

  Observations of rhythmic glucose utilization using the 2DG 
method predate the formal recognition of the suprachiasmatic 
nucleus as the master pacemaker in mammals [ 10 ]. The designers 
of this method, Sokoloff and coworkers, had provided several lines 
of evidence that radioactively labeled 2-deoxyglucose could enter 
tissue using the same transport mechanisms as endogenous glucose 
and be used as a direct measure of metabolic activity in cortical tis-
sues before formalizing the method in 1977 [ 11 ]. Since then, we 
and others have used 2DG utilization as a marker of circadian clock 
output in vivo and in cell culture [ 7 ,  12 ,  13 ]. While the theory is 
comprehensively explained in [ 11 ], it can be briefl y stated that the 
glucose analog 2-deoxyglucose, after conversion by hexokinase 
(in competition with glucose) to 2-deoxyglucose-6-phosphate, is 
incapable of further enzymatic processing in the glycolysis path-
way. The empirical value of the compound, therefore, is that it is 
biochemically indistinguishable from glucose until  after  the fi rst 
step of glycolysis. Therefore, any uptake of the compound by the 
cell can be considered analogous to that of glucose itself. When 
investigating the utilization of glucose in cell culture, the concen-
tration of 2DG used should be suffi ciently low; otherwise the com-
pound may interfere with glycolysis. Also, inoculation of the cells 
should be done via complete medium exchange, to ensure that the 
availability of 2DG is homogeneous across the culture. As described 
below, cell lysis must be preceded by multiple saline washes to 
ensure that the measured radioactivity is from the intracellular 

1.2  2-Deoxyglucose 
Method
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space and not from the medium. Finally, care should be taken 
when converting scintillation counts to concentrations of 2DG, as 
effi ciency constants may vary from one machine to another.  

  The use of luciferase-mediated bioluminescence in circadian 
rhythms research predates the discovery of molecular rhythms by 
some degree, as it was initially discovered as an output of the 
 Gonyaulax  clock [ 14 ]. Since then, advances in transgenic technol-
ogy have allowed for the use of luciferase as a real-time reporter 
of clock gene expression    (using luciferase transgene driven by 
 mPer1  promoter sequence [ 15 ]) and protein abundance 
(mPER2::LUCIFERASE protein fusions [ 16 ]). In the few studies 
investigating circadian rhythms in stem cells, stable transfection of 
reporter constructs into cell lines [ 17 ], adenovirus-mediated infec-
tion of cell lines [ 18 ], and primary stem cell cultures derived from 
transgenic mice [ 7 ] have all been successfully used. 

 Regardless of the transfection method, the biochemistry 
remains the same. When and as available in the cell, LUCIFERASE 
will catalyze the conversion of luciferin (provided in the culture 
media) to oxyluciferin in an ATP- and O 2 -dependent, two-step 
process. In the laboratory, the light produced by the reaction is 
quite dim, requiring the use of photomultiplier-based optics to 
amplify the signal. Naturally this type of setup requires as little 
noise (i.e., light) as possible, so care should be taken that the cul-
ture apparatus and surrounding environmental chamber are 
shielded from light as much as possible. 

 Bioluminescence reporters provide several advantages to 
their fl uorescent counterparts. One major advantage is that biolu-
minescence measurements require no exogenous light, whereas 
fl uorescence reporters must have some wavelength of light to 
excite the fl uorophore. Again, this can be seen as a non-issue when 
dealing with embryonic stem cells; however, there is no evidence 
that photobleaching over extended periods of time will not have 
deleterious effects on the cells. 

 Bioluminescence reporters also allow for automated observa-
tion with higher temporal resolution. Current software-driven 
interfaces, such as the Lumicycle (Actimetrics, IL), can measure 
multiple samples simultaneously as often as once per minute. 
However, this technique is not without its challenges. Cultures 
are kept at 37 °C with as little humidity as possible due to the 
 sensitive electronics involved. Culture plates are sealed with glass 
coverslips to reduce evaporation of the culture medium, which also 
must be buffered using HEPES in order to minimize accumulation 
of toxic CO 2  in the cultures. It has been our experience that 
 different equipment and laboratory spaces have different environ-
mental characteristics. While the provided concentrations of 
 buffering agents is widely used, it may be necessary to experiment 
with a range of buffer concentrations to fi nd one that is suitable. 

1.3  Real-Time 
Bioluminescence
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With respect to embryonic stem cells, the concentration of cells 
during plating should also be considered with care. Cellular senes-
cence is a concern with low density cultures, and spontaneous dif-
ferentiation can occur when cultures become too dense    [19].   

2    Materials 

     1.    Embryonic Stem cell DMEM (ESDMEM): High Glucose, 
without Phenol Red or Sodium Bicarbonate, but supple-
mented with:  Sodium Bicarbonate (2.2 g/L), MEM 
Nonessential Amino Acids (0.1 mM),  l -glutamine (2 mM), 
2-Mercaptoethanol (0.1 mM), penicillin (50 U/mL)/strepto-
mycin (50 μg/mL) antibiotic (1 mM), and leukemia inhibi-
tory factor (LIF) (500–1,000 U/mL).   

   2.    6-well cell culture plates: gelatin-coated.   
   3.    Phosphate-Buffered Saline (PBS): Sterile.   
   4.    TRIzol.   
   5.     14 C-labeled 2-deoxyglucose.   
   6.    Scintillation vials.   
   7.    Scintillation fl uid.   
   8.    Scintillation counter.   
   9.    Recording Medium: ESDMEM modifi ed as follows:  Sodium 

Bicarbonate (0.35 g/L), HEPES (10 mM),  d -Luciferin 
(0.1 mM).   

   10.    35 mm cell culture dishes: gelatin-coated.   
   11.    40 mm round glass coverslips.   
   12.    Vacuum grease: sterilized by autoclave.   
   13.    Photomultiplier-based bioluminescence recorder (e.g., 

Lumicycle, Actimetrics, IL).      

3    Methods 

      1.    ESCs should be at passaged three or more times under feeder- 
free conditions and seeded at an approximate density of 1 × 10 5  
cells/plate into a suffi cient number of 6-well plates to conduct 
the time series experiment ( see   Notes 1 – 3).    

   2.    Synchronize ESCs, either via established chemical methods or 
by centrifugation into the fi nal passage before the fi rst time 
point. One hour prior to each time point, incubate the cells 
with 2DG by exchanging the entire volume of media for 
medium supplemented with 2DG.   

3.1  2DG Uptake 
Protocol

Analysis of Circadian Rhythms in Embryonic Stem Cells
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   3.    At each time point, wash the cells twice with sterile PBS to 
remove any traces of 2DG.   

   4.    Add 1 mL of cold TRIzol to the cells and incubate for 2 min 
to ensure complete cell lysis.   

   5.    Scrape the bottom of each well and collect the lysate ( see   Note 4).    
   6.    To measure 2DG uptake, 0.1 mL of the cell lysate will be used. 

The remainder can be used for downstream applications (e.g., 
qPCR).   

   7.    Calculate the molar quantity of 2DG from the blank-sub-
tracted scintillation counts using the specifi c activity (usually 
reported in μCi/mmol) of the radioisotope and normalize 
against total RNA, total protein, or cell number as suitable.      

      1.    Passage cells into gelatin-coated 35 mm culture dishes and 
incubate for 24 h for cells to attach.   

   2.    Synchronize cells by established chemical methods, or use time 
of centrifugation/passage as time of synchronization.   

   3.    Exchange media for recording media and seal the coverslip to 
the top of the dish with vacuum grease. ( see   Note 5).    

   4.    Place dishes in recording apparatus and begin recording.       

4    Notes 

     1.    It is vital that ESC cultures do not include any fi broblasts that 
may be present from the initial derivation of the cell line, as 
fi broblasts will also take up 2DG in a way that is indistinguish-
able from the ESCs.   

   2.    When feeding cells prior to a time-series experiment, daily 
media changes should not be performed at the same time of 
day. A 24 h feeding cycle may impose an artifi cial rhythm 
onto the cells that will mask any endogenous rhythm that is 
present.   

   3.    Some prior experimentation may be necessary to determine 
the concentration of cells to be plated during the fi nal passage 
before beginning a time-series experiment. A high concentra-
tion of cells may lead to overgrowth and induce differentiation 
before the time-series is concluded. At the same time, a low 
concentration of cells may lead to senescence. We have been 
successful with a cell concentration of 1 × 10 5  cells per well in a 
6-well plate.   

   4.    Cell scrapers can be purchased for this step, but are not neces-
sary. Tilting the plate forward after incubating in TRIzol will 
help to collect all of the cell lysate.   

3.2  Real-Time 
Bioluminescence 
Recording
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   5.    A 3 cc syringe can be fi lled with sterile vacuum grease to lay 
down a bead of grease along the lip of the culture plate. The 
coverslip can then be gently pressed down to create the air-
tight seal. Coverslips should be handled by the edge to avoid 
getting residue on the top surface as this may occlude the light 
path between the cells and the photodetector.         
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    Chapter 8   

 Measuring Stem Cell Circadian Rhythm 

           William     Hrushesky     and     Ivan     N.     Rich    

    Abstract 

   Circadian rhythms are biological rhythms that occur within a 24-h time cycle. Sleep is a prime example of 
a circadian rhythm and with it melatonin production. Stem cell systems also demonstrate circadian rhythms. 
This is particularly the case for the proliferating cells within the system. In fact, all proliferating cell popula-
tions exhibit their own circadian rhythm, which has important implications for disease and the treatment 
of disease. Stem cell chronobiology is particularly important because the treatment of cancer can be signifi -
cantly affected by the time of day a drug is administered. This protocol provides a basis for measuring 
hematopoietic stem cell circadian rhythm for future stem cell chronotherapeutic applications.  

  Key words     Stem cell proliferation  ,   Circadian rhythm  ,   Chronobiology  ,   Chronotherapy  ,   Hematopoiesis  

1      Introduction 

 Biological rhythms are a fundamental and integral part of all life 
forms. Biological rhythms can be annual, monthly, and daily. They 
can be found in virtually all systems from organismic to the molec-
ular level [ 1 ,  2 ]. Circadian rhythms are daily rhythms that take the 
form of a sine wave with a “high” or “active” and “low” or “quiet” 
periods over the 24-h clock. The sleep and wake cycle is the best 
example. To ensure biological economy, many molecular, cellular, 
and organismic processes are temporally coordinated so that 
groups of genes and their products are expressed at different criti-
cal times of the day, and various cellular and organ functions are 
likewise coordinated in circadian time. In some diseases, there is a 
disturbance of the circadian clock. Internal des-synchronization is 
a hallmark of profound circadian disruption, but whether an abnor-
mality in molecular and cellular circadian time keeping could con-
tribute to or even cause certain diseases is still unknown. 

 Defi nitive stem cell systems can be divided into continuously 
proliferating or partially proliferating systems. All cells that are 
capable of proliferating do so in a circadian manner; that is, there 
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are times of the day when proliferation is greatest and other times 
where it is least. Virtually all the hematopoietic stem and progeni-
tor cells exhibit a predictable circadian variation in rodents [ 3 – 7 ], 
dogs [ 8 ,  9 ], and humans [ 10 – 12 ]. Cells of the gut mucosa exhibit 
circadian organization from the tongue to the rectum [ 13 ] as do 
cells of the skin [ 14 ,  15 ] and the corneal epithelium of the eye 
[ 13 ]. For human bone marrow and gastrointestinal tissues, the 
proportion of cells in S-phase of the cell cycle is synchronized 
within the day with substantially more DNA synthesis occurring in 
the morning hours than in the evening or nighttime hours. This 
overlap of cytokinetic phasing between the two most important 
chemotherapy toxicity target tissues implies that S-phase specifi c 
cytotoxic agents that damage the gut and/or bone marrow might 
be expected to be less toxic if given during the nighttime hours. 
Indeed, it has been demonstrated that in vitro assays can be used 
to predict the best time of day to administer anti-neoplastic drugs 
and this prediction correlates with the chronotherapeutic adminis-
tration in the patient [ 16 ]. 

 The protocol below provides the basis for measuring stem cell 
circadian rhythms that might be useful in preclinical and clinical 
applications. Stem cell proliferation ability provides the basis for 
determining circadian rhythm. This chapter focuses on hematopoi-
etic stem cell circadian rhythm using absorbance, fl uorescence, or 
bioluminescence instrument-based assays.  

2    Materials 

  To measure hematopoietic stem cell circadian rhythm, peripheral 
blood is used. This is taken from the arm vein every 4 h over a 24-h 
period. An Internal Review Board (IRB) must approve all studies 
involving human donors, and all donors and/or patients must sign 
a consent form approved by this IRB. The donor or patient should 
wear a wrist accelerometer, known as a “actigraph” to monitor 
sleep and activity cycles over a 7-day period prior to the study. 
Information from the actigraph can be uploaded to a computer 
after the study. In addition, cortisol and melatonin are circadian 
rhythm markers that can be measured in the serum using an 
enzyme immunoassay. For all peripheral blood samples, a Vacutainer 
containing heparin should be used and a mononuclear cell (MNC) 
suspension should to be prepared by density gradient centrifuga-
tion (DGC).  

  Animals are usually acclimatized to a light–dark cycle prior to start-
ing any circadian rhythm studies. Bone marrow is used to deter-
mine hematopoietic stem cell circadian rhythm. It is best to 
perform these studies on individual animals, rather than pooling 

2.1  Human Donors

2.2  Animals
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cells from several animals at each time point. For mice,  fractionation 
of bone marrow by DGC is not usually necessary. However, for 
rats, dogs, and marrow from other species, a    DGC should be per-
formed to remove red blood cells (RBC) and other mature func-
tional cells from the sample.  

      1.    Biohazard hood for performing sterile culture.   
   2.    PipetteAid, motorized pipette dispenser.   
   3.    NycoPrep 1.077 for human cells or 1.077A (Axis-Shield) for 

animal cells. Alternatively Ficoll (GE Healthcare) can be used 
as a DGC medium.   

   4.    Sterile conical tubes with screw caps, 50 and 15 mL (Becton 
Dickenson).   

   5.    Dulbecco’s Phosphate Buffered Saline (dPBS, Gibco).   
   6.    Iscove’s Modifi ed Dulbecco’s Medium (IMDM, Gibco).   
   7.    Sterile 5, 10, 25, and/or 50 mL plastic pipettes.      

      1.    Sterile cryopreservation vials 1.5–2 mL.   
   2.    Cryopreservation reagent: IMDM + 10 % FBS + 10 % DMSO.   
   3.    Single channel manual or electronic pipettes (0.1–1 mL) and 

sterile pipette tips.   
   4.    CoolCells (Biocision) in which cells can be frozen.   
   5.    Freezer at −80 °C.   
   6.    As an alternative to [ 4 ] an automated cryopreservation rate- 

freezer can be used.   
   7.    Liquid nitrogen (LN2).      

      1.    Cell thawing medium: IMDM + 10 % FBS.   
   2.    Water bath at 37 °C.   
   3.    Sterile 10 mL plastic tubes with either a screw cap or snap-on cap.   
   4.    DNase (Sigma-Aldrich).   
   5.    Laboratory centrifuge.      

      1.    Hemocytometer or automated cell counting instrument for 
counting MNCs.   

   2.    Hemocytometer, automated cell counter or fl ow cytometer for 
measuring dye exclusion viability, e.g., by trypan blue, 
7- aminoactinomycin D (7-AAD).   

   3.    Sterile 5 and/or 10 mL plastic tubes for adjusting and prepar-
ing the cell suspensions.      

2.3  Preparation 
of Mononuclear 
Cell Suspension 
( See   Note 1 )

2.4  Cryopreservation 
of Sample Aliquots

2.5  Cell Thawing

2.6  Preparation 
of Sample for Testing

Hematopoietic Stem Cell Circadian Rhythm
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      1.    Stem cell proliferation assay (HemoLIGHT-96 Research, 
HemoFLUOR-96 Research or HALO-96 Research, 
HemoGenix).   

   2.    Calibrated, manual or electronic 8-channel or 12-channel 
pipette to dispense 0.1 mL with sterile tips.   

   3.    Reagent reservoir for an 8- or 12-channel pipette.   
   4.    Fully humidifi ed incubator at 37 °C gassed with 5 % CO 2  and, 

if possible, 5 % O 2 .      

   Software capable of cosinor time-series analysis is required. 
Specialized software for circadian rhythm studies can be obtained 
from Expert Soft Techno   logie, France. Alternatively, software such 
as OriginLab’s Origin software or SPSS TableCurve 2D can also be 
used.   

3    Methods 

 Human peripheral blood (10–20 mL is usually suffi cient) is col-
lected in Vacutainers or similar closed blood collection system con-
taining an anticoagulant. Bone marrow is collected from mice and 
rats by fl ushing out the marrow with IMDM. With the exception 
of mice, bone marrow cells from animals usually have to be frac-
tionated using a DGC procedure to remove red blood cells, granu-
locytes, and platelets. Cells and/or tissues are collected every 4 h 
over a 24-h period. After each collection Subheadings  3.1  and  3.2  
will be performed. Once the cells from all time points have been 
collected and cryopreserved, samples from all time points are tested 
and analyzed simultaneously. A diagrammatic representation of the 
procedure is shown in Fig.  1 .

   Unless specifi cally stated, all of the following procedures must 
be performed under sterile conditions. 

       1.    Dilute the sample to be fractionated with an equal volume of 
dPBS and mix gently by inversion. Canine bone marrow should 
be diluted 1:2 with dPBS.   

   2.    For samples 3 mL or less, use a 15 mL conical plastic tube for 
separation. For samples greater than 3 mL, use a 50 mL coni-
cal, plastic tube for separation.   

   3.    For samples of 3 mL diluted to 6 mL with dPBS, dispense 
5 mL of the density gradient reagent into the tube. For sam-
ples greater than 3 mL, dispense 15 mL of the density gradient 
reagent into a 50 mL tube.   

   4.    Using a sterile, serological pipette, dispense the diluted sample 
gently on top of the density gradient reagent by holding the 
tube at approx. 45° and using a PipetteAid on slow delivery.   

2.7  Detecting 
and Measuring 
Hematopoietic 
Stem Cell Population 
Proliferation in Culture 
( See   Note 2 )

2.8  Analysis 
of Results

3.1  Preparation 
of the Mononuclear 
Cell Fraction 
from Human 
Peripheral Blood or 
Animal Bone Marrow 
Using Density Gradient 
Centrifugation 
( See   Note 3 )
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   5.    Centrifuge for 10 min at 1,000 ×  g  or 20 min at 600 ×  g  at room 
temperature with NO brake.   

   6.    After centrifugation, remove the tube(s) gently and carefully 
aspirate the top layer above the MNC interface leaving approx-
imately 5 mm above the interface. Discard the supernatant.   

   7.    Harvest the MNCs from the interface and transfer the cells to 
another sterile tube. It is best to harvest the cells using a man-
ual 1 mL, single channel pipette. Do not remove cells below 
the interface.   

   8.    Add approx. 10–20 mL dPBS, mix gently, and centrifuge the 
cells for 10 min at 300 ×  g  at room temperature.   

   9.    Aspirate the supernatant after centrifugation taking care not to 
aspirate the cell pellet.   

   10.    Add 1–2 mL of IMDM and resuspend the cells, breaking up 
any clumps using a 1 mL manual pipette.   

   11.    Perform a nucleated cell count and viability. The cell viability 
must be greater than 85 %. Using cells with a viability lower 
than 85 % will produce results with low proliferation ability.      

06:00 10:00 14:00 18:00 22:00 02:00* 06:00*

Fresh Peripheral Blood

Mononuclear cell (MNC) fraction
isolated

Plasma collected for
melatonic and cortisol

measurements

Nucleated
cell count

Cells
cryopreserved

Measure stem
cell proliferation

Phenotypic
analysis

Cryopreserved Cells

Thaw sample from each time point

Perform stem cell proliferation assay
on cells from each time point

Cosinor time-series analysis performed 
on all stem cell proliferation values

from each time point

Time of Day (24h clock)

Night time
10-20ml of blood drawn 

at each time point

  Fig. 1    Diagrammatic summary of the protocol to determine human hematopoietic stem cell circadian rhythm       
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       1.    Prepare a cryopreservation reagent fresh and keep the 
container on ice or at 4 °C.   

   2.    After determining the nucleated cell count, calculate the 
 volume of the cell concentration that will produce 5 × 10 6  
MNC/mL. Keep the cells on ice or at 4 °C.   

   3.    Determine the number of cryopreservation vials required to 
freeze a certain number of cell suspension aliquots and label 
each vial.   

   4.    Calculate the amount of cryopreservation reagent needed to 
make up 1 mL in each vial and dispense this amount of reagent 
into the vials.   

   5.    Dispense the required volume of cell suspension into each vial.   
   6.    Cap each vial securely and mix by inversion.   
   7.    Place the vials in the CoolCell and transfer the CoolCell to a 

−80 °C freezer and leave overnight.   
   8.    Alternatively, cryopreserve the cells using an automated rate 

freezer.   
   9.    After freezing, transfer the vials to a LN2 container for 

storage.      

  When the cells are thawed, granulocytes and other cell compo-
nents will rupture and release DNA. Large amounts of released 
DNA will clump together encasing valuable stem cells. If the cell 
preparation originally cryopreserved was a MNC or similar frac-
tion, the chances of clumping will be low. However to reduce or 
alleviate the possibility of clumping during cell thawing, it is rec-
ommended that DNase be added to the cell suspension.

    1.    Thaw the contents of the vials in a 37 °C water bath, by swirl-
ing the vial for approx. 1 min.   

   2.    When a small ball of ice still remains in the vial (1–2 min), 
remove the vial from the water bath, sterilize the outside of the 
vial by spraying with 70 % ethanol, and carefully unscrew the 
vial lid.   

   3.    It is possible that clumping can occur at this stage, in which 
case, add DNase to the total volume in the vial to achieve a 
concentration of 6 μg/mL before proceeding to the next step.   

   4.    Using a 1 mL pipette, gently mix the contents of the vial and 
transfer to a 50 mL tube containing 20 mL of thaw medium. 
Up to three vials of the same cells can be added to this 20 mL 
of thaw medium. However, clumping can also occur at this 
stage. In this case, DNase at a fi nal concentration of 6 μg/ mL 
should be added before proceeding to the next step.   

   5.    Gently mix the cells by swirling the contents of the tube. Do 
not use repeat pipetting to mix the cells. This could cause 

3.2  Cryopreservation 
of Samples After 
Collection ( See   Note 4 )

3.3  Cell Thawing 
( See   Note 5 )
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 further rupture of cells and the release of DNA resulting in 
increased clumping.   

   6.    Centrifuge the cells at 300 ×  g  for 10 min at room temperature 
and discard the supernatant after centrifugation.   

   7.    Resuspend the cells in 1 mL of culture medium. If necessary, 
add 6 μg/mL DNase.   

   8.    Perform a nucleated cell count and viability assessment.   
   9.    Repeat this cell thawing process for one or more vials from all 

7 time points (0, 4, 8, 12, 16, 20, and 24 h).      

  The type of stem cell proliferation assay used will depend on the 
96-well plate reader available. Plate readers are available as multi-
mode readers or single readers. Multimode plate readers will have 
the capability of measuring absorbance, fl uorescence, and even 
luminescence. Single mode plate readers detect only one type of 
signal (absorbance, fl uorescence, or luminescence), but are gener-
ally more sensitive and more costly than multimode readers. 
Therefore, the type of signal detection system used will depend on 
the instrument available. 

 For absorbance, fl uorescence, or bioluminescence readouts, 
HemoLIGHT-96 Research, HemoFLUOR-96 Research, or 
HALO-96 Research are available, respectively. These are cell pro-
liferation assays that can be used to detect up to eight different 
hematopoietic stem cell populations from human, nonhuman pri-
mate, horse, pig, sheep, dog, rat, and mouse. The different stem 
cell populations detected are dependent upon the growth factor/
cytokine cocktail used. 

 Although the circadian rhythms of multiple stem cell popula-
tions can be detected and measured, two are of importance. 
The fi rst is designated CFC-GEMM for Colony-Forming Cell—
Granulocyte, Erythroid, Macrophage, Megakaryocyte. As its name 
implies, it is a primitive hematopoietic stem cell population that 
can produce cells from all three hematopoietic lineages. The sec-
ond is designated HPP-SP or High Proliferative Potential—Stem 
and Progenitor cell. This stem cell population is more primitive 
than the CFC-GEMM and can produce cells of both the lympho-
poietic and hematopoietic lineages. 

 The assay kits to determine these stem cell populations contain 
Master Mixes consisting of all the reagents necessary to initiate and 
maintain stem cell proliferation and growth. To set up the assay for 
one or more stem cell populations, the following procedure is used:

    1.    Remove the Master Mix from the kit stored at −20 °C and 
thaw the contents at room temperature (RT) or in a 37 °C 
water bath.   

   2.    During this time, establish the total number of samples to be 
tested. If only a single stem cell population is examined, then 

3.4  Assay Setup 
to Determine Stem 
Cell Circadian Rhythm 
( See   Note 6 )
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the total number of samples, and therefore sterile 5 mL tubes 
required, will be 7. Label each of the tubes.   

   3.    To obtain a baseline (background control), each sample can 
also be cultured using a Master Mix that does not contain any 
growth factor/cytokine cocktail. The same number of sterile 
5 mL tubes will be required and labeled.   

   4.    Using calibrated pipettes or better still, electronic pipettes, 
accurately dispense 0.9 mL of the Master Mix into each sterile 
tube ( see   Note 7 ).   

   5.    For each of the time point samples to be tested, adjust the cell 
concentration using IMDM so that the working concentration 
of each sample is 500,000 cells/mL. Mix the cell suspension.   

   6.    Accurately dispense 0.1 mL of each cell suspension into each 
tube containing the stem cell Master Mix and NGF Master 
Mix. This is now the Culture Master Mix. The total volume of 
each tube will be 1 mL. This is suffi cient to produce up to 8 
replicate wells containing 0.1 mL of Culture Master Mix.   

   7.    Place the lid on each tube and mix gently by vortexing.   
   8.    Remove a sterile 96-well plate from kit.   
   9.    The following dispensing should be performed using the 

repeat dispensing function available with an electronic pipette. 
If this is not available, accurate dispensing using a single chan-
nel, manual pipette is required.   

   10.    Dispense 0.1 mL into the middle of each of 8 replicate wells in 
each column of the plate. For example, column 1 (A–H) will 
contain the 0 hr sample. Column 2 (A–H) will contain the 4 h 
sample and so on.   

   11.    After all the samples have been dispense into the wells of the 
96-well plate, replace the lid and transfer the plate(s) to the 
incubator.   

   12.    With the exception of nonhuman primate cells, incubate all 
animal cell species for 4 days. This can be extended to 5 days 
for greater sensitivity.   

   13.    For nonhuman primate cells and human cells, incubate for 5 
days, although this can be extended to 7 days.      

  With the exception of Subheading  3.5.1 ,  step 3 , all further steps 
to determine hematopoietic stem cell proliferation for circadian 
rhythm can be performed under non-sterile conditions. 

       1.    Remove the absorbance or fl uorescence enumeration 
reagent  from the freezer and thaw either in a beaker of water 
or at room temperature. Mix the reagent by gentle inversion. 
Do not shake the bottle.   

3.5  Sample 
Processing and Assay 
Readout ( See   Note 8 )

3.5.1  Absorbance or 
Fluorescence Readout
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   2.    After the culture incubation period has elapsed, remove the 
96-well plate(s) from the incubator and allow the plate(s) to 
attain room temperature.   

   3.    If less than a whole plate has been used, it is possible to main-
tain the unused wells sterile for later use. To do this, transfer 
the plate to a hood, remove the lid and place the sterile adhe-
sive foil that is included with the assay kit, over the whole of 
the plate. With a sharp knife, cut away the foil of the wells that 
are to be process and peel the foil away so that only the unused 
wells remain with the foil covering them.   

   4.    When the enumeration reagent has thawed completely and 
attained room temperature, mix gently by inversion and pour 
the reagent into a reservoir.   

   5.    Using an 8-channel pipette, attach the tips to the pipette and 
withdraw 0.1 mL of the enumeration reagent into each tip.   

   6.    Dispense the reagent into the wells of the fi rst column of the 
plate and mix the contents without causing bubbles in the well.   

   7.    If a complete row of 12-wells is to be processed, use the 
12-channel pipette and follow the  steps 5  and  6 .   

   8.    Once the reagent has been dispensed into all wells start a timer, 
cover the plate with the lid and transfer the plate back to the 
incubator.   

   9.    For an absorbance reading, the soluble yellow formazan prod-
uct will develop between 1 and 4 h. Usually 3 h is optimal. 
Read the absorbance in a plate reader with a 490 nm fi lter.   

   10.    For a fl uorescence reading, the reaction will develop 
between 30 min and 3 h, with an optimum at 2 h. Read the 
fl uorescence using a 380–400 nm excitation fi lter and a 505 nm 
emission fi lter.   

   11.    Although the mean, standard deviation and percent coeffi cient 
of variation (%CV) can be calculated, the values for individual 
wells will be used to determine the circadian rhythm parame-
ters by cosinor analysis.      

      1.    Remove the ATP standard, controls, and ATP Enumeration 
Reagent (ATP-ER) that are included with the assay kit, from 
the freezer and thaw at room temperature.   

   2.    Remove a non-sterile 96-well plate and allow it to attain room 
temperature. The non-sterile 96-well plate will be used to 
 calibrate and standardize the assay, prior to measuring the 
samples.   

   3.    Once the reagents have thawed, setup the ATP standard serial 
dilution curve as described in the assay manual.   

   4.    The ATP standard curve allows the output of the lumines-
cence plate reader in Relative Luminescence Units (RLU) to 

3.5.2  Bioluminescence 
Readout [ 17 ] 
( See   Notes 9 and 10 )
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be converted into standardized ATP concentrations. The ATP 
 controls must lie on the ATP standard curve and are used to 
calibrate the assay. In this way, the ATP bioluminescence assay 
is fully calibrated and standardized. Performing the ATP stan-
dard curve and controls also provides information to demon-
strate that the assay is working correctly prior to measuring 
the samples.   

   5.    After ensuring that the ATP standard curve and control param-
eters agree with those in the assay manual, the samples can be 
processed and measured.   

   6.    Using an 8- or 12-channel pipette, affi x the pipette tips and 
transfer 0.1 mL of the ATP-ER from the reservoir into each 
replicate well.   

   7.    Mix the contents of the wells with the same pipette tips making 
sure that no bubbles are formed. It is important that the mix-
ing is thorough since the reagent contains a lysis buffer that is 
used to release the intracellular ATP so that it can react with 
the luciferin-luciferase reagent.   

   8.    After the ATP-ER has been added to all wells, transfer the plate 
to the luminescence plate reader and incubate the plate in the 
dark for 10 min before reading the luminescence.   

   9.    If available, use the instrument software to automatically con-
vert the output of the luminometer in Relative Luminescence 
Units or RLU values to ATP concentrations (μM) using the 
ATP standard curve and calculate the mean, standard deviation 
and %CV of the replicate wells.   

   10.    If the instrument software cannot perform the interpolation 
function from RLU to ATP concentrations automatically, the 
results will have to be exported to an Excel fi le. Microsoft 
Excel does have the mathematical functions to perform the 
interpolation from RLU to ATP concentration. However, 
third-part software programs are also available that can per-
form this task, e.g., SPSS TableCurve 2D and GraphPad 
Prism.   

   11.    By standardizing the assay using the ATP standard curve and 
controls, it is possible to compare results between different 
human and animal donors over time.      

      1.    It is possible to plot the absorbance, fl uorescence, or ATP con-
centrations after stem cell culture for each time point over the 
24-h period. An indication of the oscillation during the 24-h 
period will be observed.   

   2.    However, to obtain the parameters of the circadian rhythm 
and compare these parameters to other donors, it is necessary 

3.5.3  Evaluating 
the Hematopoietic Stem 
Cell Circadian Rhythm
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to subject the individual data points to time series or consinor 
analysis using specialized software (Subheading  2.8 ).   

   3.    Figure  2  shows an example of the circadian rhythm of human, 
normal peripheral blood, CFC-GEMM.
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  Fig. 2    The Circadian Rhythm for Human Hematopoietic Stem Cell (CFC-GEMM) proliferation ability. These 
results were obtained using HALO-96 Research. The ATP concentrations from individual wells were converted 
to percent from control (0 h time point). Using the cosinor time-series software from Expert Soft Technologie, 
the mean and standard deviations are plotted (slightly offset) and the circadian rhythm fi tted by the least- 
squares method to the data. The  bottom X -axis shows the time of day as a 24-h clock and the dark or nighttime 
period. The “phase” on the  upper X -axis represents the distance between oscillations. The term “MESOR” 
represents the Midline Estimating Statistic of Rhythm and is the value midway between the highest and lowest 
values of the cosine function. The results show two peaks of stem cell proliferation, one in the afternoon and 
the other early in the morning. If, instead of single proliferation values detected at a specifi c cell dose (in this 
case 5,000 cells/well), the stem cell proliferation potential, that detects stem cell primitiveness, was plotted, a 
different circadian rhythm would be obtained. The proliferation potential is determined from the slope of a cell 
dose response performed for the stem cells at each time point. For more information visit the American 
Association of Chronobiology and Chronotherapeutics website (  www.aamcc.net    )       
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4             Notes 

        1.    Although both NycoPrep and Ficoll can be used, the latter is 
toxic to cells and should only be in contact with cells for a 
short period.   

   2.    Culturing cells under low oxygen tension is advantageous 
because it reduces the production of free oxygen radicals that 
cause oxygen toxicity to the cells. Most, but not all cells, live 
under much lower oxygen tensions than present in the atmo-
sphere (21 %). By culturing cells in an atmosphere containing 
oxygen tensions that approximate the tissue from which they 
originate, more superior in vitro plating effi ciencies can be 
obtained. In the bone marrow, the partial oxygen tension is 
between 40 and 45 mmHg, which is approximately equivalent 
to 5 % oxygen [ 18 ,  19 ].   

   3.    It is important that MNCs are used for the studies since this 
fraction contains hematopoietic stem cells as well as hemato-
poietic progenitor cells. Thus, if required, the circadian rhythm 
of the progenitor cells can also be determined. Using the MNC 
fraction means that few, if any, red blood cells, granulocytes 
and platelets, in other words, mature blood cells, are present in 
the culture. Red blood cell content greater than 10 % can lead 
to false positive results and therefore should be avoided. It is 
not advised to use cell lysis, since this does not produce a 
“clean” MNC fraction.   

   4.    There is no standardized method of cryopreserving stem cells. 
In the cellular therapy fi eld, automatic rate freezers are used to 
cryopreserve mobilized peripheral blood and umbilical cord 
blood as well as mesenchymal stem/stromal cells from differ-
ent sources. This type of freezing procedure probably produces 
more consistent results, but it does not mean that it is the best 
to produce the highest yield of stem cells with the highest 
“quality”. An automatic rate freezer is expensive. Using a 
CoolCell or similar container to freeze the cells could produce 
similar results at a fraction of the cost.   

   5.    Like cryopreservation, cell thawing is also not a standardized 
procedure, but the method described works well. The addition 
of DNase to the thawing solution is an important aspect of the 
method. When nucleated cells, (e.g., granulocytes) die when 
the cells are thawed, they release DNA. If large numbers of 
nucleated cells are damaged during cryopreservation and 
 subsequent thawing, the DNA released clumps together and 
encompasses viable cells in the suspension. This process can 
lead to signifi cantly lower cell counts and a drastic reduction in 
stem cells. In some cases, even the addition of DNase will not 
prevent the formation of clumping. Therefore, the better the 
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quality of the MNC fraction, the less chance of obtaining a 
thawed cell suspension that cannot be used. The purpose of 
diluting the thawed cell suspension initially is to dilute the 
DMSO concentration so that it is not toxic to the cells. It is 
important to wash the DMSO out of the cell suspension.   

   6.    The CFU/CFC assay was originally developed as a research 
tool to detect progenitor cells of the granulocyte/macrophage 
lineage [ 20 ,  21 ]. However, regardless of which hematopoietic 
cell population the assay is used to detect, there are a number 
of drawbacks to using the assay, despite the fact that it has been 
a mainstay for hematopoietic research for nearly 40 years. The 
assay is based on the ability of cells to differentiate and mature 
into colonies of functionally mature cells in a semisolid 
medium. The colonies have to be identifi ed under an inverted 
microscope. This means that the assay detects differentiation 
ability, but not proliferation, even though proliferation occurs 
prior to differentiation. Subjective evaluation and dispensing a 
semisolid medium, usually viscous methylcellulose [ 22 ], results 
in very high coeffi cients of variation that are unacceptable in 
any clinical or patient situation. Quality control of reagent 
manufacture does not standardize the assay and lack of any 
standards and controls means that the assay cannot be cali-
brated, standardized, or validated. Even the introduction of 
CCD cameras and image analysis to photograph and count 
colonies automatically is not an alternative for the lack of stan-
dardization and validation under regulatory guidelines. Results 
cannot be directly compared between samples assessed over 
time.   

   7.    Using calibrated pipettes is essential. Small pipetting errors can 
result in large coeffi cients of variation that can lead to false 
interpretation and conclusion of the results.   

   8.    It is important to emphasize that one of the primary character-
istics of stem cells is their ability to proliferate. This is a prop-
erty that differentiates primitive from mature stem cells and 
their capacity to self-renew. Thus, an assay that does not mea-
sure stem cell proliferation directly, will not provide the proper 
information on stem cell circadian rhythm. It is for this reason 
that assays are used that detect and correlate with proliferation 
biological markers. For example, a CFC/CFU assay requires 
the cells to proliferate and grow into colonies, but proliferation 
is not actually measured by the CFC/CFU assay. Instead, this 
assay detects the ability of the cells to differentiate. Therefore, 
it is important to choose an assay that provides the readout 
that is the goal of the study. Failing to do so can compromise 
the results and lead to false interpretations and conclusions.   

   9.    The type of assay readout is dependent upon a number of dif-
ferent aspects. These include, but are not limited to: instru-
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ment availability, assay cost, and sensitivity required. A plate 
reader is one of the basic instruments in a laboratory and will, 
in most part, determine which assay readout can be used. 
However, assay sensitivity will determine the ability to distin-
guish rare cell populations from others. In terms of sensitivity, 
the ATP bioluminescence assays demonstrate the greatest sen-
sitivity. However, they are also the most expensive since they 
incorporate advanced technology that is absent in other assays.   

   10.    Assay multiplexing is the ability to combine different assay 
readouts using a single sample to obtain as much information 
as possible in a single study. The absorbance, fl uorescence, and 
bioluminescence readouts described can all be multiplexed. 
However, the fl uorescence and bioluminescence readouts pro-
vide the greatest fl exibility. For example, the fl uorescence read-
out can be easily multiplexed with fl ow cytometry, while the 
bioluminescence readout can be multiplexed not only with 
fl ow cytometry but also gene expression analysis.         
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    Chapter 9   

 Cryopreservation of Human Pluripotent Stem Cells: 
A General Protocol 

           Takamichi     Miyazaki     and     Hirofumi     Suemori    

    Abstract 

   Cryopreservation is an essential technique to preserve stem cells, semipermanently sustaining their 
 potentials. There are two main approaches of cryopreservation for human pluripotent stem cells (hPSCs). 
The fi rst is the vitrifi cation, which involves instantaneous freeze and thaw of hPSCs. The second is the 
conventional slow-cooling method and a rapid thaw. Both cryopreservation protocols have been standard-
ized and optimized to yield high survivability of hPSCs.  

  Key words     Cryopreservation  ,   Vitrifi cation  ,   Slow-cooling  ,   Single cell dissociation  ,   Human  pluripotent 
stem cells  

1      Introduction 

 Human pluripotent stem cells (hPSCs), including human 
 embryonic stem (ES) cells and human induced pluripotent stem 
(iPS) cells, have an infi nite proliferative potential and capacity for 
differentiation into all cells of the three germ layers. Cryopreservation 
of hPSCs is a key procedure because it enables semipermanent 
preservation and easy transportation. Currently, hPSCs are cryo-
preserved using two different methods, vitrifi cation and conven-
tional slow-cooling. Vitrifi cation is a method used for freezing 
unfertilized eggs [ 1 ] and modifi ed to deal with a larger volume of 
primate ES cells and hPSCs [ 2 ]. The process of vitrifi cation, 
involves suspending hPSC, grown as colonies, in a special cryopro-
tectant and instantaneously freezing them with liquid nitrogen. 
The thawing process after vitrifi cation requires that the hPSCs are 
instantaneously thawed with warmed culture medium. Vitrifi cation 
produces 20–90 % recovery of hPSC colonies, post-thawing [ 2 ,  3 ], 
but it requires an effi cient and rapid operation to yield high surviv-
ability. For slow-cooling method, the cells are cryopreserved at rate 
of about 1 °C/min, using a cryoprotectant that generally contains 
dimethyl sulfoxide (DMSO). The manipulation is uncomplicated 
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and appropriate for mass freezing, but slow-cooling has poor 
 survivability (less than 10 %) for hPSC cryopreservation [ 4 ]. 
An optimized procedure for hPSCs has been reported to produce 
a high recovery [ 5 ]. The key to successful hPSCs cryopreservation 
is to use a single cell suspension, since freezing hPSCs as colonies 
damages the cells., Single hPSCs are resistant to the freeze–thaw 
process despite the same cryopreservation conditions. After thaw-
ing, recovery of single hPSCs in culture can be rapid, even without 
ROCK inhibitor treatment, by adjusting the cells density. The cells 
will return to the previous subculture state in a short period. 

 In this chapter, we describe both protocols of vitrifi cation and 
an improved procedure for slow-cooling. The protocols can be 
applied to both feeder and non-feeder culture conditions.  

2    Materials 

  The vitrifi cation and slow-cooling methods can be applied to both 
feeder-dependent and feeder-free culture conditions. For seeding 
cells after thawing, MEF feeder layers or substrate-coated culture 
vessels can be prepared for routine maintenance of the cell lines. 
 See   Note 1  for examples for the preparation of matrix coated plates. 
Although specifi c pretreatment of cells is not required, cells should 
be frozen at their sub-confl uence.  

      1.    Dimethylsulfoxide (DMSO).   
   2.    Acetamide.   
   3.    Propylene glycol.   
   4.    Dulbecco’s Phosphate Buffered Saline without magnesium 

and calcium (D-PBS(−)).   
   5.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM).   
   6.    TrypLE Select dissociation medium (Life Technologies).   
   7.    Ethylenediaminetetraacetic acid (EDTA·4Na, sodium salt).   
   8.    Matrigel (BD BioSciences).   
   9.    Laminin-521 (BioLamina).   
   10.    iMatrix-511 (Iwai or Takara Bio).   
   11.    mTeSR1 medium (Stem Cell Technologies).   
   12.    TeSR2 medium (Stem Cell Technologies).      

      1.    DAP freezing medium (hPSC culture medium containing 2 M 
DMSO, 1 M Acetamide, and 3 M propylene glycol): Weigh 
0.59 g of Acetamide and transfer to 15 mL conical tube con-
taining 6.38 mL of ES/iPS cell culture medium. Add 1.42 mL 
of DMSO and 2.2 mL of Propylene glycol. Mix well and 
 sterilize by fi ltering through 0.22 μm Millex-GV fi lter 

2.1  Human 
Pluripotential Stem 
Cell (hPSC) Lines

2.2  Supplies

2.3  Reagents 
for Vitrifi cation

Takamichi Miyazaki and Hirofumi Suemori



99

(or equivalent). Aliquot and store at −80 °C. Avoid repeated 
freeze-thawing.   

   2.    hPSC cell detachment solution, e.g., CTK solution 
(ReproCELL) ( see   Note 2 ).   

   3.    Liquid nitrogen in appropriate reservoir (e.g., small styrofoam 
box) for fl ash freezing.      

      1.    2× concentrated freezing medium, e.g., hPSC culture 
medium containing 20 % DMSO (fi nal concentration of 
DMSO is 10 %).   

   2.    TrypLE select (Life technologies).   
   3.    0.2 % EDTA solution: Dissolve 0.2 g of EDTA·4Na into 

100 mL of D-PBS(−). Sterilize by autoclave at 121 °C for 
15 min (Equivalent is available).   

   4.    Mr. Frosty™ Freezing Container (Thermo Scientifi c) 
(Equivalent is available).      

      1.    Matrigel-Coated Plates: Prepare Matrigel in DMEM as 
described by the manufacturers and coat the culture vessels at 
20 μg/cm 2  for 3 h at room temperature.   

   2.    Laminin-521 Coated Plates: Prepare laminin-521 in D-PVS(−) 
and coat plates at 6 μg/cm 2  for 3 h at room temperature.   

   3.    iMatrix-511 Coated Plates: iMatrix-511 is prepared in 
D-PBS(−) and plates are coated at 1.5 μg/cm 2  for 3 h at room 
temperature. Use the culture vessels removing supernatant.       

3    Methods 

  The vitrifi cation requires rapid freezing and thawing of hPSCs. It 
is therefore necessary to have all the necessary reagents and tools 
ready for the procedure. Cells in each dish should be frozen one by 
one to avoid long exposures of hPSCs to the cryoprotectant. 

  The amount of each solution is adjusted to 60 mm culture dish.

    1.    Keep DAP freezing medium on ice and prepare liquid nitrogen 
in a proper container.   

   2.    Remove culture supernatant from culture vessel.   
   3.    Add 1 mL of detachment solution and incubate for 5 min at 

37 °C until the edges of hPSC colonies detach ( see   Note 3 ).   
   4.    Carefully rinse the culture surface once with 1 mL of hPSC 

culture medium to dilute and remove the detachment solution.   
   5.    Add 5 mL of hPSC culture medium and detach hPSC colonies 

by gentle pipetting. Do not break up the colonies.   

2.4  Reagents 
for Slow-Cooling

2.5  Preparation 
of Culture Substrate- 
Coated Plates

3.1  Vitrifi cation 
Method

3.1.1  Freezing 
by Vitrifi cation

Cryopreservation of Stem Cells
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   6.    Transfer the hPSC suspension into a 15 mL centrifuge tube.   
   7.    Centrifuge at 200 ×  g  for 3 min.   
   8.    Discard the supernatant after centrifugation.   
   9.    Add 200 μL of DAP cryoprotectant, rapidly suspend cell pellet 

and transfer to a cryotube ( see   Note 4 ).   
   10.    Immediately immerse the cryotube in liquid nitrogen 

( see   Note 5 ).   
   11.    Transfer the cryotube in liquid nitrogen tank or −150 °C 

freezer ( see   Note 6 ).      

      1.    Warm 3 mL of culture medium to 37 °C ( see   Note 7 ).   
   2.    Keep the frozen cryotubes in liquid nitrogen until just prior to 

thawing ( see   Note 8 ).   
   3.    Add the warmed culture medium to the cryotube and immedi-

ately thaw the frozen hPSC suspension by pipetting. Take care 
not to disaggregate the hPSC colonies.   

   4.    Transfer the cell suspension into a 15 mL centrifuge tube con-
taining 7 mL of cold hPSC culture medium ( see   Note 9 ).   

   5.    Centrifuge at 200 ×  g  for 3 min.   
   6.    Discard the supernatant after centrifugation.   
   7.    Suspend the cell pellet with an appropriate volume of hPSC 

culture medium.   
   8.    Seed the cells into newly prepared culture vessels. Split ratio at 

seeding should be equal to that used prior to cryopreservation.   
   9.    Incubate the culture vessels in CO 2  incubator.   
   10.    Replace the hPSC culture medium every day until the hPSC 

grow to confl uence.   
   11.    Thereafter, subculture the hPSCs by routine passaging.       

  To obtain high survival of hPSCs using the slow-cooling method, 
it is essential to cryopreserve hPSCs in a single cell suspension 
state. It is necessary to completely dissociate the hPSCs. Unlike 
vitrifi cation, large numbers of sample vials can be processed (fro-
zen or thawed) at the same time. 

  The volume of each solution is adjusted for a 60 mm culture dish.

    1.    Cool the Mr. Frosty™ freezing container.   
   2.    Cool the 2× concentrated freezing medium.   
   3.    Remove culture supernatant from the cell cultures.   
   4.    Gently wash the cells in the vessel with 5 mL of D-PBS(−).   

3.1.2  Thawing of Cells 
Frozen by Vitrifi cation

3.2  Slow-Cooling 
Method

3.2.1  Cryopreservation 
by Slow-Cooling
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   5.    Add 2 mL of EDTA solution into the culture vessel and 
 incubate at room temperature until the hPSC colonies disag-
gregate ( see   Note 10 ).   

   6.    Remove EDTA solution.   
   7.    Add 1 mL of TrypLE select and remove immediately.   
   8.    Incubate the culture vessel for just 1 min ( see   Note 11 ).   
   9.    Add 1 mL of culture medium, resuspend the cells and transfer 

to a 15 mL centrifuge tube.   
   10.    Add hPSC culture medium so that the total volume is 5 mL 

and centrifuge at 200 ×  g  for 3 min.   
   11.    Remove the supernatant.   
   12.    Suspend the cell pellet with half of the volume of cold hPSC 

culture medium (e.g., 0.5 mL/tube).   
   13.    Add 2× concentrated freezing medium dropwise, gently 

 shaking the tube to gradually mix in the freezing medium.   
   14.    Transfer the cell suspension to a cryotube and transfer this to 

the Mr. Frosty™ freezing container.   
   15.    Transfer the freezing container to a −80 °C freezer and leave 

overnight.   
   16.    Transfer the cryotubes to liquid nitrogen tank or −150 °C 

freezer.      

      1.    Warm the frozen cryotubes at 37 °C in water bath to thaw 
rapidly.   

   2.    Transfer the cell suspension to a 15 mL centrifuge tube.   
   3.    Add 9 mL of hPSC culture medium dropwise to the tube, 

gently shaking the tube to gradually mix the contents.   
   4.    Centrifuge at 200 ×  g  for 3 min.   
   5.    Remove the supernatant.   
   6.    Suspend cells with appropriate culture medium.   
   7.    Perform a cell count.   
   8.    Seed the cells with an appropriate volume of hPSC culture 

medium in newly prepared culture vessels at a density of 1 × 10 5  
cells/cm 2  ( see   Notes 12  and  13 ).   

   9.    Incubate culture vessels in CO 2  incubator.   
   10.    Change the hPSC culture medium after 24 h. Then change the 

medium daily until hPSC grow to confl uence (approximately 3 
days post-thawing) (Fig.  1 ). Thereafter, subculture the hPSCs 
by routine passaging ( see   Note 14 ).         

3.2.2  Thawing 
of Cells Frozen by 
the Slow- Freezing Method

Cryopreservation of Stem Cells
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4    Notes 

     1.    The culture substrates, laminin-521 and iMatrix-511 highly 
enhance the adhesion of single hPSCs. Single hPSCs can 
adhere to the Matrigel, but it is necessary to use a higher seed-
ing density compared to the laminin or iMatrix-511 ( see  also 
 Note 12 ). In addition to laminin-521, laminin-511 is also 
available.   

   2.    Vitrifi cation requires large colonies of hPSCs during the 
freeze–thaw process. A detachment solution should be used 
that allows removal of large colonies, but does not dissociate 
them into individual cells. Collagenase IV in DMEM also 

  Fig. 1    Attachment and recovery of freeze-thawed, single hPSCs. ( a ,  b ) Phase contrast images of freeze- 
thawed, single hPSCs in mTeSR1 medium on Matrigel at 12 h ( a ) and 3 days ( b ) post-seeding at 3 × 10 5  cells/
cm 2 . ( c ) Phase contrast image of hPSC at subculture. ( d ) Phase contrast images of freeze-thawed single hPSCs 
on feeder-dish at 3 days post-seeding at 1 × 10 5  cells/cm 2 . Scale bars: 200 μm. ( a – c : reproduced from [ 5 ])       
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works well, but dispase is not recommended even though it is 
used for subculture   

   3.    In some instances, the hPSC colonies may not detach well 
from the surface. In this case, avoid excess treatment using the 
detachment solution. Instead, detach the colonies gently using 
a cell scraper.   

   4. and 5.    The DAP cryoprotectant is harmful to hPSCs.  Steps 
9 – 10  should be completed within 15 s.   

   6.    When hPSCs are vitrifi ed, they should be stored at tempera-
tures below −150 °C. If stored at −80 °C, increased cellular 
damage can occur compared to the conventional slow-cooling 
method using 10 % DMSO.   

   7.    It is essential that frozen hPSCs in DAP cryoprotectant be 
instantaneously thawed and diluted with hPSC culture 
medium. The hPSC culture medium must be warmed prior 
to use.   

   8.    Exposure of frozen hPSCs, cryopreserved by vitrifi cation, to 
room temperature causes damage to the hPSCs. Transfer the 
cryotubes in a liquid nitrogen container until just prior to use.   

   9.    Once the hPSC suspension has been removed from liquid 
nitrogen, the cells should be thawed immediately. To avoid 
slow- thawing and multiple pipetting, quickly change the 
warmed culture medium to rapidly thaw the frozen hPSC sus-
pension. Thawing and suspending in culture medium should 
be performed within 20 s.   

   10. and 11.    Treatment with of TrypLE Select should be kept to a 
minimum. If it is diffi cult to detach hPSCs from culture sur-
face, increase the incubation time with EDTA but do not 
change the treatment time with TrypLE Select.   

   12.    The optimized seeding density, post-cryopreservation, varies 
depending on culture conditions as follows: 3 × 10 5  cells/cm 2  
with mTeSR1 medium on Matrigel; 1 × 10 5  cells/cm 2  in TeSR2 
medium on laminin-521 (or iMatrix-511); 1 × 10 5  cells/cm 2  
on MEF feeder layer dishes.   

   13.    If the survivability or viability of thawed, single hPSCs is low, 
increase the seeding density to match to the condition of indi-
vidual hPSCs. Note that the survivability of thawed hPSCs 
when plated onto MEF feeder dishes is dependent upon the 
condition of MEF feeder cells. When the condition of the cells 
is low, add ROCK inhibitor Y-27632 at the time of seeding.   

   14.    hPSCs cryopreserved using the slow-freezing method can 
rapidly attain confl uency when cultured. Monitor the cells 
closely because confl uency can also accelerate spontaneous 
differentiation.         

Cryopreservation of Stem Cells
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    Chapter 10   

 Biological Differences Between Native and Cultured 
Mesenchymal Stem Cells: Implications for Therapies 

           Elena     Jones      and     Richard     Schäfer   

    Abstract 

   We describe the current knowledge of the surface marker phenotype of native bone marrow mesenchymal 
stem/stromal cells (MSCs) in humans and in mouse models, highlighting similarities in the MSC marker 
“signature” between the two species. The chapter proceeds to discuss the published literature pertaining 
to native MSC topography and their interactions with hematopoietic stem cells and their progeny, as well 
as with blood vessels and nerve endings. Additionally, the chapter describes phenotypic and functional 
“drifts” that occur in MSC preparations as they are taken out of their native bone marrow microenvironment 
and induced to proliferate in vitro (in the presence of animal or human serum). We propose that the 
understanding of the biology of MSCs in their native niches in the bone marrow could lead to future 
developments in the treatment of hematological diseases such as multiple myeloma. Additionally, this 
knowledge would assist in the development of more “natural” MSC culture conditions, best preserving 
MSC functionality including their homing potential in order to optimize MSC transplantation in the context 
of graft-versus-host and other diseases.  

  Key words     Mesenchymal stem/stromal cells  ,   MSCs  ,   Bone marrow  ,   Phenotype  ,   Flow cytometry  , 
  Transcriptional profi le  

1      Introduction 

 Unlike hematopoietic stem cells (HSCs), a universally acceptable 
defi nition of mesenchymal stem/stromal cells (MSCs) has not 
been agreed upon [ 1 ,  2 ]. Certain essential criteria for MSCs were 
laid down several decades ago by Alexander Friedenstein and 
Maureen Owen; they postulated that these cells, at least in the 
bone marrow (BM), should be adherent, clonogenic, and multipo-
tential towards a number of mesenchymal lineages including bone, 
cartilage, and the fi brous tissue [ 3 – 5 ]. Single MSC-derived clones 
from a human were capable of culture-expansion in fairly rudimen-
tary conditions [ 3 ], but this was not the case for murine MSCs, 
which were easily overgrown by adherent macrophages and 
required more complex media to grow [ 6 ]. Later fi ndings have 
documented signifi cant chromosomal aberrations in murine 
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long- term cultured MSCs [ 7 ,  8 ] suggesting that basic conditions 
commonly employed for human MSC culture were unsuitable for 
the maintenance of mouse MSCs. 

 Since MSCs are anchorage-dependent, adherent cells, their 
successful in vitro cultivation depends on at least two variables: (1) 
growth factors driving MSC proliferation and (2) attachment 
factors responsible from MSC adherence and spreading. The main 
growth factors required for human MSC proliferation are reason-
ably well understood; these include the members of the platelet- 
derived growth factor (PDGF) signalling pathway (primarily 
PDGF-BB), epidermal growth factor (EGF), transforming growth 
factor (TGF) beta, basic fi broblast growth factor (FGF), and insulin- 
like growth factor (IGF) [ 9 – 11 ]. Interestingly, the majority of these 
cytokines are released by platelets upon their activation [ 12 ]. Hence 
is not surprising that platelet lysates (PL) are becoming increasingly 
popular and begin to replace traditional fetal calf serum (FCS) for 
expanding human MSCs intended as therapy [ 13 ]. Fibronectin is 
the best studied attachment factor required for human MSC adher-
ence to plastic [ 14 ,  15 ]. 

 As mentioned above, culturing mouse MSCs is more diffi cult 
[ 16 ,  17 ]. Not only the best growth factor “cocktail” for mouse 
MSCs expansion remains unclear [ 18 ], the presence of other 
plastic- adherent cells such as macrophages appears inhibitory for 
MSC growth [ 6 ,  18 – 20 ]. Because of this, the study of native 
mouse MSCs have taken a somewhat different route compared to 
human MSCs. In many human studies as those described below, 
native MSCs are isolated using a candidate marker; subsequently, 
marker-positive cells are expanded and differentiated towards sev-
eral mesenchymal lineages in vitro or in vivo. A limiting dilution 
assay is normally used to measure the frequency of “true” clono-
genic and multipotential MSCs in the selected marker-positive 
fraction [ 21 ,  22 ]. Subsequently, the phenotype of freshly isolated 
cells is compared to that of their progeny at different stages of 
cultivation (i.e., during different passages, best measured as cumu-
lative population doublings). 

 In a mouse system, due to culturing “challenges” outlined 
above, such methodology is limited [ 23 ]. The majority studies 
dedicated to fi nding the nature of murine MSCs have been per-
formed using transgenic mice and gene tracing technologies [ 24 – 27 ]. 
Therefore, the data comparing the phenotype of native and cul-
tured MSCs in the mouse system are comparatively limited.  

2    Markers and Topographies of Native Human BM MSCs 

  The fi rst marker of human MSCs proposed in 1995 was named 
Stro-1 [ 28 ] highlighting the “stromal,” non-hematopoietic char-
acter of these cells (Table  1 ). The majority of BM Stro-1 +  cells were 

2.1  Stro-1
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shown to express a red cell lineage marker glycophorin A. However, 
all colony-forming cells were detected in the Stro- 1  + glycophorin −  
fraction and an approximately 1 % of Stro- 1  + glycophorin −  cells 
formed colonies of fi broblasts in standard FCS-rich conditions 
[ 28 ]. The multipotentiality of Stro-1 +  cells was not reported in this 
initial study however their osteogenic potential was proven several 
years later [ 29 ]. Flow cytometry analysis revealed the specifi c 
presence of several growth factor receptors on the surface of Stro-
1 + glycophorin −  cells: PDGFR, IGFR, EGFR, and nerve growth fac-
tor (NGF) receptor [ 11 ]. The simultaneous addition of PDGF-BB 
and EGF resulted in the formation of the biggest colonies from 
Stro-1 +  cells under serum-deprived conditions [ 11 ]. In their initial 
study of Stro-1 +  cells, the same authors reported a gradual decline in 
Stro-1 expression following standard cultivation [ 28 ].

     In 2002 two studies reported the suitability of using magnetic beads 
[ 30 ] or cell sorting [ 31 ] for the isolation of human BM MSCs 

2.2  CD271

         Table 1  
  Candidate surface markers of human BM MSCs   

 Marker  Extended phenotype  Changes in culture 

 Stro-1 [ 28 ]  PDGFR/CD140, EGFR/CD312, 
IGFR/CD220, NGFR/CD271 [ 11 ] 

 Decrease [ 28 ] 
 Stable [ 62 ] 

 Low affi nity NGFR/CD271 
[ 30 ,  31 ,  81 ] 

 CD90, CD13, CD10, CD105, Stro-1, 
low/negative for CD45 [ 31 ] 

 Decline [ 30 ,  31 ] 

 CD146 [ 22 ,  34 ,  43 – 45 ] 
 (p75 in the mouse)[ 82 ]  CD15, CD73, CD140b, CD144, 

CD200, MSCA-1/W8B2 [ 34 ,  43 ] 

 CD105 [ 47 ], CD73 [ 37 ,  46 ]  Negative for CD45 [ 37 ,  46 ]  Stable [ 31 ,  37 ,  43 ,  62 ] 

 CD106 [ 21 ,  83 ]  Stro-1 [ 21 ,  83 ]  Decline [ 44 ,  62 ] 
 Increase [ 58 ] 
 Expression depends on 

infl ammatory 
environment [ 84 ] 

 CD146 [ 42 ,  85 ]  CD271 [ 22 ,  34 ,  43 – 45 ,  51 ]  Decline [ 44 ,  62 ] 
 Increase [ 36 ] 
 Expression depends on 

hypoxia levels [ 22 ] 

 SSEA-4 [ 50 ]  Negative for CD45 [ 50 ]  Increased [ 50 ] 

 GD2 [ 49 ]  CD105, CD73 [ 49 ]  Stable [ 49 ] 
 Decline [ 86 ] 

 CD200 [ 51 ]  CD271 [ 43 ], Leptin Receptor/CD295, 
integrin alphaV/CD51 [ 51 ] 

 Increased by interferon-
gamma [ 87 ] 

Native and Cultured Mesenchymal Stem Cells
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based on low-affi nity NGF receptor (CD271). The CD271- positive 
fraction was 45-fold enriched for colony-forming unit- fi broblast 
(CFU-F) [ 30 ] and was tri-potential following standard cultivation 
[ 31 ]; CD271 was rapidly lost following culture [ 30 ,  31 ]. CD271 
binds NGF [ 11 ] and is involved in mediating IL-6 production by 
MSCs thus controlling MSC support of hematopoiesis [ 32 ]. 

 In 2007 Buhring et al. used CD271-based gating strategy to 
discover several novel markers of native human BM MSCs (Table  1 ) 
[ 33 ]. The same strategy was later used by Battula et al. showing 
that a subset of CD271 + MSCA-1 +  double-positive cells was most 
enriched for MSCs [ 34 ]. The most recent studies have employed 
CD271, either alone or in combination with these other markers, 
to select for native human BM MSCs. Churchman et al. have dem-
onstrated a broad and highly specifi c mesenchymal lineage tran-
script expression in BM CD271-positive cells as well as a strong 
expression of CXCL12, the gene encoding stromal-derived factor 
1 (SDF-1) involved in hematopoiesis [ 35 ]. Tormin et al. have elo-
quently shown that CD146 co-expression on CD271 +  cells was 
associated with their topographic location: CD271 + CD146 +  cells 
were positioned perivascularly, whereas CD271 + CD146 -  cells were 
located in more hypoxic areas near the bone surface (the endosteal 
region) [ 22 ]. 

 Another recently published study has documented the lack of 
CD44 on CD271 +  native MSCs and an increase in its expression 
when MSCs began to grow [ 36 ]. The authors used a microarray- 
based approach to fi nd more genes differentially expressed in 
native and cultured MSCs. The genes encoding surface molecules 
included: integrins A3, AE, B5, and A6, CD109, CD151, CD59, 
CD146, and CD248 (increased in culture) and VCAM1/CD106, 
CD271, CD36, and EPOR (decreased in culture) [ 36 ]. 
Importantly, these authors have a shown a dramatic downregula-
tion of genes encoding cytokines and chemokines produced by 
MSCs, most notably CXCL12/SDF-1, consistent with a 
Churchman et al. study [ 35 ], a molecule to be further discussed 
in the next section. More recently, CD44-negativity of native BM 
MSCs was confi rmed independently [ 37 ]; signifi cantly, a different 
combination of markers was used to select for MSCs (CD45 − CD
90 + CD73 + CD105 + ). 

 Besides multipotentiality, another important function of MSCs 
that increasingly attains signifi cant therapeutic relevance is their con-
siderable immunoregulatory capacity [ 38 ,  39 ]. Kuçi et al. reported 
in a recent in vitro study on remarkable differences of prostaglandin 
(PG) E2-mediated suppression of T cell proliferation amongst 
CD271 +  BM-MSC clones identifying high PGE2- depending, low 
PGE2-depending, and non-PGE2-depending CD271 +  MSC 
clones. Moreover, they observed, besides the typical spindle shaped 
cell morphology, CD271 +  MSC clones with endothelial- like cell 
shapes [ 40 ].  

Elena Jones and Richard Schäfer
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  In 2003 Gronthos et al. reported that cells positive for Stro-1 were 
able to generate clonal progeny with an in vivo bone forming 
capacity [ 41 ]. Furthermore, cells double-positive for Stro-1 with 
CD106 were more enriched for MSCs compared with Stro-1 alone 
[ 21 ]. The frequency of CFU-Fs in double-positive fractions, estab-
lished by limiting dilution analysis, was as high as 30 % [ 21 ]. 
Furthermore, double-positive cells expressed high levels of tran-
scripts associated with mesenchymal tripotentiality, such as 
osterix, osteocalcin, lipoprotein lipase and collagen X [ 21 ]. This 
study was amongst the fi rst two reports by the same authors [ 42 ] 
to highlight the expression of integrin molecules on MSCs in vivo. 
As with many other molecules expressed on MSCs in vivo, the 
expression of both CD146 and CD106 were later shown to be mod-
ulated in cultured MSCs (Table  1 ). CD146 expression on native 
MSCs, in particular, was later corroborated in several independent 
studies [ 22 ,  34 ,  43 – 45 ]. 

 In an alternative approach, two independent studies have used 
“classical” markers of cultured MSCs, i.e., CD73 and CD105, to 
enumerate and purify native MSCs in human bone marrow [ 46 , 
 47 ]. Their attempts were successful; however, the use of single 
markers did not provide suffi cient selectivity and the negative 
depletion of CD45 cells, in order to remove predominant hemato-
poietic lineage cells, was deemed benefi cial [ 46 ] as these antigens 
are also expressed on non-MSC cell entities (CD73 on lympho-
cytes and neutrophils, CD105 on endothelial cells and macro-
phages) [ 48 ]. 

 At approximately the same time, Martinez et al. proposed a 
new marker, a ganglioside GD2 to purify BM MSCs [ 49 ] whereas 
Gang et al. used another glycoprotein—SSEA-4—for successful 
MSC isolation from both human and mouse BM [ 50 ]. In both 
studies, a prior CD45 cell depletion was used to remove the bulk of 
hematopoietic lineage cells prior to native MSC selection. Another 
more recent study by Delorme et al. used CD200 to purify human 
BM MSCs [ 51 ]. 

 The short format of this chapter does not allow a more com-
prehensive analysis of all studies aimed at isolating human MSCs; 
the list of potential candidate molecules remains large and grow-
ing [ 52 ]. Nevertheless, it is clear that the last two decades of 
intensive research in this fi eld have identifi ed a set of “overlap-
ping” candidate markers; the most commonly used amongst 
which are CD271, Stro-1 and CD146 (Table  1 ). The expression 
of all three markers tends to change in standard FCS-containing 
culture (Table  1 ). Standard markers of cultured MSCs (CD105, 
CD73, and CD90) [ 53 ] tend to be stable; however, their strong 
cross- reaction with hematopoietic lineage cells does not make 
them particularly suitable, as single markers, for isolating rare BM 
MSCs admixed with much more numerous hematopoietic cells in 
the marrow [ 48 ].   

2.3  Other Markers 
and Marker 
Combinations

Native and Cultured Mesenchymal Stem Cells
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3    Markers and Topographies of Native Murine BM MSCs 

 Initial studies have used depletion methodologies to isolate native 
BM MSCs from the mouse; cells belonging to different blood lin-
eages (lymphoid, myeloid, etc.) were removed by “lineage deplet-
ing cocktails” [ 18 ]. In 2009, Morikawa et al. showed that mouse 
MSCs could be isolated based on the lineage negative, Sca- 
1  + PDGFRa +  phenotype; ~4 % of sorted Sca-1 + PDGFRa +  cells were 
colony-forming, ~67 % of which were tripotential [ 54 ]. These cells 
were “located in the arterial perivascular space near the inner sur-
face of the cortical bone” [ 54 ]. As expected from their topography, 
Sca-1 + PDGFRa +  cells produced abundant paracrine factors sup-
porting hematopoiesis: CXCL12/SDF-1 and angiopoietin-1 
(Ang1) [ 54 ]. Following extensive cultivation, their homing 
capacity to BM following systemic transplantation was lost [ 54 ]. 
In a separate study, the same group of authors have shown that 
topographically similar perivascular cells expressed Leptin 
Receptor/CD295 [ 55 ]; subsequently, the same authors have dem-
onstrated that these perivascular cells, together with neighboring 
endothelial cells, formed a niche for hematopoietic stem cells 
(HSCs) [ 25 ]. 

 At approximately the same time, Mendez-Ferrer et al. studied 
circadian rhythms of HSC release into the circulation [ 56 ]. 
They observed that the cyclical release of HSCs was controlled by 
Nestin + CXCL12 +  stromal cells [ 56 ]. In the subsequent study, the 
same group have demonstrated the true MSC nature of these 
nestin- positive perivascular stromal cells, including the expression 
of ten MSC-related transcripts, in vivo [ 24 ]. Importantly, nestin- 
positive cells expressed a number of HSC maintenance genes 
(including CXCL12, Ang1, and interleukin-7 (IL7)), as well as 
CD106/VCAM, consistent with the Morikawa et al. study [ 54 ]. 
Most interestingly, nestin-positive cells were located in close prox-
imity to nerve endings and expressed beta3-adrenergic receptors, 
which linked native MSC functionality with the sympathetic ner-
vous system [ 24 ]. The most recent study from the Frenette’s group 
has shown that nestin-positive cells featured a PDGFRa + CD51 +  
surface phenotype [ 27 ]. 

 Knockdown mouse models provide a powerful tool to explore 
developmental origins of BM MSC. Using double-transgenic mouse 
systems, Komada et al. have recently shown that native murine BM 
MSCs formed a heterogeneous population of cells, some of which 
were neural-crest derived whereas the others were mesoderm-
derived [ 26 ]. Chan et al. revealed further phenotypic heterogeneity 
of mouse BM MSCs in vivo, demonstrating the existence of the 
three subsets of stromal cells exhibiting differential expression of 
CD105, Thy1/CD90, and 6C3/ENPEP having differential capac-
ities to support HSC maturation [ 57 ]. 

Elena Jones and Richard Schäfer
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 As seen from both Tables  1  and  2 , there is an emerging com-
monality in the marker expression on the surface of native human 
and mouse BM MSCs. These overlapping markers include: CD105, 
PDGFR/CD140, CD106, CD51, Leptin receptor, and possibly 
CD271, CD146, and SSEA-4. Remarkably, both human CD271 +  
cells [ 35 ,  36 ,  58 ] and mouse nestin + PDGFRa + CD51 +  cells express 
high levels of CXCL12/SDF-1 and other hematopoiesis- supporting 
molecules, lending further support to the idea that MSC activity and 
hematopoiesis-supporting activity are “co-segregated” in the BM 
[ 27 ]. Figure  1  illustrates the expression of Leptin receptor and 
SSEA-4 on the surface of human CD271 +  MSCs in vivo.

4        Differences in MSC Transcriptome and Receptome Between Native MSCs 
and MSCs Cultured in Standard Conditions 

 As outlined above, MSC “phenotypic drifts” are better studied in 
the human system, compared to the mouse system. Nevertheless, 
it is becoming clear that MSC hematopoiesis-supportive function 
is quite poorly maintained in standard MSC culture; this is evident 
by the dramatic loss CXCL12/SDF-1 and IL-7 expression in cul-
tured MSCs compared to native MSCs, reported both in human 
[ 35 – 37 ] and mouse [ 27 ] studies. MSCs and their differentiated 
progeny form “niches” for HSC maintenance and maturation 
[ 24 ,  57 ] and the absence of hematopoietic lineage cells in vitro 

   Table 2  
  Candidate surface markers of mouse BM MSCs   

 Marker  Extended phenotype  Changes in culture 

 Lineage-negative [ 18 ]  Sca-1, CD29, CD44, CD81, CD106 [ 18 ]  Stable [ 88 ] 

 Sca-1 [ 54 ]  PDGFRa, CD29, CD34, CD49e, 
CD105, CD133, CD140b, CD146 
[ 16 ,  54 ] 

 Sca-1 and the extended 
phenotype is maintained [ 23 ] 

 Increased in hypoxia [ 89 ] 

 PDGFRa (CD140a) [ 54 ]  Sca-1, CD29, CD49e, CD105, CD133, 
CD140b, CD146 [ 54 ] 

 PDGFa and the extended 
phenotype is maintained [ 23 ] 

 Leptin Receptor/CD295 
[ 55 ] 

 ND  ND 

 Integrin alphaV/CD51 
[ 57 ] 

 CD90/Thy1, CD105 (not completely 
overlapping) [ 57 ] 

 ND 

 PDGFRa, CD105,CD29, CD44, p75, 
Leptin R/CD295 [ 27 ] 

 SSEA-4 [ 50 ]  CD45-negative [ 50 ]  Increased [ 50 ] 
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could be responsible for the notable loss of proliferative [ 58 ] and 
MSC hematopoiesis-supportive activity in standard culture condi-
tions. Previous studies have reported the existence of MSC aggre-
gates with megakaryocytes [ 59 ] and other maturing hematopoietic 
cells [ 60 ]. Megakaryocytes in particular, could control the “prolif-
eration clock” in MSCs in vivo via generation of PDGFs thus 
affecting their proliferation [ 61 ] and osteogenesis [ 59 ]. 

 Beyond the described changes in MSC hematopoiesis- supportive 
function, MSC surface phenotype tends to change following 
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  Fig. 1    The expression of Leptin R/CD295, SSEA-4, and the tetraspanin CD81 on 
human native BM MSCs. ( a ) Isolation of a pure population of MSCs by cell sorting 
for the CD45 −/low CD271 +  phenotype (MSC purity is indicated in the  boxes ).  Left 
panel —before sorting,  right panel —after sorting. ( b ) Marker expression on pure 
MSCs: Isotype control, Leptin R/CD295, SSEA-4, and CD81       
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standard cultivation. Both a decline and an increase in expression 
of some molecules have been documented (Table  1 ). Figure  2  
illustrates the decline in CD271 and VCAM-1/CD106 (and the 
stable expression of CD105) in long-term cultured MSCs. The rea-
sons for these dramatic phenotypic changes remain unclear but there 
are two mutually non-exclusive theories to explain that. According 
to one theory phenotypic “drifts” refl ect major biochemical changes 
in MSCs as they adapt to in vitro culture conditions. For example, 
changes in CD146 expression could result from a highly oxygen-
ated environment of standard cultivation [ 22 ] whereas changes in 
the MSC integrin profi le could refl ect adaptations to anchorage-
dependent growth on plastic surfaces [ 62 ]. The quiescent status of 
native MSCs [ 21 ], in contrast to the dividing nature of cultured 
MSCs [ 58 ], could also bring major differences in their surface 
marker profi le.

   An alternative explanation is based on a documented evidence 
for morphological [ 63 ], phenotypic [ 34 ], and topographical [ 22 ] 
heterogeneity of MSCs in vivo. For example, immunohistochemical 
staining of human BM samples with markers that described MSC 
phenotypes in vitro revealed the presence of at least four non-hema-
topoietic stromal cell entities in the human BM in addition to peri-
vascular cells [ 63 ]. These stromal cell entities were defi ned by 
morphology, marker expression and micro-anatomical localization 
(marrow, trabecular bone, and medullary cavity). According to this 
second theory, BM MSC isolation by plastic adherence and removal 
of non-adherent cells could lead on the one hand to a positive selec-
tion of MSC subpopulations that proliferate well at “standard” 
in vitro culture conditions at 21 % oxygen but on the other hand to 
a loss of rare subpopulations with possibly different phenotypes and 
functions (Fig.  3 ). Therefore, according to the second theory, a 
simple step of plastic adherence as well as current culture conditions 
could lead to the selection of some in vivo MSC subpopulations, 
but not the others.
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  Fig. 2    The stable expression of CD105, a gradual decline in CD106, and a rapid 
loss of CD271 in long-term cultured MSCs compared to native MSCs.  X  axis—
cumulative population doublings (CPDs),  Y  axis—% positive cells       
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   This view is supported by the observations that culturing BM 
plastic-adherent cells in low-oxygen conditions facilitated the 
growth of more potent MSC cultures [ 64 ]. Furthermore, the exis-
tence of non-plastic adherent MSCs have been proposed in two 
independent studies [ 65 ,  66 ]. A recent study based on in vitro 
analyses of multiple non-sorted human BM-MSC preparations 
addressed possible correlations of phenotypes to functional param-
eters [ 67 ]. Markers such as CD71, CD90, CD106, CD140b, 

  Fig. 3    Suggested concept of BM MSCs in vivo and in vitro. In the trabecular bone, reticular and non-reticular 
stromal cells as well as perivascular cells can be detected. Reticular stromal cells reside also in the medullary 
cavity and a subgroup of non-reticular stromal cells represents the bone lining cells [ 63 ]. BM MSC isolation by 
plastic adherence could lead on the one hand to a positive selection of MSC subpopulations that proliferate 
well at “standard” in vitro culture conditions at 21 % oxygen ( right panel ) but on the other hand to a loss of 
very rare subpopulations with possibly different phenotypes and functions that require more sophisticated 
isolation and culture conditions ( left panel ) [ 64 ,  67 ,  90 ,  91 ]       
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CD146, CD166, and CD274 were higher expressed in MSC 
preparations from younger donors. Moreover, CD10, CD29, 
CD44, CD71, CD106, CD119, CD146, CD166, CD271, and 
HLA class I correlated to BM-MSC clonogenic potential. CD119, 
CD146, and HLA class I correlated to the proliferation capacity of 
BM MSCs, whereas CD71, CD140b, and Galectin 1 correlated 
negatively to hepatocyte growth factor (HGF) secretion of BM 
MSCs [ 67 ]. It is reasonable to assume that the heterogeneity 
between and within BM MSC preparations observed in vitro 
refl ects, at least in part, the in vivo situation.  

5    Conclusions and Implications for Therapy 

 The therapeutic relevance of culture-expanded MSCs is clearly 
evident: MSCs have been and are actively used as cell therapy for 
graft-versus-host disease, Crohn disease, and other disease indica-
tions [ 2 ,  68 ,  69 ] as well as for engineering of tissues of musculo-
skeletal (bone, cartilage, tendon) and other systems [ 70 ,  71 ]. 
What would the knowledge of in vivo MSCs bring to modern 
Medicine? 

 One example would be creating a new knowledge on the inter-
actions between MSCs and HSCs in the BM with a view of devel-
oping novel therapies for the treatment of hematological disease 
such as multiple myeloma (MM). As stated in previous sections, 
MSCs are intimately involved in controlling marrow hematopoiesis 
and in MM such a close cooperation between MSC and HSC is 
disturbed. As early as 1994, BM stromal cells from MM patients 
were noted to have an abnormal integrin profi le [ 72 ]. A trend 
for increased CD271 +  MSC numbers in MM compared to age- 
matched controls was recorded later [ 73 ] and confi rmed more 
recently using the Stro-1 based methodology [ 74 ]. The authors 
have proposed that targeting MSCs and the modulation of the 
bone microenvironment in general could “alter the progression of 
the myeloma disease” [ 74 ]. On the other hand, functional defi cits 
in MSCs have been documented in the myelodysplastic syndrome 
(MDS) disease spectrum: their premature senescence and reduced 
Ang1 production [ 75 ], an increased CXCL12 expression [ 76 ], and 
an aggravated genetic instability [ 77 – 79 ]. In order to study these 
abnormalities in more depth and to fi nd new therapeutic solutions, 
an investigation of native MSCs is clearly warranted since the way 
MSCs from these patients are cultured “may signifi cantly impact 
on results and is in fact likely to account for differences in conclu-
sions drawn by different studies” [ 74 ]. The study of native MSCs in 
the disease of the musculoskeletal system, including osteoporosis 
and osteoarthritis, could also lead to the development of novel 
therapeutic agents targeting altered MSC differentiation pathways 
in bone leading to improved bone phenotypes [ 70 ]. 
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 The knowledge of the in vivo MSC surface marker “signature” 
could additionally help with the development of better expansion 
protocols “tailor-made” for specifi c disease indications or routes of 
administration. It has been proposed in several studies that the 
alteration in the integrin profi le in cultured MSCs, compared to 
native MSCs, could be the reason responsible for the loss of their 
homing capacity following in vivo transplantation [ 25 ,  31 ,  51 ,  80 ]. 
As proposed in one study “loss of BM homing capacity of the 
cultured MSCs might be due to culture-induced changes in the 
expression of adhesion receptors including CD44 and CXCR4 
on the cells, which might lead to unwanted entrapment in other 
organs” [ 36 ]. New media formulations could be therefore devel-
oped to “create” cultured MSCs with an adhesion molecule profi le 
suitable for a particular mode of cell delivery. 

 In conclusion, the surface phenotype of native bone marrow 
MSCs is not identical to their culture-expanded progeny. Culture- 
induced changes on the MSC surface profi le can be responsible for 
their reduced homing potential and hematopoiesis-supportive 
functions, due to the culture-induced loss of the appropriate sur-
face receptors. Further study of native MSCs in their natural in vivo 
niches should facilitate the development of novel MSC expansion 
protocols. Furthermore, targeting native MSCs in situ could 
represent a novel means for the treatment of hematological diseases 
such as multiple myeloma.     
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    Chapter 11   

 The Use of Multiparameter Flow Cytometry and Cell 
Sorting to Characterize Native Human Bone Marrow 
Mesenchymal Stem Cells (MSC) 

           Sally     Boxall     and     Elena     Jones    

    Abstract 

   This chapter describes a method for identifi cation, phenotypic analysis, and cell sorting of rare  mesenchymal 
stem cells (MSCs) from human bone marrow (BM) aspirates. The native BM MSC population is identifi ed 
based on the CD45 −/low CD271 +  phenotype. The method consists of three related procedures: Procedure 
1 involves a microbead-based pre-enrichment step. Two other procedures describe direct fl ow cytometric 
analysis of MSCs following the isolation of the mononuclear cell (MNC) fraction (Procedure 2) or more 
rapidly, following a simple ammonium chloride-based red cell lysis (Procedure 3). Recently described 
multi-lineage transcript expression in the CD45 −/low CD271 +  cells suggests that the native BM MSC frac-
tion could be further subdivided into functionally distinct subpopulations. The present protocols are 
hoped to help MSC biologists to enter this exciting fi eld of research and to take it forward towards a better 
understanding of MSC biology in vivo.  

  Key words     Mesenchymal stem cells  ,   MSCs  ,   Flow cytometry  ,   Cell sorting  ,   Human bone marrow  

1      Introduction 

 The presence of mesenchymal stem cells (MSCs) in the bone 
 marrow (BM) was fi rst demonstrated by expanding single adherent 
cells in vitro and testing their multipotentiality in vivo using a 
mouse diffusion chamber model [ 1 ,  2 ]. These and the following 
corroborative experiments have established that the frequency of 
MSCs in aspirated or fl ushed-out marrow was approximately 1 cell 
per 10,000 of mononuclear cells [ 3 ], which was ~100-fold lower 
than the frequency of their hematopoietic progenitor counterparts. 
Such a low percentage of native MSCs (in the region of 0.01–0.1 % 
of total cells) has posed a signifi cant problem for fl ow cytometrists 
in the past, because early-generation FACS machines did not have 
the required data collection and processing power to enable rare- 
event analysis of millions of cells. Consequently, the original stud-
ies aimed to discover native MSC markers have utilized the so-called 
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pre-enrichment methodologies whereby a candidate antibody, in 
conjunction with magnetic beads, was used to enrich the candidate 
cellular fraction [ 4 – 7 ] and to analyze whether it was indeed 
enriched for MSCs by performing functional colony assays. In the 
last 10 years, having assembled a panel of several candidate 
 “positive” and “negative” markers [ 8 ] as well as having more pow-
erful fl ow cytometry instrumentation, it has become possible to 
perform “direct” fl ow cytometry investigations to measure and 
sort native BM MSCs [ 9 – 11 ]. This chapter provides some proce-
dures developed in our laboratory for the analysis and sorting of 
human BM MSCs either with or without the pre-enrichment step. 

 The identity of the “best” marker for MSC identifi cation, in 
both human and mouse systems, remains disputed [ 8 ]. Whilst fur-
ther work in this fi eld could indeed identify more powerful and 
more selective markers, the purpose of this chapter is to illustrate a 
possibility of a direct study of native BM MSCs without resorting 
to culture expansion. In our laboratory we use the CD45 −/

low CD271 +  phenotype to identify native human BM MSCs [ 7 ,  9 , 
 12 ,  13 ]. Independent investigators have later shown that CD45 −/

low CD271 +  MSCs could be analyzed without prior enrichment 
[ 14 ] and several independent groups have subsequently docu-
mented near-100 % purity of CD45 −/low CD271 +  MSCs to describe 
their transcriptional signature [ 13 ,  10 ,  11 ]. 

 The need for a pre-enrichment step (Procedure 1) may now 
become obsolete. However, as shown below, it may be benefi cial 
for allowing faster cell sorting, thus ensuring a better MSC viability 
post-sort. Direct analysis of MSCs can be performed either follow-
ing the isolation of the mononuclear cell (MNC) fraction 
(Procedure 2) [ 15 ] or more rapidly, following a simple ammonium 
chloride-based lysis of red cells (Procedure 3) [ 16 ]. The latter also 
allows for direct volumetric enumeration of MSCs in a given vol-
ume of marrow sample [ 16 ]. The protocols and notes also high-
light critical steps and potential sources of variability.  

2    Materials 

      1.    MACS buffer: PBS, 0.5 % BSA, 2 mM EDTA.   
   2.    K 2  EDTA Vacuette (BD Biosciences).   
   3.    Dulbecco’s Phosphate Buffered Saline (PBS) (Invitrogen Life 

Technologies).   
   4.    EDTA.   
   5.    Lymphoprep™ (Axis-Shield).   
   6.    Trypan Blue.   
   7.    Acetic acid.   
   8.    Anti-fi broblast Microbeads (Miltenyi Biotec).   

2.1  Native MSC 
Analysis Following 
Positive Selection 
Using MACs Columns
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   9.    CD271 Microbeads (Miltenyi Biotec).   
   10.    MS columns (Miltenyi Biotec).   
   11.    LS columns (Miltenyi Biotec).   
   12.    Bovine Serum Albumin (BSA).   
   13.    CD45 FITC (Clone T29/33) (Dako).   
   14.    CD271 PE (Clone C40-1547) (BD Biosciences).   
   15.    7AAD (BD Biosciences).   
   16.    IgG1 PE (BD Biosciences).   
   17.    IgG1 FITC (AbD Serotec).   
   18.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM) Low glucose 

(Invitrogen Life Technologies).   
   19.    Fetal Bovine Serum (FBS).      

      1.    Acetic acid.   
   2.    DNase1 (Sigma-Aldrich).   
   3.    Bovine Serum Albumin (BSA).   
   4.    CD45 PE-Cy7 (Clone HI30, BD Biosciences).   
   5.    CD73 Pe-Cy5.5 (Clone AD2, BD Biosciences).   
   6.    CD90 FITC (Clone F15-42-1, AbD Serotec).   
   7.    CD271-APC (Clone ME20.4-1.H4, Miltenyi Biotec).   
   8.    IgG1 PE (BD Biosciences).   
   9.    IgG1 FITC (AbD Serotec).   
   10.    IgG1 PE (AbD Serotec).   
   11.    IgG1 PcP-Cy5.5 (BD Biosciences).   
   12.    IgG1 PE-Cy7 (BD Biosciences).   
   13.    IgG1 APC (Miltenyi Biotec).   
   14.    FCR Block (Miltenyi Biotec).   
   15.    DAPI (Sigma-Aldrich).      

       1.    Ammonium Chloride Solution: 168 mM NH 2 Cl, 10 mM 
KHCO 3 , 1 mM EDTA, pH 8.0.       

3    Methods 

       1.    Collect bone marrow (BM) sample into a K 2  EDTA vacutainer 
and mix well. Dilute 1:1 with PBS, mixing gently ( see   Note 1 ).   

   2.    Ensure that the Lymphoprep™ being used is at room tempera-
ture (approximately 20 °C) and add 20 mL to a 50 mL falcon 
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tube or 5 mL to a 15 mL falcon tube depending on the amount 
of sample being used. Layer the diluted sample on the top of 
the Lymphoprep. If using a 50 mL tube, layer up to 30 mL of 
diluted sample onto 20 mL of Lymphoprep. For more than 
30 mL divide across multiple tubes. For less than 10 mL of 
diluted sample layer onto 5 mL of Lymphoprep in a 15 mL 
Falcon tube as this will give a more visible interface layer. 
Pipette slowly so as not to disturb the bottom Lymphoprep 
layer ( see   Note 2 ).   

   3.    Centrifuge at 600 ×  g  for 20 min (no brake).   
   4.    After centrifuging, carefully remove the “cloudy” interface 

layer containing the mononuclear cells (MNCs) and transfer 
to a 50 mL tube (the sample can be pooled if multiple tubes 
were used).   

   5.    Add at least an equal volume of PBS and mix gently to wash.   
   6.    Centrifuge at 400 ×  g  for 5 min (with brake on).   
   7.    After centrifuging carefully discard the supernatant. Tap the 

pellet to resuspend (if the pellet is large this may take several 
minutes to break up all the clumps) and make up to 1 mL with 
MACS buffer. Depending on the cell concentration you may 
need to increase MACS buffer volume up to 2–5 mL.   

   8.    Count cells on a hemocytometer using a standard trypan blue 
exclusion assay. Bone marrow samples usually require a dilu-
tion of around 1:20 to count, but if the cell count is too high 
either resuspend the sample in a larger volume and recount or 
make a larger dilution. If there are still large amounts of red 
cells present, use 4 % acetic acid to dilute and count the cells 
instead of trypan blue as this will lyse the red cells and give a 
more accurate count ( see   Note 3 ).   

   9.    Add 5 mL of MACS buffer to wash ( see   Note 4 ).   
   10.    Centrifuge at 400 ×  g  for 5 min (with brake on). Resuspend 

pellet in 80 μL of MACS buffer per 10 7  cells.   
   11.    For Anti-fi broblast Microbeads: Add 20 μL of Anti- fi broblast 

Microbeads per 10 7  cells. Mix well and incubate at room tem-
perature for 30 min. For Anti-CD271 Microbeads: Add 20 μL 
of FCR block and 20 μL of Anti-CD271 Microbeads per 10 7  
cells. Mix well and incubate at 4 °C for 20 min.   

   12.    Add 5 mL of MACS buffer to wash. Centrifuge at 400 ×  g  for 
5 min (with brake on).   

   13.    Resuspend in 500 μL of MACS buffer for up to 10 8  cells. For 
larger cell numbers scale up accordingly. For samples with large 
numbers of red cells resuspend in a larger volume.   

   14.    Set aside 1 × 10 6  Microbead-labeled cells in a separate “Before 
separation” tube. Keep these cells on ice. They will be needed 
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for fl ow cytometry (Fig.  1 ) or CFU-F assay [ 7 ,  17 ] to check 
effi ciency of MSC isolation.

       15.    The choice of column is important and depends upon the 
number of cells. MS columns are recommended for up to 
2 × 10 8  total cells or up to 10 7  labeled cells and LS columns for 
up to 2 × 10 9  total cells or 2 × 10 8  labeled cells. However, small 
MS columns provide better selection, but they are slow and 
may “clog” if too many cells are applied at once. Keep the 
number of cells low and do not put more than 5 × 10 7  total 
cells onto an MS column. Add cells in small aliquots and let 
them drip through before applying more. You can alternate 
adding the cells with drops of MACS buffer to allow for a bet-
ter fl ow. LS columns are fast and hence MSC enrichment is 
normally not as good. Use LS columns if you have more than 
5 × 10 7  initial cells. After eluting the cells from the LS column 
the “positive” fraction can be put through second (MS) col-
umn to achieve better MSC enrichment.   

   16.    Prepare columns by washing in MACS buffer to remove the 
preservative; 0.5 mL for MS columns, 3 mL for LS columns, 
and discard the fl ow through.   

   17.    Put MACS buffer containing cells through a 40 μm cell strainer 
and then apply to the column placed in MACS magnet 
( see   Note 5 ). Collect negative fraction in “Negative fraction” 
tube (Fig.  1 ).   

   18.    Wash column through with appropriate volume of MACS buf-
fer; 3 × 500 μl for MS column, 3 × 3 mL for LS column. Add 
the buffer sequentially so that the reservoir empties of buffer 
before adding more ( see   Note 6 ).   

   19.    Add appropriate volume of MACS buffer (1 mL for MS col-
umn, 5 mL for LS column) to release positive fraction. Remove 
from magnet and push the plunger into the column reservoir 
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  Fig. 1    Example profi les of CD45/CD271 staining ( a ) Before enrichment, ( b ) Negative fraction, and ( c ) Positive 
fraction, showing ~96-fold enrichment of the CD45 −/low CD271 +  cells in the positive fraction compared to 
Before enrichment       
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to release the positive fraction from the column into a clean 
tube labeled “Positive fraction” (Fig.  1 ).   

   20.    Count cells in “Before separation,” “Negative,” and “Positive” 
fractions. The “Negative” fraction may need to be concen-
trated by spinning (400 ×  g  for 5 min) and resuspending the 
pellet in a smaller volume of MACS buffer.   

   21.    Guide for effi ciency of MSC selection: Ideally the positive frac-
tion should represent 0.5–2 % of total recovered cells. If the 
positive fraction represents >10 % of total recovered cells, then 
a second column is needed. Use an MS column if you are put-
ting cells through for a second time.   

   22.    Use cells as required for fl ow cytometry analysis of MSC 
enrichment (Fig.  1 ) ( see   Note 7 ) or cell sorting ( see   Note 9 ). 
Set up at least two tubes for each fraction: “Before separation,” 
“Negative.” and “Positive,” adding up to 1 × 10 6  cells into 
each 5 mL FACS tube (minimum 0.25 × 10 6  cells per tube).   

   23.    Pellet the cells (400 ×  g , 5 min).   
   24.    Resuspend the cells in 100 μl of MACS buffer containing the 

appropriate amounts of antibody. Tube A: CD45 FITC, 
CD271 PE, 7AAD; Tube B: CD45 FITC, IgG1 PE, 7AAD 
( see   Note 8 ).   

   25.    Incubate on ice, in the dark for 20 min.   
   26.    Wash cells with 500 μL of MACS buffer and pellet 

(400 ×  g , 5 min).   
   27.    Resuspend in 300 μL of MACS buffer and run samples on a 

FACS machine. Acquire as many events as possible (minimum 
100,000). The MSC population can be identifi ed as CD45 −/

low CD271 +  (Fig.  1 ).      

      1.    Follow  steps 1 – 8  in Procedure 1 (   Subheading  3.1 ).   
   2.    Pellet MNCs (400 ×  g , 5 min) and resuspend in MACS buffer 

at 2 × 10 7  cells/mL. Place 50 μL of cell suspension in each 
5 mL FACS tube ( see   Note 10 ).   

   3.    Add 5 μL of FCR block and incubate on ice for 10 min.   
   4.    Add the appropriate amount of antibody to each tube and 

make the fi nal volume up to 100 μL with MACS buffer 
( see   Note 11 ).   

   5.    Incubate cells on ice, in the dark for 20 min ( see   Note 12 ).   
   6.    At the end of the incubation, wash the cells by adding ~1 mL 

MACS buffer and pellet the cells (400 ×  g , 5 min).   
   7.    Remove the supernatant without disturbing the cell pellet, and 

repeat the wash step ( see   Note 13 ).   

3.2  Phenotypic 
Analysis of Native 
MSCs Population 
in the MNC Fraction 
Without 
Pre-enrichment
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   8.    Resuspend the cells in 300–500 μL of MACS buffer. If there 
are cell “clumps” in the sample, fi lter through a 40 or 70 μm 
cell strainer before running on the FACS analyzer.   

   9.    Use unstained and single antibody stained controls to set up 
the cytometer before each experiment to ensure accurate spec-
tral compensation. Use isotype controls to confi rm gating 
position for the cell populations of interest.   

   10.    The MSC population can be identifi ed as  CD45 −/low CD271  +  
(Fig.  2 ). Aim to acquire at least 100 CD45 −/low CD271 +  cells. 
Assuming the frequency of CD45 −/low CD271 +  cells in the 
MNC fraction is 0.01–0.1 % this means collecting 1 × 10 5  to 
1 × 10 6  total events.

             1.    Add 50 μL of whole bone marrow to a 5 mL FACS tube.   
   2.    Add the appropriate amount of antibody to each tube 

( see  Subheading  2.3 ).   
   3.    Incubate at room temperature for 15 min.   
   4.    Lyse red cells by the addition of 2 mL of ammonium chloride 

solution and incubate at room temperature for 10 min.   
   5.    Pellet the cells (400 ×  g , 5 min). Wash with 2 mL of MACS 

buffer (400 ×  g , 5 min).   
   6.    Resuspend the cell pellet in 300–500 μL of MACS buffer con-

taining 0.5 μg/mL DAPI ( see   Note 14 ).   
   7.    Collect a minimum of 250,000 events ( see   Note 15 ).       

4    Notes 

     1.    Good quality bone marrow is vital to cell recovery. Ensure that 
it is mixed with suffi cient anticoagulant to prevent clotting. 
If micro-clotting occurs remove the clots by fi ltering through 
a 70 μm cell strainer before adding to a density gradient.   

3.3  Direct Native 
MSC Analysis 
Following Ammonium 
Chloride Lysis
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  Fig. 2    Example profi les showing CD45 −/low CD271 +  cells in the MNC fraction ( a ). Gating on these cells shows 
positive expression for ( b ) CD73 and ( c ) CD90 compared to isotype control ( grey peak  on histogram)       
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   2.    This is easier if done at an angle of approximately 45° and the 
sample is dripped down the side of the tube.   

   3.    Frozen bone marrow MNCs can also be used for separation; if 
using a frozen sample thaw according to normal guidelines but 
ensure that there is 20 U/mL of DNase I in the thawing media 
and in all subsequent buffers.   

   4.    Degassing the MACS buffer before use can remove micro- 
bubbles, which may help to prevent the column from 
blocking.   

   5.    If applying more than 500 μL of sample wait for the fi rst 
500 μL to drip through before applying more sample; this is 
especially important for samples containing large amounts of 
red cells as these will settle quickly to the bottom of the reser-
voir and block the column.   

   6.    Add the buffer gently to avoid creating air bubbles, which may 
block the column.   

   7.    To calculate the effi ciency of selection use the formula   : 

  
Efficiency of selection

No of cells in the positive fraction
No of


.

. ccells in the positive fraction
No of cells in the negative fractio . nn









100.

 
  

 A good selection is when the positive fraction represents 
between 0.5 and 2 % of total recovered cells. In our experience 
at Leeds (50+ separations) such a positive fraction should be 
~100-fold enriched in CFU-Fs compared to BM MNCs 
(Before separation) [ 7 ]. In the positive fraction, CFU-Fs 
should represent ~1–5 % of total cells [ 7 ,  9 ]. The negative frac-
tion should not contain any CFU-Fs. Occasional CFU-Fs 
could be found in the Negative fraction when LS columns are 
used. This is because LS columns are not as effi cient as MS 
columns. Therefore, if there are few cells to start with, always 
use MS columns. 

 How to calculate % of cells recovered:

  
%

.
.

Cell recovery

No of cells in the positive fraction
No of cells in


 tthe negative fraction

Initial No of cells










.
.100
   

  This should be between 85 and 95 %. To achieve good 
recovery be very careful at every stage, work quickly, and keep 
buffers cold to prevent antibody capping.   

   8.    Using the CD271 PE clone C40-1457 (BD Biosciences) 
avoids any competitive binding issues. A dead cell marker is 
not necessarily required for fresh samples, but must be added 
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if frozen bone marrow was used for the enrichment. Two tubes 
per fraction is the minimum number required. Single, stained 
sample and isotype controls should also be stained, but when 
there are insuffi cient cell numbers it is sometimes necessary to 
use some of the un-enriched cells or compensation beads to set 
up the cytometer. Other fl uorochromes can be used according 
to the cytometer set up, although PE and APC are the best 
 fl uorochromes for giving a distinct CD271 +  population. Red 
blood cells should have been removed by the selection process, 
but if there is any concern an anti-glycophorin (CD235a) anti-
body can be included for an exclusion gate.   

   9.    For sorting of pre-enriched MSCs only the “positive” fraction 
should be processed. If using frozen samples, keep DNase 1 in 
the sample and fi lter the sample through a 70 μm cell strainer 
immediately before adding to the cell sorter. Set sorting gates 
on live cells + CD45 −/low CD271 +  cells. Collection tubes should 
be at least 30 % full with medium + 10 % FBS so that the cells 
fall directly into the medium and not onto the side of the tube. 
Vortex the collection tubes briefl y before using to coat the side 
of the tube with medium. Collection tubes can be FACS tubes 
or any tube type compatible with the instrument collection 
holder. Sort into straight sided rather than V-shaped tubes 
whenever possible, to reduce the risk of the cells hitting the 
side of the tube. For very fragile cells, increase the concentra-
tion of FBS in the collection media to make it more viscous, 
providing a better “cushion” for the cells as they fall into the 
tube. The purity of the CD45 −/low CD271 +  fraction obtained by 
sorting should be 90–95 % and an average CD45 −/low CD271 +  
cell yield from a 20 mL BM aspirate should be ~5,000 cells. 
For the data and images the reader is additionally referred to 
Churchman et al. [ 13 ].   

   10.    For collection of larger numbers of cells scale up accordingly.   
   11.    Use antibody combinations suitable for your instrument. For 

example, in a single tube we routinely use; CD90 FITC, CD105 
PE, CD73 PcP-Cy5, CD45 PE-Cy7, CD271 APC, DAPI.   

   12.    For frozen samples, dead cells must be excluded by the  addition 
of 7AAD/DAPI or other dye appropriate to your cytometer.   

   13.    For fresh samples containing a signifi cant number of red blood 
cells, these can be lysed by adding 1 mL of ammonium chlo-
ride solution and incubating at room temperature for 10 min.   

   14.    If volumetric enumeration is required, omit the wash step and 
add counting beads to the cell suspension immediately after 
the red cell lysis. Mix gently and analyze immediately on a fl ow 
cytometer.   

   15.    The gating strategy and correlations between the number of 
CD45 −/low CD271 +  cells and CFU-Fs per milliliter of marrow 
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aspirate are described in Cuthbert et al. [ 16 ]. Note that the 
absolute number of aspirated MSCs depends on the aspira-
tion technique and the volume of marrow drawn in a single 
draw as well as donor age [ 17 ].         
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    Chapter 12   

 High Yield Recovery of Equine Mesenchymal Stem 
Cells from Umbilical Cord Matrix/Wharton’s Jelly Using 
a Semi- automated Process 

           Timo     Z.     Nazari-Shafti *    ,     Ivone     G.     Bruno *    ,     Rudy     F.     Martinez    , 
    Michael     E.     Coleman    ,     Eckhard     U.     Alt    , and     Scott     R.     McClure    

    Abstract 

   Umbilical cord is an abundant source of perinatal, plastic adherent mesenchymal stem cells (UC-MSCs). 
UC-MSCs exhibit robust stemness and strong immunosuppressive and regenerative effects in vivo. This 
protocol describes enzymatic and mechanical dissociation of umbilical cord matrix (Wharton’s jelly) that 
results in effi cient isolation of large numbers of fresh nucleated umbilical cord regenerative cells (UC-RCs) 
that, when cultured on plastic, exhibit similar characteristics of UC-MSCs. This protocol potentially allevi-
ates the need for culture expansion to obtain large numbers of cells required for clinical application. 
Dissociation is achieved with a blend of collagenase and neutral proteases with agitation at 37 °C in a semi- 
automatic system. Average expected yield is 1.65 × 10 6  cells/g tissue with 93 % viability. This protocol has 
been successfully used to isolate an uncultured nucleated regenerative cell population (also referred to as 
stromal vascular fraction or SVF) from surgically debrided skin and from human, equine, and canine adi-
pose tissue. The procedure requires less than 30 min for tissue dissection and less than 100 min for cell 
extraction. Quickly obtaining a large number of UC-RCs that have pluripotent differentiation capacity 
without the complexity and risks of culture expansion could simplify and expand the use of UC-RCs in 
clinical as well as research applications.  

  Key words     Equine  ,   Wharton’s jelly  ,   Umbilical cord mesenchymal stem cells  ,   Isolation  

1      Introduction 

 Mesenchymal stem cells (MSCs) are a population of cells with the 
potential to differentiate into all three germ layers in vitro [ 1 – 5 ]. 
More importantly, in vivo, MSCs promote tissue regeneration and 
healing, and elicit potent immune-modulatory effects [ 6 – 9 ]. These 
characteristics of MSCs have generated signifi cant interest in their 
use for cell-based regenerative therapies. MSCs reside in all tissues 
in the body and can be obtained from primary cell isolates of 

*Author contributed equally with all other contributors.
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different sources in adult tissues and fetal tissues since they adhere 
to plastic in cell culture [ 10 – 16 ]. While isolation methods for adult 
tissues have been mainly established for adipose tissue and bone 
marrow, the main source for fetal tissue is the umbilical cord (UC). 
Due to their origin from fetal tissue, the perinatal MSCs in the UC 
exhibit higher stemness and immune-modulatory properties com-
pared to MSCs originating from adult tissues [ 17 ,  18 ]. 

 The UC of most mammals consists of two arteries and one or 
two veins that are embedded in a jelly-like ground substance of 
hyaluronic acid and chondroitin sulfate, named Wharton’s jelly 
after Tomas Wharton, who fi rst described it in 1656 [ 19 ]. Recent 
research has shown that the Wharton’s jelly contains a high con-
centration of plastic adherent MSCs (UC-MSCs) that exhibit 
properties of embryologic stem cells [ 20 ]. In addition to their 
potential for differentiation to cells of all three germ layers  [ 21 – 23 ], 
UC-MSCs have a higher rate of proliferation and may have more 
prolonged potential for self-renewal compared to adult MSCs. 
It has been shown that the presence of longer telomeres in 
UC-MSCs is responsible for this increased capacity for self-renewal 
prior to senescence [ 24 ]. Due to their close ontogenetic relation-
ship to embryonic tissue, UC-MSCs possess broader plasticity and 
immune-privilege characteristics in vivo. Moreover, the low immu-
nogenicity, ability to home to sites with ongoing tissue infl am-
mation, and ability to promote neovascularization and tissue 
regeneration of UC-MSCs provide a compelling rationale for allo-
geneic transplantation [ 25 ]. Since Wharton’s jelly provides a rich 
perinatal source of UC-MSCs, a method for effi ciently isolating 
large numbers of cells quickly could advance the use of UC-MSCs 
in research and clinical applications [ 26 ]. 

 The isolation of MSC from the Wharton’s jelly was fi rst 
described by McElreavey et al. [ 27 ]. His group cultured minced 
Wharton’s jelly without prior enzymatic processing up to 2 weeks 
in order for the UC-MSCs to migrate out of the tissue and adhere 
to the culture dish. This method yielded very low initial cell num-
bers and required extensive culture expansion after the initial 
2-week period. Currently, MSCs are isolated from the umbilical 
cord by the use of collagenase followed by a selection for plastic 
adherent subpopulation in cell culture [ 28 – 30 ]. As shown in 
Table  1  all published protocols for UC-MSCs isolation com-
monly result in a relatively low cell yield and require extensive cell 
culture expansion to obtain the high cell numbers that are recom-
mended for preclinical studies and clinical use. Given that these 
protocols entail weeks to months of culture expansion [ 20 ,  22 , 
 30 ,  31 ], differences in cell characteristics including regenerative 
potential, induction of chromosomal changes, and changes in cell 
surface antigens are not unlikely [ 32 ]. In addition, expansion in 
culture has potential for exposure to xenogenic proteins and 
contamination.
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   As stated by Weiss: “The challenge for the future is to defi ne 
industrial-grade procedures for isolation and cryopreservation of 
umbilical cord-derived MSCs and to generate Food and Drug 
Administration-approved standard operating procedures…” [ 20 ]. 
Accordingly, ex vivo expansion and differentiation of stem cell 
populations is considered to be substantial manipulation by the US 
Food and Drug Administration and the European Medicines 
Agency [ 33 ,  34 ]. Fresh preparation of nucleated regenerative cells 
from adipose tissue using a novel semi-automated system (gener-
ally referred to as the stromal vascular fraction or SVF) [ 35 ,  36 ], 
on the other hand, could bypass the need for cell culture expansion 
due to suffi cient numbers of cells isolated. Therefore, this protocol 
aims at facilitating the ability to effi ciently and more rapidly isolate 
fresh regenerative cells from Wharton’s jelly (UC-RCs or umbilical 
cord regenerative cells) to enable potential therapeutic application 
without the need for culture expansion. 

 This protocol was developed based on a protocol for isolating 
the SVF from adipose tissue without ex vivo cell culture expansion. 
The SVF resulting from the aforementioned isolation process has 
been designated as a non-ATMP by the European Medicines 
Agency when used for regeneration, repair, or replacement of 
weakened or injured subcutaneous tissue (EMA/CAT/228/2013). 
This designation includes the determination that the SVF 
 preparation has not been subjected to a substantial manipulation. 
Additionally, this protocol has been successfully used for the isola-
tion of SVF from debrided skin and adipose tissue from burn vic-
tims as well as from equine lipoaspirate samples [ 35 ,  36 ]. 

 Similar to the protocol for isolating the SVF from adipose 
 tissue, the UC-RCs are recovered by an enzymatic and mechanical 
dissociation of the Wharton’s jelly. In this protocol, tissue dissocia-
tion is achieved using a mammalian origin free, optimized blend of 
collagenase and neutral protease, and mechanical processing at 

   Table 1  
  Summary of previously published protocols for UC-MSCs isolation   

 Material  Duration   n   Cells/cord (10 6 )  Viability  Reference 

 Wharton’s jelly  ≈18 h  30  –  –  [ 38 ] 

 Wharton’s jelly  ≈1 week   4  –  –  [ 39 ] 

 Wharton’s jelly  ≈1 day  15  1.22 ± 1.09  –  [ 37 ] 

 Umbilical cord  ≈4.5 h  12  0.96  81 %  [ 40 ] 

 Wharton’s jelly  ≈2.5 h   5  2.28 ± 1.55  94.3 ± 2.2 %  [ 41 ] 

 Wharton’s jelly  ≈1–4 h  –  Explant: 0.042–0.0201 
 Enzyme: 0.003–0.027 

 –  [ 42 ] 
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elevated temperature in a novel semi-automatic system. This com-
bination results in a high viability of the recovered cells and high 
yields of UC-RCs in shorter time with less operator involvement. 

 In this protocol, umbilical cords from Thoroughbred horses 
were obtained following parturition and dissected to obtain 
Wharton’s jelly. The Wharton’s jelly tissue was minced and subse-
quently processed to obtain UC-RCs. In order to compare the 
UC-RCs to previously published results, we characterized the 
 plastic adherent fraction (UC-MSCs) of the UC-RCs. Initial cell 
yields were quantifi ed and cultures of the primary UC-MCSs from 
passage 0 to passage 2 were characterized by assessing their colony- 
forming potential. Additionally, their capacity to differentiate 
along all three germ layers, including cell types of the mesoderm 
such as osteocytes, chondrocytes, adipocytes, cell types of the 
endoderm such as hepatocytes, and cell types of the ectoderm such 
as neurons, was assessed. Gene expression profi ling by RT-PCR 
array for MSC-specifi c genes was also performed.  

2    Materials 

  Equine umbilical cords are obtained following parturition from 
normal full-term pregnancies with unassisted or assisted vaginal 
delivery. As soon as is feasible, umbilical tape is tied around the 
cord in two places; adjacent to where the cord breaks or is severed 
from the foal and approximately 40 cm toward the placenta. The 
ligations are placed to limit contamination into the lumen of the 
cord. The isolated portion of the cord between the ligations was 
placed on a clean surface and any visible gross contamination phys-
ically removed with sterile surgical instruments and gauze sponges. 
The cord is rinsed aggressively, for instance by shaking in a 1.5 L 
bottle with sterile 0.9 % saline solution three times, and then placed 
in cold (4 °C) saline solution until processed ( see   Note 1 ). The 
cord should be processed within 24 h after collection ( see   Note 2 ).  

      1.    Hydrogen peroxide solution (H 2 O 2 , Sigma Aldrich Solution 
3 wt% in H 2 O).   

   2.    Phosphate buffered saline (PBS, 1× diluted with MilliQ from 
OmniPur 10× concentrate).   

   3.    MilliQ water.   
   4.    70 % Ethanol/diluted v/v with MilliQ water (Macron Fine 

Chemicals) (CAUTION: ethanol is fl ammable).   
   5.    5.5 in. Scissors (Supercut Mayo Scissors) and 4½ in. straight 

scissors.   
   6.    Petri Dish (Falcon Petri Dish 150 × 15 mm).   
   7.    Forceps (5½ in. thumb dressing and any smaller ones).   

2.1  Collection 
of Umbilical Cords

2.2  Dissection 
of Umbilical Cord
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   8.    50 mL Conical Tubes (Phenix Research).   
   9.    Glass Beakers.      
      1.    Lactated Ringers for Injection USP (B Braun Medical).   
   2.    Matrase™ Reagent (InGeneron, Inc.), store at −20 °C.   
   3.    Sterile Water for Injection (APP Pharmaceuticals).   
   4.    ARC™ processing unit (InGeneron Inc.).   
   5.    ARC™ quad pack disposables (InGeneron Inc.).

   (a)    Sterifl ips™ Vacuum fi lter (100 μm pore size).   
  (b)    Omnifl ix™ Irrigation syringe/vacuum syringe.   
  (c)    60 mL luer lok syringe.   
  (d)    Centrifuge Tubes.   
  (e)    10 mL syringe with 20G Needle.       

   6.    Laminar Flow Hood (OPTIONAL).   
   7.    Pipet Aid (Drummond).   
   8.    Plastic Disposable Pipettes (10 mL) (VWR).   
   9.    Test tube rack.   

   10.    Micropipettes (Gilson and Eppendorf: 1 mL, 200 μL, 20 μL, 
and 10 μL).      

      1.    Penicillin.   
   2.    Streptomycin.   
   3.    Gentamicin.   
   4.    Amphotericin B.   
   5.    Phosphate buffered saline (PBS).   
   6.    STYO 13 (Life Technologies).   
   7.    Trypan blue (0.4 % w/v).   
   8.    CryoStor 10 cryopreservation medium (BioLife Solutions).   
   9.    Isopropanol.      

      1.    Fluorescence microscope.   
   2.    Hemocytometer.   
   3.    Mr. Frosty cryopreservation chamber.       

3    Methods 

      1.    Place all equipment and reagents needed for dissection and 
processing of the UC under a biosafety hood ( see   Note 3 ).   

   2.    Prepare wash solution by adding Penicillin and Streptomycin 
(10 IU and 10 ug/mL), gentamicin    (2.5 μg/mL), and ampho-
tericin B (250 ng/mL) to Phosphate Buffered Saline (PBS).   

2.3  Cell Isolation 
Components 
and Equipment

2.4  Reagents

2.5  Equipment

3.1  Dissection 
of the Umbilical Cord

Equine Mesenchymal Stem Cells
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   3.    Wash samples twice with 1 % (v/v) H 2 O 2  in sterile water and 
three times with wash solution upon arrival.   

   4.    The umbilical cord contains two arteries (fi rm, thick walled) 
and one vein (pliable, thin walled) surrounded by the Wharton’s 
jelly, which insulates and protects the umbilical cord vessels 
(Figs.  1  and  2a ). Place tissue samples on large sterile petri 
dishes for dissection ( see   Note 4 ). Remove the thin squamous 
epithelium with Metzenbaum scissors and forceps and discard 
this layer to prevent contamination of the internal tissue 
(Fig.  2b ).

        5.    The remaining tissue is composed of the vessels and Wharton’s 
jelly. Insert a large Debakey forceps into one of the vessels to 
provide stability for dissection. Using a small size Metzenbaum 
scissors blunt and sharp dissect to the fascial plane around the 
vessel to separate the surrounding Wharton’s jelly from the 
vessel and then discard the vessel ( see   Notes 5  and  6 ) (Fig.  2c ). 
Repeat for each vessel to isolate the Wharton’s jelly (Fig.  2c–h ).   

   6.    Place the Wharton’s jelly in a separate dissecting plate and 
mince into ~1–3 mm size pieces with a scalpel or scissors prior 
to processing the tissue (Fig.  2i ) ( see   Note 7 ).      

      1.    Pre-warmed tissue processing unit (ARC™ tissue processing 
unit) using the Preheat cycle (PHT). Preheat Lactated Ringers 
bag to an optimal temperature of 37 °C ( see   Note 8 ) (Fig.  3 ). 
The swing bucket must be placed in the upright position to 
assure mechanical processing of the sample.

3.2  UC-RC Isolation

  Fig. 1    Schematic representation of the equine umbilical cord diagram illustrates the umbilical cord vessels, 
surrounded by the tissue matrix known as Wharton’s jelly. Wharton’s jelly encompasses the perivascular, inter-
vascular, and subamnionic regions. Wharton’s jelly is walled by the amnion epithelium       
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       2.    Approximately 10 g of tissue samples is placed in each sterile 
50 mL conical tube.   

   3.    Add 25 mL of pre-warmed Lactated Ringer’s to each sample 
until they reach a fi nal volume of 30 mL/sample.   

   4.    Reconstitute enzyme (Matrase™ Reagent) vial by adding 
10 mL of 4 °C sterile water with a 10 mL syringe with needle. 
The fi nal concentration of the Matrase™ Reagent will be 
10 units/mL. Invert until lyophilisate dissolves (Fig.  4 ).

       5.    Add 1 unit of reconstituted Matrase™ Reagent per gram of 
tissue ( see   Note 9 ).   

   6.    Invert samples to mix. Place tubes containing samples in the 
processing unit. Lock tube holders in the upright position for 
processing. Process for 1 h in the ARC™ tissue processing 
unit. Include a balancing tube if necessary for counterbalance.   

   7.    After 1 h of processing, place the samples on a rack and allow 
the samples to sediment for 2–3 min (Fig.  4 a1).   

  Fig. 2    Dissection of an equine umbilical cord (UC). ( a ) Photograph of the umbilical cord anatomy; ( b ) Removal 
of the UC amnion epithelium with a hemostat; ( c ,  d ) Stretching of the UC vessels using medium size scissors 
to facilitate the separation of the vessel from the Wharton’s jelly intervascular tissue; ( e – g ) Stepwise dissection 
of the Wharton’s jelly tissue from the vessel wall; ( h ) Photograph of UC vessel and Wharton’s jelly tissue after 
dissection; ( i ) Photograph of resulting Wharton’s jelly tissue       

 

Equine Mesenchymal Stem Cells



138

   8.    Collect supernatant and transfer to a fresh conical sterile 50 mL 
tube prior to fi ltration ( see   Note 10 ).   

   9.    Tissue slurry is fi ltered through a Sterifl ip™ fi lter with 100 μm 
fi lter.   

   10.    Concentrate cells into a pellet by centrifuging fi ltrate at 600 ×  g  
for 10 min. Cell pellet will look as in Fig.  4 a2.   

   11.    Wash cell pellet twice with Lactated Ringer’s with centrifuging 
at 600 ×  g  for 10 min between each wash step (Fig.  4 a3).   

   12.    Resuspend the fi nal cell pellet, consisting of UC-RCs, in 5 mL 
of lactated Ringer’s to assess cell viability and cell counts. The 
cell suspension can either be used immediately or cryopre-
served for future applications. Representative examples for 
in vitro characterization of cultured UC-MSCs demonstrating 
potential for differentiation into cell types of all three germ 
layers, CFU-F assay, and gene expression profi le are shown in 
Figs.  5  and  6 , and Table  2 .

  Fig. 3    Diagram of the processing of Wharton’s tissue using a semi-automated system.  1 . Dissection of the 
umbilical cord matrix (UCM) (Wharton’s jelly) and subsequent mincing of the UCM.  2 . Processing buffer and 
Matrase™ Reagent is added to the minced tissue and incubated for 1 h in the InGeneron processing unit at 
40 °C under automated constant agitation.  3 . Supernatant of the processed tissue is passed through a 100 μm 
fi lter to remove debris and unprocessed tissue.  4 . After fi ltration the resulting cell suspension is spun down and 
the cell pellet is washed three times to remove any remaining enzyme.  5 . Final cell pellet can be resuspended 
in desired carrier solution and administered or cryopreserved       
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               1.    Obtain a uniform single cell suspension.   
   2.    For nucleated cell counts, thaw an aliquot a SYTO ®  13 Stock 

(5 mM) and make enough volume of working solution 2× 
dilution (10 μM) with Lactated Ringer’s Solution or 1× 
PBS. Mix thoroughly and make a 1:1 dilution of 2× SYTO ®  13 
and cell suspension. Incubate at room temperature in the dark 
for at least 5 min.   

   3.    For assessment of viability prepare a 1:1 dilution of Trypan 
Blue 0.4 % (w/v) in PBS and single cell suspension. Note! Be 
sure to perform the Trypan Blue counts within 15 min after 
staining.   

   4.    For SYTO ®  13 nucleated cell count view the cells under fl uo-
rescent microscopy using an Absorption 488 nm and Emission 
509 nm. For Trypan Blue staining use light microscopy to 
visualize and count the dead cells that uptake the Trypan Blue. 

3.3  Cell Viability 
and Nucleated Count 
Assessment

  Fig. 4    Stepwise appearance of Wharton’s jelly tissue and cells during processing and culture. ( a ) ( 1 ) Wharton’s 
jelly after 1 h of processing with enzyme with automated mechanical agitation, ( 2 ) cell pellet appearance after 
the fi rst fi ltration and concentration step, ( 3 ) cell pellet appearance after washes (UC-RC). ( b ) Total nucleated 
cell counts, percent viability, and percent CFU-F of freshly isolated cells from Wharton’s Jelly tissue. ( c ) Light 
microscopy of passage 0 adherent cell fraction (UC-MSC) from Wharton’s Jelly tissue after 4 days in culture; 
( d ) Hematoxylin and Eosin (H&E) staining of umbilical cord stem cells plated at very low density and forming 
large colonies after 14 days in culture       
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  Fig. 5    Differentiation Potential of Wharton’s Jelly Stem Cells in Culture. UC-MSCs 
obtained using the semi-automated protocol were cultured for 2–3 weeks under 
differentiation-inducing conditions. Light microscopy images of UC-MSC differ-
entiated in adipogenic, osteogenic, chondrogenic, neurogenic, and hepatogenic 
media. Differentiation assays confi rmed the ability of UC-MSCs to differentiate 
into cells of the endo-, ecto-, and mesodermal germ layers as previously reported. 
Adipogenic, osteogenic, chondrogenic, and neural-basal media were purchased 
from Life Technologies, Inc., Carlsbad, CA and used according to manufacturer’s 
instructions. Hepatogenic media and differentiation were as described previously [ 37 ]       
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Adjust cell density to 10–100 cells per counting fi eld in a 
hemocytometer. Alternatively, a nuclear cell counter can be 
used in these steps.      

      1.    From the cell suspension, pellet cells by centrifugation at 
400 ×  g  for 10 min.   

   2.    Remove supernatant and resuspend cells in 1 mL of CryoStor 
10 or equivalent cryopreservation media.   

   3.    Transfer cells to a cryovial and place cryovial in a 100 % isopro-
panol containing cryopreservation chamber (Mr. Frosty) to 
avoid freezing cell damage or use a controlled rate freezing 
unit if available.   

   4.    Place Mr. Frosty container in −80 °C freezer overnight.   
   5.    For long-term storage transfer sample to the gas phase of  liquid 

nitrogen.       

4    Notes 

     1.    One challenge of isolating equine UC-RCs cells is contamina-
tion of samples during the process of obtaining the umbilical 
cord in the fi eld. Since foals are usually delivered in the open 
fi eld or in barns, contamination of the umbilical cord is inevi-
table. Tissue collection during warm weather conditions can 
expedite bacterial and fungal growth on tissue samples. We, 
therefore, suggest following certain interventions to decrease 
the risk of contamination of cells during and downstream of 
the isolation process. The most important step is to minimize 
bacterial and fungal growth right after obtaining the tissue 
sample. If possible, a sterile fi eld should be set up for working 
with the freshly obtained tissue sample. The umbilical cord 
should be rinsed with cold lactated Ringer’s or saline solution. 
Additional washes with a povidone-iodine solution may also 
help deplete the bacterial and fungal fl ora on tissue samples. To 
prevent pathogen growth between tissue collection and tissue 

3.4  Cell 
Cryopreservation

   Table 2  
  UC-RCS isolation and culture establishment effi ciency obtained by this 
protocol from 4 umbilical cords   

 Mean tissue weight-size  25 g 

 Mean cell/gram of tissue  1.65 × 10 6  ± 0.45 

 Mean viability (%)  93 ± 4 

 Mean CFU formation (%)  13 ± 2 

 Mean subculture viability (%)  98 ± 2 
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 processing the cord should then be kept chilled in Ringer’s 
solution substituted with 1 % penicillin, 1 % streptomycin, 
0.01 % gentamicin, and 0.2 % amphotericin B. This antibiotic 
regimen corresponds with the typical antibiotic combination 
in the regular growth media for primary MSC cultures. 
Identifying the bacterial and fungal fl ora of the tissue sample 
right after collection and testing for antibiotic resistance may 
help in adjusting the antibiotic regimen.   

   2.    Isolation of UC-RCs is feasible in samples stored for 24 h post-
collection. To maximize cell viability and minimize microbial 
growth the cord sample should be stored at 4 °C immediately 
after collection.   

   3.    Performing the isolation process under a biosafety hood sig-
nifi cantly decreases the risk of secondary contamination. 
Nevertheless, this process can also be performed on a sterile 
fi eld or in an operation room setting.   

   4.    Equine umbilical cords are about 80 cm in length. The 
described dissection technique works best with samples of 
5–6 cm length. We therefore recommend sectioning the cord 
after the washing step.   

   5.    It is crucial to dissect the vessels in the right plane between the 
outer smooth muscle cell layer of the vessel and the Wharton’s 
jelly. Once in the right histological plane the vessels can be 
stripped out of the Wharton’s jelly. This can reduce the 
 dissection time signifi cantly.   

   6.    This protocol has been optimized to isolate the UC-RCs from 
equine umbilical cords. However, we have successfully isolated 
UC-RCs from human UC tissue samples, demonstrating that 
the protocol is not limited to equine samples. When processing 
of shorter 2–3 cm umbilical cord samples, the dissection 
step may be skipped and the cord may be minced prior to 
processing.   

   7.    As seen in Fig.  4  even after 1 h of processing the tissue pieces 
will not be fully processed by the enzyme. To optimize the cell 
yield, it is recommended to mince the tissue as thoroughly as 
possible to increase the surface area and therefore the exposure 
area for the enzyme.   

   8.    The lactated Ringer’s bag may be placed inside the tissue pro-
cessing unit drum with the swing buckets in the upright posi-
tion and the bag in the bottom of the processing unit’s drum 
during the preheat cycle. A 1 L bag of lactated Ringer’s will 
need approximately 30 min to reach 37 °C.   

   9.    Reconstituted enzyme that was not used immediately may be 
stored frozen at −20 °C in small aliquots for up to 3 months 
for later use.   

Equine Mesenchymal Stem Cells
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   10.    Due to the high content of hyaluronic acid in the Wharton’s 
jelly, the supernatant may have a gelatinous consistency that 
makes it more diffi cult to transfer the supernatant from the 
processing tube into the sterile fi lter without disturbing the 
debris pellet. If too much debris is transferred to the Sterifl ip 
fi lters it may clog the fi lter. In that case, the remaining super-
natant can be transferred to a new fi lter.         
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    Chapter 13   

 Isolation and Functional Assessment 
of Cutaneous Stem Cells  

           Yanne     S.     Doucet     and     David     M.     Owens    

    Abstract 

   The epidermis and associated appendages of the skin represent a multi-lineage tissue that is maintained by 
perpetual rounds of renewal. During homeostasis, turnover of epidermal lineages is achieved by input from 
regionalized keratinocytes stem or progenitor populations with little overlap from neighboring niches. 
Over the last decade, molecular markers selectively expressed by a number of these stem or progenitor 
pools have been identifi ed, allowing for the isolation and functional assessment of stem cells and genetic 
lineage tracing analysis within intact skin. These advancements have led to many fundamental observations 
about epidermal stem cell function such as the identifi cation of their progeny, their role in maintenance of 
skin homeostasis, or their contribution to wound healing. In this chapter, we provide a methodology to 
identify and isolate epidermal stem cells and to assess their functional role in their respective niche. 
Furthermore, recent evidence has shown that the microenvironment also plays a crucial role in stem cell 
function. Indeed, epidermal cells are under the infl uence of surrounding fi broblasts, adipocytes, and sensory 
neurons that provide extrinsic signals and mechanical cues to the niche and contribute to skin morphogen-
esis and homeostasis. A better understanding of these microenvironmental cues will help engineer in vitro 
experimental models with more relevance to in vivo skin biology. New approaches to address and study 
these environmental cues in vitro will also be addressed.  

  Key words     Skin  ,   Stem cell  ,   Epidermis  ,   Keratinocytes  ,   Cell culture  

1      Introduction 

 Mammalian skin epithelium undergoes perpetual rounds of renewal 
during homeostasis. The turnover of the epithelium is ensured by 
compartmentalized, phenotypically distinct niches harboring epi-
dermal stem cells and their differentiated progeny [ 1 ,  2 ]. Cutaneous 
epithelial lineages form a multilayered stratifi ed interfollicular epi-
dermis (IFE), which is continuous with skin appendages including 
as pilosebaceous units composed of hair follicles and associated 
sebaceous glands, as well as sweat glands that are composed of a 
coiled secretory gland found deep in the dermis and extends up to 
the epidermis via the sweat duct [ 3 ] (Fig.  1 ). In many of these epi-
thelial compartments, a pool of stem or progenitor cells has been 
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identifi ed and shown to give rise to a number of terminal differen-
tiation products including: hair shafts (hair follicles) [ 4 – 6 ], sebum 
(sebaceous glands) [ 7 ,  8 ], stratum corneum (IFE) [ 9 – 12 ], and 
Merkel cells (touch domes) [ 13 ,  14 ]. These differentiated prod-
ucts facilitate a variety of skin functions including thermoregula-
tion, barrier protection against biological, chemical, and physical 
pathogens, hydration, and perception of mechanical stimuli. As 
these terminal differentiation products become exhausted or dam-
aged, they must be replenished to ensure proper skin function. 
Therefore, to maintain skin homeostasis, epidermal stem cells are 
charged with the task of sustaining these various niches along with 
the turnover of their differentiated progeny.

   Skin homeostasis requires epithelial stem cells to strike a balance 
between epidermal proliferation and differentiation. To accomplish 
this, epidermal stem cells self-renew by symmetrical cell division 
in order to maintain pools of undifferentiated cells in the IFE or in 
pilosebaceous units. To sustain differentiated lineages, stem cells 
may also undergo asymmetric division, giving rise to cells commit-
ted to terminal differentiation [ 15 ,  16 ]. Though self- renewal is a 
criterion, the defi nition of stem cell potential is more inclusive. 

  Fig. 1    Schematic illustration of adult skin stem cell niches. Each stem cell or progenitor population is color- coded 
and corresponds to a different set of markers ( see  Table  1  for details). The hair follicle represented is in telogen 
(resting) phase       
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Skin homeostasis results from epidermal stem cells fate decisions and 
the stem cell potential of a given population cannot be addressed 
by a single assessment. To address these questions, a number of 
assays have been developed. Stem cells are historically defi ned as 
being multipotent, meaning that they give rise to multiple differ-
entiated epidermal cell lineages. A highly effective tool to measure 
epidermal stem cell potency is the skin reconstitution assay [ 17 , 
 18 ]. Initially, putative progenitor keratinocytes are isolated from 
donor mouse skin, purifi ed by fl uorescent activated cell sorting 
(FACS), then grafted onto the skin of a recipient host mouse. In this 
manner, the capacity of grafted cells to give rise to a stratifi ed epi-
dermis or fully formed pilosebaceous unit can be tested. High clo-
nogenic capacity is also a hallmark of keratinocyte stem cells. This 

      Table 1  
  Markers of progenitor cells in adult mouse and human skin   

 Progenitor compartment  Progenitor markers  References 

 Dermal papilla  Sox2  [ 52 ] 
 CD133  [ 53 ] 

 Hair germ  P cadherin  [ 54 ] 
 Lgr5  [ 55 ] 

 Bulge  CD34  [ 5 ] 
 Krt15  [ 6 ] 
 Lgr5  [ 55 ] 
 Sox9  [ 56 ,  57 ] 
 NFATc1  [ 58 ] 
 Tcf3/4  [ 59 ] 
 Lhx2  [ 60 ] 
 Krt19  [ 61 ,  62 ] 
 CD200  [ 63 ] 

 Isthmus  Lgr6  [ 64 ] 
 α6 low CD34 − Sca-1 −   [ 46 ] 

 Sebaceous gland  MTS24—(Plet-1)  [ 8 ] 
 Blimp1  [ 7 ] 

 Junctional zone  MTS24—(Plet-1)  [ 8 ] 
 Lrig1  [ 12 ] 

 IFE and infundibulum  Lrig1  [ 12 ] 
 α6 + CD34 − Sca-1 +   [ 46 ] 

 Touch dome  CD200  [ 13 ] 
 Krt17  [ 14 ] 

 Sweat gland  Krt18 (gland luminal cells)  [ 65 ] 
 Krt15 (gland myoepithelial cells)  [ 45 ] 
 α6 high B1 high Sca-1 − CD24 +  (gland)  [ 45 ] 
 α6 high B1 med Sca-1 + CD24 +  (duct) 

Skin Stem Cells
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property can be addressed by using the colony forming assay [ 19 ], 
in which freshly harvested epidermal cells are seeded at clonal 
density and their capacity to form large, proliferative colonies 
in vitro is measured. 

 Defi ning stem cell properties necessitates proper isolation of 
the cell population of interest. Two general methods have been 
used to gain physical access to stem cells: tissue microdissection or 
FACS. Microdissection is a suitable approach when stem cell mark-
ers are unknown, as is the case with sebaceous gland stem cells in 
human skin, or if isolation by enzymatic dissociation is hardly pos-
sible as for dermal papilla cells in the hair follicle [ 20 ,  21 ]. However, 
if cell surface markers have been identifi ed for a stem cell popula-
tion or if cells are genetically labeled with fl uorescent proteins 
(Table  1 ), epidermal cells can be enzymatically dissociated into a 
single cell suspension, labeled with antibodies against surface pro-
teins if necessary, and separated using FACS analysis [ 6 ,  22 ,  23 ]. 
These cells can subsequently be plated for clonogenic assays [ 19 ] 
or used for engraftment in skin reconstitution assay [ 17 ,  18 ].

   It is important to note that the removal of cells from their natu-
ral microenvironment may complicate the assessment of skin stem 
cell properties. Indeed, stem cells deprived of their niche’s cues may 
show signifi cant variations in their gene expression profi le [ 24 ], 
morphology, or exit the stem cell compartment and undergo termi-
nal differentiation. However, cell culture media can be supplemented 
with known stem cell factors that partially restore the molecular cues 
normally supplied by the natural microenvironment [ 25 – 28 ]. 
Therefore, it may be necessary to modify these ex vivo assays to 
account for the fact that the microenvironment is composed of dif-
ferent cell types transmitting multiple signals to epidermal stem cells. 
Indeed, cell–cell interaction and communication via soluble factors 
[ 29 ] as well as mechanical cues provide a suitable environment that 
contributes to stem cell homeostasis. For instance, fi broblasts or adi-
pocytes are known to secrete factors (TGFβs and PDGFs) that con-
trol hair follicle stem cell homeostasis [ 30 ,  31 ]. The same observation 
has been made in other niches. In hairy skin, Merkel cells are found 
in the basal layer of the epidermis, juxtaposed with columnar-shaped 
keratinocyte progenitors in specialized structures termed touch 
domes. Recent evidence has shown that touch dome keratinocyte 
progenitors may regulate proper innervation of the structure by 
sensory neurons [ 14 ]. Moreover, other elements of epithelial stem 
cell niche in the skin, including extracellular matrix integrins, main-
tain epidermal stem cell homeostasis by anchoring these cells and 
regulating keratinocyte differentiation [ 32 ]. 

 Given these observations, recreating such a complex environ-
ment in vitro is technically challenging and pursuit in the upcom-
ing years will be to engineer and reconstruct intact skin in a petri 
dish using organotypic models. 

 Modeling skin structure in vitro broadens our understanding 
of epidermal cell behavior, and importantly expands the 
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possibilities for improving of skin therapies for burn victims and 
patients suffering from chronic wounds [ 33 ]. Current clinical 
applications to treat skin wounding utilize skin grafts propagated 
from the patient’s cultured keratinocytes, but do not include any 
skin appendages such as hair follicles or sweat glands. More than 
an aesthetic issue, areas of grafted skin lacking the pilosebaceous 
unit, sweat glands or innervations, will not be able to regulate hydra-
tion, barrier protection, thermoregulation, or restore sensitivity. 
For this reason, regenerative medicine has explored different meth-
ods attempting to induce de novo hair follicle growth. As hair mor-
phogenesis and cycling largely depends on extrinsic signaling from 
a group of mesenchymal cells found in dermal condensates called 
the dermal papilla (DP) [ 34 ,  35 ], researchers have aimed at culti-
vating these specialized cells to recreate a hair organ in vitro. It has 
been shown that human DP cells grown in 2-dimensional (2D) 
culture outside of their natural environment lose their molecular, 
transcriptional signatures and hair growth inductive properties due 
to the lack of epithelial cues [ 26 ,  36 ]. However, recent advance-
ments have shown that a 3-dimensional (3D) spheroid culture 
could be a way to restore de novo hair induction. Indeed, DP cells 
cultured using the hanging drop method rearrange into conden-
sates, recapitulating their in vivo structure. Importantly, this corre-
lates with the partial restoration of the molecular and transcriptional 
signature observed in intact DP [ 37 ]. In a similar fashion, keratino-
cyte 3D organotypic cultures recreate the structural organization 
(i.e. stratifi cation) and the identity (i.e. expression of differentiation 
markers) of all the layers of the epidermis [ 38 ,  39 ]. Overall, these 
studies demonstrate that 3D organotypic cultures may signifi cantly 
improve the study of skin biology in vitro. 

 Both supplementing    culture media by known crucial soluble 
factors and inducing mechanical cues by recreating a 3D environ-
ment, might not be enough to fully mimic skin behavior in vitro. 
Other non-epithelial cell types surrounding a stem cell niche are 
known to regulate skin homeostasis, as in the bulge region neigh-
bored by blood vessels, adipocytes, mesenchymal cells, nerves and 
the arrector pili muscle [ 40 ]. As we have not fully elucidated the 
exact contribution or mechanisms by which these different cell 
types impact skin homeostasis, one promising solution is to directly 
incorporate these cell types into the 3D culture. Therefore, by 
integrating the skin with appendages vasculature [ 41 ], melano-
cytes [ 42 ], immune cells, and nerves, a more comprehensive study 
of wound healing, skin barrier, infl ammation, auto-immune pro-
cess, and mechanosensation will be made possible. 

 This book chapter will therefore focus on the identifi cation 
of the different stem cell and epidermal niches, then present the dif-
ferent methods used to characterize these cells in culture. In particu-
lar, the clonogenic and skin reconstitution assays will be highlighted. 
Recent advancements in vitro skin models will also be discussed.  

Skin Stem Cells
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2    Materials 

      1.    0.25 % Trypsin/1 mM EDTA in Hank’s Balanced Salt Solution 
(HBSS, without calcium) (Invitrogen) ( see   Note 1 ).   

   2.    1× PBS, pH = 7.6 (Invitrogen), sterilized.   
   3.    Fibroblast growth medium: DMEM (Invitrogen) supple-

mented with 10 % Donor Bovine Serum (Invitrogen) and 2 % 
penicillin-streptomycin (Invitrogen).   

   4.    Collagenase Type I (Worthington Biochemical), 10 mg/mL 
stock solution in PBS.   

   5.    Humidifi ed incubator at 37 °C with 5 % CO 2 .   
   6.    DNAse I (Worthington Biochemical), 20,000 U/mL stock 

solution in PBS.   
   7.    40 and 70 μm strainers.   
   8.    Betadine 1 % solution in H 2 O.   
   9.    70 % ethyl alcohol solution.   
   10.    Isolation medium: 10 % Fetal Bovine Serum (HyClone) in 

DMEM (Invitrogen) with 1× Antibiotic-Antimycotic (Life 
Technologies).      

       1.    If using serum-containing medium is required, cells must be 
grown on a feeder layer. For instance, complete FAD growth 
medium can be used: Three parts DMEM (Invitrogen), one part 
Ham’s F12 Supplement (Invitrogen), 10 % Defi ned Fetal Bovine 
Serum (HyClone), 10 ng/mL EGF (Peprotech), 0.5 mg/mL 
hydrocortisone (Sigma-Aldrich), 10 −10  M cholera enterotoxin 
(Sigma-Aldrich), 5 mg/mL insulin (Sigma- Aldrich), 1.8 × 10 −4  M 
adenine (Sigma-Aldrich), 100 U/mL penicillin (Invitrogen), 
and 100 mg/mL streptomycin (Invitrogen).   

   2.    If serum-free medium such as Cnt-07 (CELLnTEC) is pre-
ferred; cells can be plated without feeders.   

   3.    3T3 fi broblasts (ATCC) mitotically arrested with either mito-
mycin c (Sigma) or γ-radiation.   

   4.    0.25 % trypsin/1 mM EDTA stock solution (Invitrogen).   
   5.    Nunclon 6-well dishes (Fisher Scientifi c).   
   6.    Versene: 0.48 mM EDTA in PBS (Fisher Scientifi c).   
   7.    Rhodamine B, 1 % solution in H 2 O (Sigma).      

      1.    Silicon culture chambers—Upper F2U #30-268; Lower F2L 
#30-269 (Renner GmbH).   

   2.    Surgical instruments including forceps, curved scissor, stapler, 
and staple remover (all from Temin); sterile drapes; alcohol 
swabs; and anesthetics.   

2.1  Skin Dissociation 
Reagents 
and Equipment

2.2  Skin Cell Culture 
Solutions

2.2.1  Clonogenic Assay

2.2.2  Skin 
Reconstitution Assay
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   3.    Immunodefi cient mice Nude mice (NCR nude), male, 7–9 
weeks old, supplied by Taconic or preferably NSWNU-M 
(homozygote females) ( see   Note 2 ).   

   4.    Small heating pad.      

      1.    α6 Integrin (CD49f, BD Biosciences).   
   2.    CD34 (RAM 34, BD Biosciences).   
   3.    Sca-1 (Ly6G, BD Biosciences).   
   4.    CD200 (OX-2, BD Biosciences).        

3    Methods 

  The skin epithelium is regionalized in phenotypically distinct 
niches (Fig.  1 ). Thanks to numerous molecular markers (Table  1 ), 
it is now possible to localize and isolate these stem cell or progeni-
tor populations for downstream characterization and ex vivo assays. 
The listed markers can be used for mouse and human epidermal 
cell progenitor populations.  

      1.    Euthanize the mouse and shave the dorsal skin using electric 
clippers ( see   Note 3 ).   

   2.    For colony forming and skin reconstitution assay, it is recom-
mended to start the protocol in a sterile environment. Sterile 
harvests are not necessary for biochemical end points (microarray 
analysis, etc.). In a biological cabinet, submerge euthanized mice 
in 1 % betadine for 2 min and wash in sterile H 2 O. Submerge 
mice in 70 % EtOH for 1 min and wash in sterile H 2 O.   

   3.    Remove as much of the shaved dorsal skin as possible using 
forceps and surgical scissors ( see   Note 4 ).   

   4.    Float the skin epidermis-side down in PBS in a 10 cm Petri dish 
and gently scrape the subcutaneous fat tissue off the dermis 
using a sterile scalpel ( see   Note 5 ). Replace with fresh PBS as 
necessary.   

   5.    Float the skin, dermis-side down, in a 10 cm Petri dish with 
10 mL 0.25 % Trypsin/1 mM EDTA. Cut the skin in three 
pieces (anteroposterior axis) and incubate for 1.5–2 h at 37 °C 
( see   Note 6 ).   

   6.    Aspirate the trypsin, wash twice with PBS. Remove PBS and 
add 10 mL of cold isolation medium containing at least 10 % 
serum. Gently scrape the epidermis off and discard the dermis. 
Dissociate the epidermis in small pieces using a scalpel and 
forceps.   

   7.    Pipet the dissociated epidermis into a 100 mL autoclaved bottle 
with a stirring bar ( see   Note 7 ). Wash the plate twice with 

2.2.3  Antibodies

3.1  Isolation 
of Epidermal Stem Cell 
Populations

3.2  Isolation 
of Mouse 
Keratinocytes by FACS
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10 mL of isolation medium and pipet into the bottle. Stir the 
epidermal cell suspension gently at RT for 30 min.   

   8.    Filter cells through a 40 μm strainer into a 50 mL Falcon tube 
and wash the strainer with 5 mL of cold isolation media. 
Centrifuge cells at 200 ×  g  at 4 °C for 10 min.   

   9.    Resuspend the pellet at 20 × 10 6  cell/mL in cold isolation 
medium ( see   Note 8 ). Usually, stem cells represent a small 
percentage of the total skin population (3–8 %). Thus, pooling 
several dorsal skins depending on how many isolated cells are 
required can be considered. Between 10 and 20 × 10 6  epidermal 
cells can typically be harvested from one dorsal skin.   

   10.    Aliquot the cells at desired cell number for antibody labeling 
( see   Note 9 ) and centrifuge at    200 ×  g  at 4 °C. Resuspend in 
300–500 μL of cold isolation medium and stain with the 
appropriate antibodies for the selection of the stem cell popu-
lation of interest (Fig.  1 , Table  1 ) for 30 min on ice.   

   11.    If the use of unconjugated antibodies is preferred, block the 
cell suspension with species-specifi c serum after the incubation 
with the primary antibody.   

   12.    Centrifuge cells at 200 ×  g  at 4 °C and wash once with 10 mL 
of cold PBS after each antibody incubation. For the fi nal step, 
resuspend in isolation medium (without serum if used previ-
ously) supplemented with a nuclear stain to select for live cells 
( see   Note 10 ).   

   13.    Proceed to FACS analysis or sort (Fig.  2 ). To maintain high 
viability, it is recommended to sort the cells into cold glucose-
containing medium supplemented with 20 % DBS.

       14.    For further use of sorted cells (culture, engraftment, RNA 
extraction), add a washing step with 5–10 mL of cold PBS.      

   In addition to the selection by surface markers, the proliferative 
or quiescent status of a cell population can be addressed by quan-
tifying the uptake of thymidine analogs such as BrdU or EdU by 
FACS analysis [ 23 ,  43 ].   

  The culture of sorted cells allows testing for the proliferative capacity 
or the lineage commitment of a population. It may also be used to 
screen pathways implicated in the regulation of the stem cell popu-
lation [ 26 ]. Furthermore, if the sorted population is small, expand-
ing them in culture will optimize the engraftment process (skin 
reconstitution assay) [ 17 ,  43 ]. Genetic modifi cation can also be per-
formed while cells are in culture to induce expression or to knock-
out a gene of interest before grafting [ 26 ]. However, it is important 
to consider that 2D culture may alter the stem cell phenotype or 
induce terminal differentiation. 

3.3  FACS Isolated 
Epidermal Cells 
Characterization 

3.3.1  BrdU Quantifi cation 

3.4  Culture of Sorted 
Skin Stem Cells
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      1.    Surgically excise the dorsal skin from euthanized postnatal day 
1–2 mice using sterile forceps and scissors ( see   Note 11 ).   

   2.    In a dry 10 cm Petri dish, lay skins fl at dermis side down with 
no folded edges. Slowly pour in ice-cold 0.25 % trypsin/1 mM 
EDTA and avoid getting the tops of the skins wet. Incubate 
skins overnight at 4 °C.   

   3.    Remove skins, one at a time, from trypsin and place on dry 
10 cm plate, dermis side up. Flatten it again and use fi ne 
forceps to separate epidermis from dermis, starting at one edge 
of skin and fl ipping the dermis up and off the epidermis, which 
should stay on the plate.   

   4.    Transfer each dermis, one at a time, to a plate containing 
10 mL of media on ice.   

   5.    For eight dermises, use 0.5 mL collagenase Type I stock solution 
(10 mg/mL in H 2 O) plus 12 mL HBSS in a 50–100 mL sterile 
beaker. Transfer dermises into a beaker and mince into small 
pieces using sharp scissors.   

   6.    Transfer to a 250 mL fl ask with a magnetic stir bar. Stir at 
37 °C for 30 min (Optional: For the last 5 min add 20 μL of 
DNAse I (stock at 20,000 U/ml in PBS)).   

3.4.1  Preparation 
of Highly Inductive Dermal 
Fibroblasts

  Fig. 2    Expression of surface markers in the epidermis.  Top panel  is a schematic of the localization of four 
surface markers α6, CD34, Sca-1, and CD200.  Bottom panel  shows representative FACS plots after labeling 
with these markers. Each FACS profi le allows the isolation a specifi c stem cell population of the skin. 
Abbreviations:  Epi  epidermis,  TD  touch dome,  HF  hair follicle,  Bg  bulge,  DP  dermal papillae       
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   7.    Dilute three- to fourfold with media and fi lter through sterile 
gauze or 70 μm fi lter. Rinse the fl ask with 5 mL media and pass 
through the fi lter.   

   8.    Centrifuge the cells at 450 ×  g  for 5 min at 4 °C.   
   9.    Resuspend and wash the pellet once in HBSS.   
   10.    Count the cells and use at 1 × 10 6  cells per 10 cm dish for 

later use.      

  The formation of colonies in culture is indicative of both the clono-
genic and proliferative capacity of a cell population. Typically sorted 
cells are grown on a feeder layer of mitotically arrested 3T3 fi bro-
blasts in complete FAD growth medium [ 19 ] to provide nutrients 
to the epithelial cells. Defi ned serum-free medium in the absence of 
fi broblasts can also be used to assay the number of adherent cells 
shortly after plating. Keratinocyte stem cells typically form large 
round colonies with smooth edges of small cells ( holoclones) that 
can be passaged several times [ 44 ]. This technique has been exten-
sively used to help identifying epidermal stem cells in the bulge [ 6 ] 
and more recently in the sweat glands [ 45 ].

    1.    Preparing the 6-well plates 1 day in advance will allow the 
fi broblasts to fully attach, spread, and condition the growth 
medium. Plate 1 × 10 6  mitotically arrested 3T3 fi broblasts in 
3 mL complete FAD growth medium per well.   

   2.    The next day, harvest mouse keratinocytes from a single mouse 
dorsal skin and FACS sort desired keratinocyte subpopulations 
as described above. The FACS instrument can be optimized 
towards purity and accuracy in counting since cell numbers will 
be in excess. Propidium iodide or DAPI should be used to 
exclude dead cells. Many of the dead cells are post-mitotic 
suprabasal cells that are sensitive to the 70 % ethanol washes 
during cell harvesting. Use either the FACSAria Automated 
Cell Deposition Unit (ACDU) function or manually seed at a 
clonal density of 1 × 10 3  sorted keratinocytes per well (a range 
of 0.5–2 × 10 3  cells can be used).   

   3.    Incubate cells for 2 weeks at 32 °C in a humidifi ed incubator 
with 5 % CO 2  and change the medium every 48 h.   

   4.    For serum-containing approaches, after 2 weeks, aspirate off 
the culture medium and replace with 3 mL versene per well. 
After 1–2 min at room temperature, detach the feeder layer by 
repeated pipetting of versene over the plate (keratinocytes will 
not detach). Gently wash plates two times with PBS (take care 
not to detach colonies).   

   5.    Stain wells with Rhodamine B for 1 h ( see   Note 12 ) at room 
temperature (use just enough Rhodamine solution to cover the 
cells). Aspirate off the Rhodamine solution and gently wash 
wells three times with PBS (take care not to detach colonies).   

3.4.2  Colony 
Forming Assay
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   6.    Aspirate off the fi nal wash and allow wells to completely dry by 
turning plates upside down. Thereafter, plates can be imaged 
and colonies may be manually counted (Fig.  3 ). Typically the 
total number of colonies as well as the number of colonies 
greater than 4 mm in diameter are counted and compared 
between keratinocyte subpopulations.

         To address whether a cell population is committed to a specifi c 
epidermal lineage, FACS-sorted cells can be engrafted into a host 
immunodefi cient mouse. This not only addresses their pluripotency 
and regenerative capacity but also their interaction with the microen-
vironment (recruitment of other cells or response to inductive signal) 
[ 6 ]. To be engrafted in a recipient mouse, sorted keratinocytes are 
mixed with neonatal dermal fi broblasts, which provide inductive cues 
for grafted epidermal cells and give rise to a living dermis.

    1.    Clip hair with electric clippers if necessary, clean the dorsal 
skin with 1 % betadine and place anesthetized mice on heating 
pad.   

   2.    Use scissors to make a small incision on the back of the mouse 
(approximately 1 cm in diameter). Better areas for chamber 
placement are interscapular or suprapelvic. Do not make incisions 
directly on the spinal protrusion.   

3.4.3  Skin Reconstitution 
Chamber Assay

  Fig. 3    Example of a clonogenic assay in duplicate. α6 low  and α6 high  FACS- sorted 
cell populations were plated at equal density and cultured for 2 weeks. Cultures 
were stained with Rhodamine to visualize the colonies in order to quantify them       
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   3.    Assemble the upper and lower grafting chambers together and 
insert through the incision so that the rims of the chamber are 
under the skin ( see   Note 13 ).   

   4.    Secure the chamber to the skin with surgical stapler clips 
(two staples are usually enough).   

   5.    Allow the chamber to adhere to the dorsal surface overnight 
prior to implanting cells.   

   6.    Mix the desired number of epidermal cells and 2 × 10 6  neonatal 
dermal cells together as a slurry in HBSS [ 13 ,  43 ,  46 ]. Between 
1 × 10 5  and 6 × 10 6  epidermal cells per graft can be successfully 
implanted. Spin cells at 200 ×  g  for 5 min,  resuspend the pellet 
in 100 μL HBSS, and store on ice until used.   

   7.    Gently mix cell suspensions before pipetting entire aliquot into 
chamber of the hat through the hole on top.   

   8.    Replace each mouse in individual cages (on belly and away 
from the spout of the water bottle).   

   9.    After 1 week ( see   Note 14 ), anesthetize mice and remove staples 
and gently tug on chamber to release it from mouse’s back. Use 
tweezers to loosen skin around edge of chamber. The grafted 
area may be moist with puss. Just replace mouse in cage, as 
in  step 8 .   

   10.    Chambers are retained, cleaned (soak overnight in soapy 
water), and autoclaved for reuse.   

   11.    Grafts are usually biopsied at 5–10 weeks post-grafting. Hair 
usually appears after approximately 2–3 weeks (Fig.  4 ).

  Fig. 4    Hair reconstitution assay showing the multipotency of isthmus stem cells compared to the control 
(dermal fi broblasts). Images were taken 5 weeks after removal of the chamber and 6 weeks post-grafting. 
 Dashed lines  circle the graft perimeter       
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         When the sorted cell population is relatively small, cells can be mixed 
with dermal fi broblasts in a 1:1 ratio and injected subcutaneously 
[ 6 ]. Basement membrane matrix gels (BD Matrigel™) are also 
available to replace dermal fi broblasts [ 45 ].   

  The use of specifi c markers to localize or isolate skin stem cells has 
been crucial to elucidate some of their characteristics. However, 
surface markers are not always known or the structure where the 
cells of interest reside might prevent from FACS isolation. This is 
the case for both the human sebaceous gland where no markers are 
available and for the dermal papilla (mouse and human), which is 
surrounded by extracellular matrix that cannot be enzyme digested 
(collagenase). For those two niches, microdissection followed by 
expansion in culture remains the preferred option [ 20 ,  21 ].  

   Addressing the stemness of a population requires testing their dif-
ferentiation potential. Therefore, to fully mimic the stratifi ed layers 
of the epidermis, 3D organotypic cultures have been established 
using both human [ 38 ] and mouse [ 39 ] keratinocytes. It has been 
shown that cell proliferation and differentiation of keratinocytes in 
culture depends on the composition of the media [ 47 ], but might 
also rely on the mechanical cues from their environment [ 48 ,  49 ]. 
Thus, compared to 2D tissue culture plastic, the organotypic cul-
ture gives a more adequate and realistic in vitro model with which 
we can assess behavior of epidermal stem cell populations and 
homeostasis to ultimately recapitulate the skin architecture. 
Furthermore, beyond constituting a new tool for homeostasis, 
wounding studies and small molecule screening, 3D reconstructed 
skins are promising regenerative therapies for burn victims and skin 
disease patients [ 33 ].  

 
 Dermal spheroids (DS) are a unique cell population located at the 
base of the hair follicle, capable of inducing de novo hair formation 
in a variety of recipient epithelia [ 50 ]. Within the hair regeneration 
fi eld, researcher efforts are focused on exploiting human DP cells 
for their hair-inducing properties. However, a major obstacle has 
been trying to overcome the loss of inductive potential of the DP 
cells that ensues following a brief period in culture [ 26 ,  36 ]. 
Therefore, recent studies have focused on maintaining or restoring 
hair-inductive properties of human DP cells. In the context of 
regenerative medicine, inductive restoration would allow for cells 
isolated and expanded from several dermal papilla to give rise to  
hundreds of new hair follicles. Several groups have utilized kerati-
nocyte-conditioned media, and added Wnt and Bmp proteins to 
the dermal papilla cultures, in an effort to reintroduce the crucial 
epithelial infl uence to the cells [ 25 – 27 ]. Most recently, Higgins 
et al. demonstrated that growth of dermal papilla cells in a hang-
ing drop culture enabled them to cluster as dermal spheroids. 
When papilla cells are grown as spheroids, they bear a close 

3.4.4  Intradermal 
Injections

3.5  Identifi cation 
and Isolation by 
Microdissection

3.6  Organotypic 
Models of Skin

3.6.1  3D Organotypic 
Keratinocyte Culture

3.6.2  Dermal Spheroids
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morphological resemblance to intact papillae in skin [ 37 ]. 
Moreover, growth as a spheroid enables a partial restoration of 
the intact papilla transcriptional signature, where genes that are 
not usually expressed in culture become re-expressed. The authors 
established a human-to-human grafting assay to assess the inductive 
potential of dermal spheroids, demonstrating that the partial resto-
ration of transcriptional signature was suffi cient to restore the 
inductive capacity within the cells, and induce a de novo human 
follicle [ 37 ]. This methodology demonstrates that the microenvi-
ronment of papilla cells dramatically affects their inductive 
potential.  

  The identifi cation of epidermal stem cells has led to a better under-
standing of the various skin niches and interactions with their 
microenvironment. Recently, Toyoshima et al. successfully regener-
ated a functional hair organ by intracutaneous transplantation into 
a Nude mouse of bioengineered pelage and vibrissae follicles [ 51 ]. 
They used mouse embryonic skin-derived epithelial and mesenchy-
mal cells for pelage hairs or adult vibrissa stem cells from the bulge 
region with cultured DP cells. The intracutaneous transplantation 
process was optimized using an inter-epithelial tissue- connecting 
device with a nylon thread that could serve as a guide for the infun-
dibulum, avoiding cyst formation. Surprisingly, bioengineered hair 
follicles showed complete re-establishment of their in vivo proper-
ties, with appropriate hair cycles and capacity of piloerection dem-
onstrating successful development of proper connections with their 
microenvironment (arrector pili muscle, nerve fi bers). Histological 
analysis confi rmed the presence of all pelage hair types derived from 
the pelage hair germ, and transmission electron microscopy revealed 
that all hair follicle layers (medulla, cortex, cuticule) and even mela-
nin granules were present. Importantly, epithelial stem cell markers 
were used to identify the bulge and the DP region. Overall, this 
demonstrates that these bioengineered hair follicles can reconstitute 
and maintain all epidermal stem cell niches as well as the DP, and can 
re- establish a favorable microenvironment for normal hair follicle 
development.    

4    Notes 

     1.    To optimize cell viability use HBSS or suitable high glucose 
containing medium.   

   2.    Hairless immunodefi cient mouse strains such as Nude are 
more amenable to skin grafting procedure.   

   3.    Hair follicle cycle needs to be considered. Scraping the subcu-
taneous fat during anagen (growing phase of the hair follicle) 
can trigger a loss of bulge cells. Also, the hair cycle might have 
a detrimental impact on the scatter profi le of stem cell populations 

3.6.3  Bioengineering 
a Hair Follicle Niche
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by FACS analysis. For instance, the bulge has a different 
FACS profi le during anagen versus telogen (resting phase of 
the hair follicle) stages of the hair cycle.   

   4.    To remove the dorsal skin, make a small incision in the lower 
back area. Delicately insert scissors between the skin and the 
underlying tissue to dissociate the skin from the fascia.   

   5.    Skin requires being handled with care to optimize the isolation 
of live cells. In addition, female mice tend to have a thinner and 
more fragile epidermis. While scrapping, hold the skin gently 
with forceps.   

   6.    After 1.5 h, use a scalpel to check if the epidermis can be gently 
scraped off the dermis. If the digestion is complete, the epidermis 
should come off easily. If not, place the Petri dish back at 37 °C 
and check every 15 min.   

   7.    To transfer the epidermis into the bottle, use a 5 mL pipette 
with the tip broken off. Pipette up and down several times to 
facilitate a single cell suspension.   

   8.    If there is a lot of debris, it will be necessary to add an additional 
wash step with 10 mL of isolation medium.   

   9.    It is recommended to use the minimum amount of cells for 
controls (unstained and single-stained) and save the remainder 
for the sample with all the markers. Usually 1 × 10 6  cells are 
suffi cient for controls.   

   10.    For sorting, the usual cell concentration to allow a time effi cient 
sort is 20 × 10 6  cells/mL. It is also recommended to set aside 
medium in case of a clog during the procedure. To optimize 
viability, sheath pressure should be decreased to 11 psi.   

   11.    Euthanized pups are washed in sterile water once, followed by 
two washes in 70 % ethanol. Pups are then placed in a sterile 
petri dish in the hood. When processing several pups, fl oat skins 
in PBS until all are harvested.   

   12.    Cells can be stained from 1 h to 1 week in Rhodamine B.   
   13.    Prior to implanting the chambers, make sure there is a hole in 

the top half of the hat. A small punch can be used.   
   14.    If necessary, the grafting caps can be left on the skin for 2 weeks.         
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    Chapter 14   

 Isolation of Adult Stem Cell Populations 
from the Human Cornea 

           Matthew     J.     Branch    ,     Wing-Yan     Yu    ,     Carl     Sheridan    , and     Andrew     Hopkinson    

    Abstract 

   Corneal blindness is a leading cause of vision loss globally. From a tissue engineering perspective, the 
 cornea represents specifi c challenges in respect to isolating, stably expanding, banking, and effectively 
manipulating the various cell types required for effective corneal regeneration. The current research trend 
in this area focuses on a combined stem cell component with a biological or synthetic carrier or engineer-
ing scaffold. Corneal derived stem cells play an    important role in such strategies as they represent an avail-
able supply of cells with specifi c abilities to further generate corneal cells in the long term. This chapter 
describes the isolation protocols of the epithelial stromal and endothelial stem cell populations.  

  Key words     Keratocytes  ,   Mesenchymal stem cells  ,   Limbal stem cells  ,   CD34  ,   Cornea  ,   Epithelium  , 
  Stroma  ,   PLCSC  ,   Endothelium  

1      Introduction 

 The cornea is the window of the eye and its clarity is vital for vision. 
It is an avascular structure comprised of six layers (including the 
recently discovered Dua’s layer [ 2 ]). Three of these layers, the epi-
thelium, stroma, and endothelium, are cellularized with distinct 
cell types and different properties. Under homeostasis, the upper-
most layer of stratifi ed epithelium is continuously shed and 
renewed. Quiescent stromal cells, known as keratocytes, sparsely 
populate the corneal stroma, which accounts for around 90 % of 
the corneal thickness. The endothelium actively maintains corneal 
hydration, which is vital for maintaining its shape and clarity, but 
does not actively proliferate. The limbus which lies at the corneal- 
conjunctival and scleral interfaces represents a region of stemness 
for all three layers, and is known to contain epithelial, stromal, and 
endothelial progenitor populations. The organization and function 
of all of these layers are essential for corneal transparency and 
vision, and insult to any one of these layers, particularly at the lim-
bus, can affect the others and compromise transparency. Second 
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only to cataracts, corneal opacities caused by injury or disease are 
the most signifi cant causes of vision loss worldwide [ 1 ], creating an 
important drive to develop innovative engineered cellular therapies 
to regenerate the cornea, restore transparency, and regain sight. 
Emerging regenerative strategies ultimately strive to restore trans-
parency to the damaged cornea and often involve a stem cell com-
ponent. Replacement stem cells may be sourced from a wide variety 
of different cell types including limbal, buccal mucosal, induced 
pluripotent, embryonic, and mesenchymal stem cells. 

 Clinically the most widely utilized cell type for corneal regen-
eration is corneal epithelial stem cells, also known as limbal stem 
cells (LSC) because of their anatomical localization. LSC trans-
plants can be taken from autologous or allogeneic (either living 
related or cadaveric) donors. Both autologous and allogeneic LSC 
sources can be transplanted directly onto the eye or ex vivo 
expanded LSC are also used for transplantation. An outline of con-
ventional surgical decision making on this area can be found in 
Dua et al. 2010 [ 1 ]. Although allogeneic grafts offer the patient 
short-term improvements in corneal transparency, the long-term 
outcomes are still poor (around 25 % failure at 5 years). Thus, 
alternative sources of cells are sought which may improve this. 
LSC, and the corneal epithelial lineage, have been extensively char-
acterized with comprehensive marker profi les representing LSC 
and the various stages of differentiation. LSC in particular can be 
defi ned by their characteristic expression of cytokeratins 14, 15, 
and 19, ABCG2, ΔNp63α, C/EBPΔ, vimentin, SOD2, OCT4, 
nestin, NOTCH1, HES1, FRZ1, CDH1 and by their lack of des-
moglein 3, desmocollin 3, and connexin 43 [ 2 – 14 ]. Terminally 
differentiated corneal epithelium can be clearly recognized by their 
expression of cytokeratins 3, 12, and 24, desmocollin 2, and des-
moglein 2 [ 3 ,  8 ,  10 ,  15 ,  16 ]. Additional markers of stratifi cation 
(E cadherin), extracellular matrix (tenascin C), and cell-basement 
membrane interactions (integrins α6 β4) are also used [ 2 ,  4 ,  17 ]. 
Many of these markers can be and are used to isolate and refi ne 
LSC populations; however true LSC are present in low numbers, 
and possess limited ability to be banked, thus creating a therapeutic 
challenge. 

 The characteristics of corneal stromal stem cells however are 
less defi ned. This is because until recently they were thought to be 
simply scar-forming fi broblasts when active. Recently, we identifi ed 
cultured corneal stromal cells (termed peripheral and limbal cor-
neal stromal cells or PLCSC) as mesenchymal stem cells (MSC) 
[ 18 ], research subsequently built upon by others [ 19 ], and there-
fore opening up their therapeutic potential. However disparities 
between culture conditions (including, for example, varying meth-
ods of isolation, substrate, and media) and differing (stem) cell 
requirements mean that MSC characterization is not always 
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appropriate and instead, a number of other criteria are used by 
 different groups. These include different markers including CD34 
which is a marker of the keratocyte phenotype [ 20 ] or SSEA-4, 
PAX6, Oct4, Sox2, and Nanog all of which are markers of early 
development in the embryo and eye [ 21 ,  22 ]. Of these only the 
CD34 and SSEA-4 markers are cell surface antigens and thus are 
the only current markers that provide the opportunity for viable 
cell sorting. The predominant therapeutic property exploited by 
corneal stromal stem cells appears to be either epithelial [ 21 ,  23 ] 
or endothelial [ 24 ] regeneration. Ironically these stromal cells are 
seemingly less often investigated for stromal regeneration, although 
this is also researched [ 22 ]. Furthermore, non-corneal MSC have 
been differentiated into a keratocyte phenotype [ 25 ,  26 ], which 
suggests that corneal derived MSC could also be used for stromal 
regeneration. 

 With the advances in surgical technique such as Descemet 
stripping endothelial keratoplasty (DSEK), the use of corneal 
endothelial stem cells to regenerate the endothelium represents a 
promising therapeutic strategy. Previous studies have provided 
convincing evidence for the presence of a stem cell niche in the 
transition zone between the peripheral corneal endothelium 
and the trabecular meshwork. Whikehart and colleagues detected 
telomerase activity at the peripheral corneal endothelium and 
showed bromodeoxyuridine (BrdU) labeling in the transition zone 
and trabecular meshwork [ 27 ]. The BrdU staining was more 
intense and extended further into the corneal endothelium follow-
ing experimental mechanical injuries. These fi ndings suggest that 
stem cells at the transition zone may help renew the corneal endo-
thelium, especially after trauma. McGowan et al. 2007 [ 28 ] later 
identifi ed stem cell markers including nestin, alkaline phosphatase, 
and telomerase in some cells at the posterior limbus. Additional 
markers (Oct3/4, Pax6, Wnt1, and Sox2) were detected in 
wounded corneas. He et al. found that the expression of nestin and 
telomerase on fl at-mount corneas was largely restricted in the 
extreme periphery of the CE, whilst ABCG2 staining was found 
both at the centre and extreme periphery [ 29 ]. Purifi cation of the 
CE-specifi c stem or progenitor cells remains a diffi cult task to date. 
There has been a lack of specifi c markers for both precursor and 
differentiated corneal endothelial cells (reviewed in [ 30 ]). The 
shortage of specifi c cell-surface markers hinders the prospective 
isolation of stem cells using fl uorescence-activated cell sorting or 
magnetic immunosorting. However, attempts have been made to 
isolate and expand corneal endothelial stem cells using sphere cul-
ture. Yokoo and coworkers successfully applied this cultivation 
technique to isolate human corneal endothelial progenitor cells 
[ 31 ]. The peripheral corneal endothelium was found to generate 
more spheres compared to the central area [ 32 ,  33 ]. The corneal 
endothelial progenitor cells showed longer telomere length and 
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higher telomerase activity than primary human CE cells [ 34 ]. 
Furthermore, the corneal endothelial spheres were shown to be 
effective for the treatment of CE defi ciency and bullous keratopa-
thy in rabbit models [ 35 ,  36 ]. Some other studies explored the 
feasibility of using bone marrow or umbilical cord blood MSC to 
reconstitute the damaged corneal endothelium [ 37 – 39 ]. 
Nevertheless, their differentiation and functional properties need 
to be rigorously characterized before clinical trials could be 
contemplated. 

 Increasingly, research is focused on the exploitation of corneal- 
derived stem cells (particularly from the limbus), and their regen-
erative potential, with the view that these cells not only possess the 
ability to generate the requisite corneal cell types but do so readily 
and with minimal undesired deviations into non-corneal cell types. 
The use of corneal derived cells for corneal regenerative therapies 
is attractive and will likely facilitate regulatory approval for clinical 
use and also inform our fundamental understanding of the cornea. 
As corneal regenerative medicine progresses, there are many diverse 
methodologies for isolation, characterization, and expansion of 
corneal stem cells for both clinical and research settings and a stan-
dardized protocol for the isolation of these cell types is key. This 
protocol aims to provide a standardized method of isolation and 
thus help reduce variation.  

2    Materials 

 This protocol concentrates on the isolation of stem cells from cor-
neoscleral rims, containing the limbus, for research purposes. 
Amongst other reasons, this trend of isolating corneal stromal stem 
cells from the limbus may be due to the limbal stroma yielding 
stem cell populations with properties that do not seem to appear in 
central corneal stroma. Postoperative eye bank rims from penetrat-
ing grafts are the most prevalent source of tissue available to 
researchers and because tissue is precious, it is logical that an indi-
vidual rim is used to isolate epithelial, stromal, and endothelial cell 
types. The rim, which has had the central 7.5 or 8 mm section 
removed, constitutes the peripheral one third of the cornea and the 
limbus with some scleral tissue. This protocol mainly utilizes two- 
dimensional cultures currently more compatible for translational 
manufacturing procedures. However three-dimensional cultures 
including sphere [ 21 ,  40 ], hydrogel [ 41 ,  42 ], and hanging drop 
[ 43 ] and feeder layer systems [ 40 ,  44 ] are also used for corneal 
stromal stem cells and co-cultures between corneal stromal and 
corneal epithelial cells are common [ 40 ,  41 ]. Amniotic membrane 
is widely used in ophthalmology as a culture substrate and carrier 
for both stromal [ 45 ] and epithelial cell populations [ 46 – 48 ]. 
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 Unless otherwise stated, the preparation of all materials and all 
methods are performed in a class II laminar air fl ow hood under 
aseptic conditions, all cell suspensions are pelleted in a centrifuge 
at 200 ×  g  for 5 min, all media is warmed to 37 °C, all cells are cul-
tured at 37 °C, 5 % v/v CO 2  and 95 % humidity, and the culture 
media is changed every 2 days. 

      1.    Dispase (CellnTec).   
   2.    CNT-20 Medium (CellnTec).   
   3.    Calcium chloride.   
   4.    Collagenase (Sigma Aldrich).   
   5.    Dulbecco’s phosphate buffered saline (DPBS).   
   6.    Ethylenediaminetetraacetic acid (EDTA).   
   7.    Bovine serum albumin (BSA, Affymetrix).   
   8.    Anti-human biotin-conjugated CD34 (Life Technologies).   
   9.    Anti-biotin microbeads (Miltenyi Biotech).   
   10.    Fibronectin (Sigma Aldrich).   
   11.    M199 Medium (Sigma Aldrich).   
   12.    Plasmocin (Autogen Bioclear).   
   13.    Gentamicin/Amphotericin B (combination, Life Technologies).   
   14.     l -Glutamine (Sigma Aldrich).   
   15.    DMEM/F12 Medium (Life Technologies).   
   16.    Penicillin /streptomycin (combination, Life Technologies).   
   17.    Fungizone (Life Technologies).   
   18.    Basic fi broblast growth factor (bFGF, Peprotech).   
   19.    B27 supplement minus vitamin A (Life Technologies).   
   20.    Epidermal growth factor (EGF, Peprotech).   
   21.    Heparin (Sigma Aldrich).      

      1.    Sterile fi lters (Sartorius).   
   2.    Watchmakers forceps.   
   3.    Vortex mixer.   
   4.    35 mm sterile Petri dishes.   
   5.    Hemocytometer.   
   6.    Trypan blue.   
   7.    Accutase ®  Cell Detachment Solution.   
   8.    Sterilized fi lter holder and nylon net fi lter (Swinnex, Millipore).   
   9.    TripLE™ Express.      

2.1  Reagents

2.2  Supplies
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    Dilute dispase stock solution to 2.4 U/mL using complete CNT- 
20 medium adding 2 mM calcium chloride and fi lter-sterilize using 
0.20 μm fi lter. Prepare 3 mL aliquots in polypropylene tubes and 
store at −20 °C. One corneoscleral rim will require one 3 mL ali-
quot and thus repeated freeze/thaw is prevented.  

  Dissolve powdered collagenase (stored at −20 °C), to 0.1 % w/v 
with serum-free CM-M (Subheading  2.3 ) and fi lter-sterilize using 
0.20 μm fi lter. Prepare collagenase solution fresh each time to 
avoid loss of activity.  

  Supplement Dulbecco’s phosphate buffered saline (DPBS) with 
2 mM EDTA and 0.5 % w/v bovine serum albumin. For a  single rim 
isolation make up approximately 200 mL, and fi lter-sterilize using 
a 0.2 μm vacuum fi lter. In a sterile glass bottle, degas the buffer 
using a vacuum chamber and pump. Seal the bottle and only dis-
turb when needed.  

  This protocol requires anti-human CD34 (or cell surface antigen 
of choice) conjugated with biotin, MACS Anti-Biotin Microbeads, 
MS Columns, and MiniMACS magnetic separator and board.   

    Fibronectin Coating : Coat tissue culture plastic (wells and fl asks), 
glass slides, or coverslips intended for epithelial cell culture with 
fi bronectin. Prepare coating solution by reconstituting 1 mg fi bro-
nectin in 1 mL distilled H 2 O for 30 min at 37 °C and then further 
diluting the solution 1:30 with CnT-20 and coat using minimal 
volume to surface area (e.g., 1 mL for one well of a six well plate). 
Air-dry, at ambient temperature, in a sterile environment for 
45 min.  

   Corneal Stromal Cell Culture Medium : Culture extracted corneal 
stromal cells in M199 supplemented with 20 % v/v fetal bovine 
serum, 2.5 μg/mL Plasmocin, 0.02 μg/mL gentamicin, 0.5 ng/
mL amphotericin B, and 1.59 mM  l -glutamine. This media is sub-
sequently abbreviated to “CM-M.”  

   Corneal Endothelial Cell Culture Medium : Supplement DMEM/
F12 media (1:1 ratio) with 10 % v/v fetal bovine serum, 100 U/
mL penicillin, 100 μg/mL streptomycin, 2.5 μg/mL Fungizone, 
2.5 mM  l -glutamine, and 2 ng/mL basic fi broblast growth factor. 
This media is subsequently abbreviated to “CM-E.” 

  Corneal Endothelial Sphere Culture Medium : Freshly prepare 
DMEM/F12 media (1:1 ratio) supplemented with 100 U/mL 
penicillin, 100 μg/mL streptomycin, 2.5 μg/mL Fungizone, B27 
supplement minus vitamin A, 20 ng/mL epidermal growth factor, 
20 ng/mL basic fi broblast growth factor, 5 μg/mL heparin, 

2.3  Isolation 
Components

2.3.1  Dispase Digestion 
Solution Preparation

2.3.2  Collagenase 
Solution Preparation

2.3.3  MACS Buffer 
Preparation

2.3.4  MACS Materials

2.4  Culture 
and Reagent 
Preparation

2.4.1  Limbal Epithelial 
Culture Preparation

2.4.2  Corneal Stromal 
Cell Culture Preparation

2.4.3  Corneal Endothelial 
Cell Culture Preparation
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0.1 mg/mL bovine serum albumin, and 2.5 mM  l -glutamine. 
The  media expires within a week. This media is subsequently 
abbreviated to “CM-S.” 

  Serum-Free Endothelial Media : DMEM/F12 media supplemented 
with 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/mL 
Fungizone, and 2.5 mM  l -glutamine. This media is subsequently 
abbreviated to “CM-F.”    

3    Methods 

       1.    Remove the corneoscleral rim from the organ culture bottle 
and remove excess sclera (leaving a 1–2 mm scleral border to 
preserve the limbus).   

   2.    At this point the endothelial layer can be mechanically peeled 
away at the descemets, using watchmaker’s forceps, and inde-
pendently cultured.   

   3.    Using a No. 22 blade quarter the rim and place each quarter 
segment, epithelial side up in a 35 mm petri dish and add a 
3 mL dispase aliquot to the tissue.   

   4.    Incubate for 16 h at 4 °C ( see   Note 1 ).   
   5.    Whilst still submerged in the dispase digestion solution, gently 

remove released epithelial cells from the rim segments using a 
cell scraper (Corning Incorporated).   

   6.    Pipette the cell suspension into a centrifuge tube and wash the 
segments in 3 mL CnT-20 to collect any remaining epithe-
lium. Pellet the limbal epithelial cells by centrifugation. The 
remaining rim issue is then processed for isolation of stromal 
cells ( see  Subheading  3.2 ).   

   7.    Suspend the pelleted epithelial cells in 1 mL of CnT-20. If cell 
clumps persist, separate using a vortex mixer or aspirate using 
a 25G hypodermic needle and syringe. Once thoroughly disag-
gregated, count the cells using a standard hemocytometer 
method with or without Trypan blue to assess viability.   

   8.    When the cells have been counted adjust the cell concentration 
with the CnT-20 CM to achieve optimal seeding density. 
Culture using CnT-20 onto fi bronectin coated chamber slides, 
wells, or in small fl asks (we recommend no more than one 
25 cm 2  fl ask per rim). Change CnT-20 every other day.   

   9.    Passage confl uent limbal epithelium by discarding media and 
washing the cells in DPBS before incubating with Accutase at 
37 °C for 10 min. If the cells are not fully dissociated incubate 
for a further 5 min.   

   10.    When the cells are detached, pipette the suspension into a cen-
trifuge tube. Wash off any remaining cells with CnT-20, which 

3.1  Isolation 
and Culture of Limbal 
Epithelial Cells
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should also be added to the same centrifuge tube. Pellet the 
cells by centrifugation.   

   11.    Discard the supernatant and seed the cells according to require-
ments for experimental work or continued culture for expan-
sion of cell numbers ( see   Note 2 ).      

        1.    Finely chop the remaining stroma of each rim segment and add 
to the collagenase solution and incubate for 7 h.   

   2.    Once incubated, gently agitate and pour the suspension into a 
10 mL syringe. Place the syringe onto a sterilized fi lter holder 
containing a 41 μm nylon net fi lter. Pass the solution through 
the fi lter in order to remove any undigested debris whilst 
allowing the released cells to pass through and be collected 
into a centrifuge tube and pelleted.   

   3.    Suspend the corneal stromal cells (not yet MSC) in 7 mL 
CM-M and decant into a 25 cm 2  tissue culture treated fl ask 
(one rim per fl ask).   

   4.    Seeding densities are not usually calculated for primary culture 
as there are very few cells. However, once these cells reach 
confl uence in their initial culture fl ask they are passaged ( see  
 step 5 ) and counted. For each subsequent passage, our typical 
seeding density for continuous culture is 3,000 cells per cm 2  
and 10,000 cells per cm 2  for differentiation assays ( see   Note 3 ).   

   5.    To passage corneal stromal cells cultured in CM-M wait until 
the fl ask is 80–90 % confl uent and then remove culture medium 
and wash the cells with DPBS. Incubate the cells with 3 mL 
TripLE, or other enzymatic dissociation reagent, for 5 min at 
37 °C. If cells are not fully suspended return fl ask to incubator 
for another 5 min, checking every minute.   

   6.    When the cells are detached, pipette the suspension into a cen-
trifuge tube. Wash the fl ask with CM-M, which should also be 
added to the same centrifuge tube. Pellet the cells by 
centrifugation.   

   7.    Discard the supernatant and seed the cells according to 
r equirements for experimental work, stem cell isolation 
(Subheading  3.3 ), or continued culture for expansion of cell 
numbers. Old CM-M should be exchanged for fresh every 
other day.      

       1.    For MACS antibody binding, prepare cultured cells as described 
in  steps 5  and  6  of Subheading  3.2 .   

   2.    Gently suspend pelleted cells in 80 μL MACS buffer and count 
the cell number.   

   3.    Add 5 μL of biotinylated antibody for every 1 × 10 6  cells, and 
incubate for 30 min.   

3.2  Isolation 
and Culture of Corneal 
Mesenchymal 
Stem Cells

3.3  Isolation 
of Corneal Stromal 
Stem Cell Populations
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   4.    Wash cells in 5 mL of MACS buffer, pellet by centrifugation, 
and suspend the cells in 80 μL MACS buffer per 1 × 10 7  cells. 
Add 20 μL MACS anti-biotin microbeads per 1 × 10 7  cells and 
incubate for 15 min at 4 °C, with gentle agitation.   

   5.    Pellet and wash the cells in 5 mL MACS buffer. Re-pellet the 
cells and, ensuring all supernatant has been removed, suspend 
cells in 500 μL MACS buffer, for up to 1 × 10 8  cells.   

   6.    For MACS sorting attach the magnet unit to the separation 
stand and place the MS column in the magnet unit with a col-
lection tube.   

   7.    Fill the column by pipetting 500 μL MACS buffer on top of 
column and let the buffer fl ow through.   

   8.    Discarding the fl ow through and replacing the collection tube, 
pipette the magnetically labeled cell suspension through the 
MS column.   

   9.    Collect the fl ow through as the CD34 negative fraction.   
   10.    Remove MS column from the magnet unit and place it on a 

fresh collection tube. Apply 1 mL buffer to the MS column 
and fi rmly fl ush out positive fraction using plunger. The cell 
fraction of interest may be passed through the column again to 
reduce the potential of cell contamination ( see   Note 4 ).      

      1.    Wash the isolated endothelial layer ( step 2 , Subheading  3.1 ) 
gently with 3 mL CM-F.   

   2.    Place the endothelial side up on a 35 mm petri dish and digest 
it with 3 mL Accutase at 37 °C for 15 min.   

   3.    After the incubation, carefully scrape off the endothelial cells 
with a cell scraper.   

   4.    Transfer the cell suspension into a centrifuge tube and wash to 
collect the remaining endothelial cells with 3 mL CM-E. Pellet 
the cells by centrifugation.   

   5.    Resuspend the cells in corneal endothelial cell CM-E. Seed the 
cells in a 35 mm petri dish pre-coated with fi bronectin.   

   6.    At the initial passage, primary cells may continue to be cul-
tured as a monolayer ( step 8 ) or as spheres ( steps 9 – 13 ). To 
passage the primary corneal endothelial cells wash in DPBS 
and incubate with 1 mL Accutase at 37 °C for 5 min.   

   7.    When the cells are detached, pipette the cell suspension into 
a centrifuge tube. Wash off any remaining cells with CM-F 
also adding this to the centrifuge tube. Pellet the cells by 
centrifugation.   

   8.    For monolayer culture, suspend the cell pellet in CM-E and 
plate. Endothelial cells may be passaged at a 1:2 to 1:4 split 
ratio with Accutase when they are 90 % confl uent. Endothelial 

3.4  Isolation 
and Expansion 
of Corneal Endothelial 
Stem Cell Populations

Corneal Stem Cells



174

monolayers are cultured using CM-E. Change media every 
other day.   

   9.    For sphere cultures, suspend the cells in the CM-F and tritu-
rate through a 1 mL pipette tip approximately 30 times until 
dissociated into a single cell suspension. Finally, count the cells 
using a hemocytometer and seed at 2,500 viable cells/cm 2  
(trypan blue exclusion test) on suspension culture dishes 
(Corning) and culture in CM-S. Add fresh media every other 
day ( see   Note 5 ).   

   10.    Spheres can be collected for subsequent studies (e.g., self- 
renewal property on subculture, differentiation assay, and 
immunocytochemical analysis) on day 7.   

   11.    To subculture corneal endothelial spheres, transfer the sphere 
suspension from the culture dishes to a centrifuge tube. Allow 
the tube to stand for 5–10 min for the spheres to settle at the 
bottom (this method produces less damage to the spheres than 
centrifugation).   

   12.    Carefully aspirate the supernatant and gently wash the spheres 
once in DPBS. Let the spheres settle for 5 min, then aspirate 
the DPBS. Resuspend the spheres in 1 mL Accutase and incu-
bate at 37 °C in a water bath for 10 min.   

   13.    Dissociate the spheres into a single cell suspension by triturat-
ing through a 1 mL pipette tip approximately 30 times. Count 
and replate as described in  step 9 .       

4    Notes 

     1.    Limbal epithelial cells may be grown out of  explant  cultures 
from rims that have been split to remove the majority of the 
stromal layer. Stromal cell isolation may be performed on the 
remnants. However, when isolation of epithelial and stromal 
cell types is required, explant culture is a less effi cient use of the 
rim than the protocol above, given that the amount of stroma 
removed for explant culture is likely to be thicker than any 
removed by the dispase digestion step. Furthermore, if the 
stromal stem cells are most prevalent around the LSC niche, 
splitting the rim may remove a key population of stem cells. 
Finally the more immature epithelial cells residing in the lim-
bus may not migrate from the explant but may be released by 
dispase digestion.   

   2.    Limbal epithelial cells are diffi cult to passage and, unlike cor-
neal stromal cells, do not seem to have the same extensive pro-
liferative capacities. If possible experiments should be planned 
for primary cultures although one or two passages may be 
achieved with these cells.   
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   3.    MSC characterization protocols are widely available and often 
combine a profi le of cell surface markers analyzed by fl ow 
cytometry, with mesenchymal differentiation analyzed by 
 histological staining [ 18 ,  50 ]. Perhaps the most widely known 
criterion for this is the ISCT’s position statement on “ Minimal 
criteria for defi ning multipotent mesenchymal stromal cells”  
[ 51 ]. Others also argue for analysis of colony forming units 
fi broblasts (CFU-F) to demonstrate purity of populations, for 
which protocols are also available [ 52 ].   

   4.    The corneal stromal stem cell culture method will differ 
depending on the type of stem cell required and that this will 
also infl uence the expression of markers. Culture on two-
dimensional tissue culture plastics does not promote the reten-
tion of stem cell or keratocyte properties or markers and thus 
the current trend leans towards sphere cultures [ 21 ,  40 ].   

   5.    Ensure that the CM-E is adequately aspirated off the cell pellet 
as remnants of serum in the media promote undesirable sphere 
attachment onto the dish.         
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    Chapter 15   

 Advanced Imaging and Tissue Engineering of the Human 
Limbal Epithelial Stem Cell Niche 

           Isobel     Massie    ,     Marc     Dziasko    ,     Alvena     Kureshi    ,     Hannah     J.     Levis    , 
    Louise     Morgan    ,     Michael     Neale    ,     Radhika     Sheth    ,     Victoria     E.     Tovell    , 
    Amanda     J.     Vernon    ,     James     L.     Funderburgh    , and     Julie     T.     Daniels    

    Abstract 

   The limbal epithelial stem cell niche provides a unique, physically protective environment in which limbal 
epithelial stem cells reside in close proximity with accessory cell types and their secreted factors. The use of 
advanced imaging techniques is described to visualize the niche in three dimensions in native human cor-
neal tissue. In addition, a protocol is provided for the isolation and culture of three different cell types, 
including human limbal epithelial stem cells from the limbal niche of human donor tissue. Finally, the 
process of incorporating these cells within plastic compressed collagen constructs to form a tissue- 
engineered corneal limbus is described and how immunohistochemical techniques may be applied to char-
acterize cell phenotype therein.  

  Key words     Limbal epithelial stem cell niche  ,   3View imaging  ,   Limbal epithelial stem cells  ,   Limbal 
fi broblasts  ,   Corneal stromal stem cells  ,   Immunohistochemistry  ,   Tissue engineering  

1      Introduction 

 Limbal epithelial stem cells (LESC) are responsible for maintenance 
of the corneal epithelium during both normal homeostasis and in 
response to injury [ 1 ]. They reside within the limbal epithelial 
stem cell niche, a unique environment that ensures their normal 
function [ 2 – 4 ]. 

 Using advanced imaging techniques (serial block face scanning 
electron microscopy (SBFSEM)), imaging of the limbal epithelial 
stem cell niche within native human cornea in three dimensions 
(3-D) is now possible. In this technique, ultrathin sections 
(100 nm) are serially cut from the embedded tissue and the newly 
exposed tissue surface is subsequently imaged. This process can be 
repeated many times enabling a complete 3-D reconstruction on a 
micrometer scale such that cellular interactions and organization 
can be observed [ 5 ]. 
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 The limbal epithelial stem cells themselves along with accessory 
cell types (limbal fi broblasts and corneal stromal stem cells found 
in the underlying stroma) may be isolated from donor tissue 
following specifi c combinations of enzymatic digestion and/or 
mechanical disruption of tissue architecture to selectively isolate 
the different cell populations. Culture conditions for each cell 
type differ and are designed to promote proliferation/preserve 
phenotype of each [ 4 ,  6 ]. 

 Following culture of these different cell types, a tissue- engineered 
limbus may be formed from a collagen hydrogel. Collagen hydro-
gels can be produced by neutralizing the pH of acid-solubilized 
type I collagen with heating, allowing fi brillogenesis to occur. 
Then, by applying a hydrophilic absorber to the top surface of the 
hydrogel, water can be wicked upwards to produce a thin, mechan-
ically strong, transparent construct (~150 μm thick) that may be 
utilized as an experimental model of the native limbus. This tech-
nique was fi rst proposed by Brown et al. [ 7 ] but we have since 
iteratively improved the method to increase reproducibility and 
reliability [ 8 ,  9 ]. Collagen constructs produced using this newer 
methodology are referred to as Real Architecture For 3D Tissue, 
or RAFT. Most recently, in collaboration with an industrial partner, 
we have developed a method for producing absorbers with a capa-
bility to print different topographies onto the surface of RAFT 
constructs whilst simultaneously wicking water away [ 10 ]. These 
surface topographies recreate the physical aspects of the LESC niche. 
LESC can be seeded onto the surface of the constructs and air-lifted 
to induce stratifi cation to produce a multilayered epithelium, similar 
to that of native cornea. Furthermore, limbal fi broblasts may be 
incorporated within the collagen constructs if desired without a 
loss of cell viability to further support overlying LESC [ 8 ]. 

 Once formed, immunohistochemistry (either whole-/fl at- mount 
or sections) may be performed to characterize cell phenotype within 
and/or on collagen constructs. The transcription factor, p63α, along 
with markers of corneal differentiation such as cytokeratin (CK) 
3 [ 11 ] is typically used for expression of putative LESC markers.  

2    Materials 

 Prepare all solutions using deionized water. Prepare and store all 
reagents at room temperature (unless indicated otherwise). Dispose 
of all waste materials according to waste disposal regulations. 
Read all appropriate COSHH and Risk Assessment forms prior to 
beginning work.

    1.    Human donor corneal tissue: either whole cornea or corneo-
scleral rims ( see   Note 1 ).   

   2.    Dulbecco’s phosphate buffered saline (DPBS) 1×, without 
calcium or magnesium ions (Life Technologies).   
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   3.    DMEM with 4.5 g/L glucose and GlutaMAX (Life 
Technologies). Store at 4 °C.   

   4.    DMEM/F12 (Life Technologies). Store at 4 °C.   
   5.    Fetal bovine serum (FBS). Store at −20 °C.   
   6.    100× antibiotic, anti-mycotic (anti-anti) (Life Technologies). 

Store at −20 °C.   
   7.    0.5 % Trypsin-EDTA without phenol red (10×) (Life 

Technologies). Store at −20 °C.   
   8.    0.05 % Trypsin-EDTA without phenol red (1×): Dilute 5 mL 

of 0.5 % trypsin-EDTA without phenol red in 45 mL 
DPBS. Store at 4 °C.   

   9.    Sodium hydroxide (NaOH).   
   10.    Hydrochloric acid (HCl).   
   11.    TT solution: Add 1.36 mg T3 (Sigma-Aldrich) to 2 mL of 

0.02 N NaOH. Add 8 mL of DPBS. Store 100 μL T3 stock 
aliquots at −20 °C. Add 50 mg of transferrin (Sigma-Aldrich) 
to 6 mL of DPBS. Add 100 μL of T3 stock. Make up to 
100 mL with DPBS. Filter sterilize using a 0.22 μm fi lter. Store 
at −20 °C.   

   12.    Adenine solution: Add 250 mg adenine powder (Sigma- 
Aldrich) to 10 mL of 1 M HCl. Make up to 100 mL with 
water. Filter sterilize using a 0.22 μm fi lter. Store at −20 °C.   

   13.    Hydrocortisone solution: Dissolve 50 mg of hydrocortisone 
powder (Sigma-Aldrich) in 10 mL of ethanol. Filter sterilize 
using a 0.22 μm fi lter. Add 1 mL of this to 11.5 mL of DPBS 
and store at −20 °C.   

   14.    Cholera toxin solution: Add 1 mg cholera toxin (Sigma- 
Aldrich) to 1.18 mL of water. Add 100 μL of this to 10 mL of 
DMEM/F12 containing 10 % FBS. Filter sterilize using a 
0.22 μm fi lter. Store at −20 °C.   

   15.    Corneal epithelial cell culture medium (CECM): Mix together 
250 mL DMEM/F12 (Life Technologies) with 250 mL 
DMEM. Remove 71.25 mL of this mixture. Add 50 mL of 
FBS, 5 mL of anti-anti, 5 mL of TT solution, 5 mL of 18.5 mM 
adenine solution, 0.5 mL of 5 mg/mL hydrocortisone solu-
tion, 0.5 mL of 10 μM cholera toxin solution, 250 μL of 
10 mg/mL insulin (Sigma-Aldrich). Store at 4 °C. Add 50 μL 
of 10 μg/mL epidermal growth factor (EGF) (Life Technologies) 
in DPBS (store at −20 °C) to 50 mL CECM immediately prior 
to use.   

   16.    hLF medium: Remove 55 mL from a 500 mL bottle of 
DMEM. Add 50 mL of FBS and 5 mL of anti-anti to give fi nal 
concentrations of 10 % FBS and 1× anti-anti. Store at 4 °C.   

   17.    4 % Paraformaldehyde (PFA).   
   18.    Goat serum (Sigma-Aldrich). Store at −20 °C.   
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   19.    Triton X-100.   
   20.    Isotype controls. Store at 4 °C.   
   21.    Alexa Fluor secondary antibodies (Life Technologies) (store at 

4 °C for short-term storage or at −20 °C for long-term storage).   
   22.    Phalloidin (FITC or TRITC conjugates, Sigma-Aldrich). Store 

at −20 °C.   
   23.    Vectashield mounting medium (with DAPI or PI, Vector 

Laboratories). Store at 4 °C.   
   24.    Capture antibody solution: 2 % goat serum in DPBS.   
   25.    Ethanol.   
   26.    Trypan blue.   
   27.    Cell culture inserts with PTFE membrane, 300 mm diameter, 

0.4 μm pore (Millipore).   
   28.    0.22 μm sterile fi lters (Fisher Scientifi c).   
   29.    Tissue culture plates and fl asks.   
   30.    Glass microscope slides.   
   31.    Coverslips.   
   32.    Hemocytometer.   
   33.    Nail polish.   
   34.    Forceps, small scissors, scalpels.   
   35.    Hot plate.   
   36.    Water bath.   
   37.    Dissecting microscope.   
   38.    Bright-fi eld light microscope.   
   39.    (Confocal) fl uorescence microscope.     

      1.     0.3 M sodium cacodylate buffer stock : Dissolve 64 g of sodium 
cacodylate in 900 mL of water. Adjust the pH to 7.4 and make 
up to 1 L with distilled water.   

   2.     10 % aqueous paraformaldehyde : Add 10 g of paraformaldehyde 
to 100 mL of distilled water and heat to 65 °C in a fume cup-
board. Add 2–5 drops of 1 M NaOH to clarify the solution. 
Filter through a 0.22 μm fi lter and allow to cool before use.   

   3.     Karnovsky’s fi xative : Add 100 mL of freshly prepared 10 % 
paraformaldehyde to 120 mL of 25 % glutaraldehyde (Agar 
Scientifi c) and combine with 400 mL of 0.2 M sodium caco-
dylate buffer. Adjust the pH to 7.4 and make up to 1 L with 
distilled water. Store at −20 °C.   

   4.     3 % potassium ferricyanide solution : Add 3 g of potassium fer-
ricyanide (TAAB Laboratories Equipment Ltd.) to 100 mL of 
0.3 M sodium cacodylate buffered to pH 7.4. Store at 4 °C.   

2.1  Specifi c 
Reagents Required 
for 3View Imaging
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   5.     2 % aqueous osmium tetroxide solution : ( see   Note 2 ).   
   6.     1 % thiocarbohydrazide solution : Add 0.1 g of thiocarbohydrazide 

(Sigma-Aldrich) to 10 mL of distilled water and place in a 60 °C 
oven for 1 h. Agitate every 15 min to facilitate dissolving. Filter 
through a 0.22 μm fi lter and leave to cool.   

   7.     1 % uranyl acetate : Prepare solution just before use. Dissolve 
0.1 g of uranyl acetate (Agar Scientifi c) in 10 mL of water. 
Store the solution at 4 °C ( see   Note 3 ).   

   8.     Conductive silver epoxy kit : Prepare a fresh mix of an equal 
volume of the two components (Agar Scientifi c) just before 
attachment of the resin block onto the cryopin.   

   9.     1 % toluidine blue : Dissolve 1 g of sodium borate (Sigma- 
Aldrich) in 100 mL of water. Add 1 g of toluidine blue (Agar 
Scientifi c). Gently mix until complete dissolved. Filter through 
a 0.22 μm fi lter.   

   10.     Walton’s lead aspartate solution : Dissolve 0.066 g of lead 
nitrate in 10 mL of 0.03 M aspartic solution and adjust the pH 
to 5.5 using 1 N potassium hydroxide. Place the solution in a 
60 °C oven for 30 min prior to use.   

   11.     Durcupan ACM resins : (Sigma-Aldrich).
   (a)    Single component A, M epoxy resin.   
  (b)    Single component B, hardener 964.   
  (c)    Single component C, accelerator 960.   
  (d)    Single component D.    

      12.     Durcupan ACM resin : Combine 11.4 g of component A, 
10 g of component B, 0.3 g of component C, and 0.1 g of 
component D.   

   13.    Acetone.   
   14.    DePeX mounting media (VWR).   
   15.    Flat embedding molds.   
   16.    Glass knives (Agar Scientifi c).   
   17.    Diamond knife (dEYEmond, 45 Histo).   
   18.    Single edge stainless steel razor blades (Agar Scientifi c).   
   19.    Cryopin (Agar Scientifi c).   
   20.    Sputter coater (Emitech).   
   21.    Scanning electron microscope.   
   22.    3View ultramicrotome (Gatan).   
   23.    Wacom workstation Cintiq 22HD touch and interactive 

pen.   
   24.    AMIRA software (Visualization Science Group, FEI).      
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      1.     1.2 IU/mL dispase : Dissolve 10 IU dispase II (Roche 
Diagnostics) in 1 mL of DPBS. Store at −20 °C. Immediately 
prior to use, combine 0.6 mL of 10 IU/mL dispase II with 
4.4 mL of CECM without EGF.   

   2.     3T3-J2 medium : Remove 55 mL from a bottle of DMEM 
and add 50 mL of adult bovine serum (Labtech) and 5 mL of 
anti- anti. Store at 4 °C.   

   3.     Growth-arrested 3T3-J2 cells : Maintain 3T3-J2 cells in 3T3-J2 
medium. To expand, passage cells one in ten twice per week 
using 0.05 % trypsin-EDTA with mechanical agitation. Growth 
arrest 3T3-J2 cells at 70–80 % confl uency using 4ug/mL 
mitomycin- C in 3T3-J2 medium for 2 h at 37 °C in a humidi-
fi ed incubator with 5 % CO 2 .      

      1.     2 mg/mL collagenase : Dissolve 10 mg collagenase type 1 pow-
der in 5 mL of hLF media. Filter sterilize through a 0.22 μm 
fi lter prior to use. Make fresh each time.      

      1.     MCDB-201 stem cell medium : Add 17.7 g of MCDB-201 pow-
dered stem cell medium (Sigma-Aldrich) to 900 mL of water 
and stir gently. Adjust the pH to 7.1–7.3 using 1 N NaOH or 
HCl as needed. Filter sterilize through a 0.22 μm fi lter prior to 
use. Store at 4 °C.   

   2.     hCSSC medium : Mix 300 mL of DMEM-low glucose (Life 
Technologies), 200 mL of MCDB-201 medium, 10 mL of 
FBS, 5 mL of AlbuMaxI (Life Technologies), 5 mL of 100× 
penicillin/streptomycin (CellGro), 1 mL of  l -ascorbic acid-2- 
phosphate sesquimagnesium salt, 0.5 mL of insulin, transferrin, 
selenium solution (Life Technologies), 0.5 mL of platelet- 
derived growth factor (R&D Biosystems) together. Add EGF 
to achieve a fi nal concentration of 10 mg/mL, dexamethasone 
(Sigma-Aldrich) to 50 mM, cholera toxin to 1 mg/mL, and 
gentamicin (Life Technologies) to 50 mg/mL. hCSSC medium 
should be stored protected from light at 4 °C.   

   3.    Fibronectin-collagen (FNC) coating (Athena Enzyme 
Systems). Store at 4 °C.   

   4.    TrypLE Express (1×) (Life Technologies).   
   5.    Collagenase-L.      

      1.    RAFT reagent kit (TAP Biosystems). Store at 4 °C.
   (a)    Type I Collagen.   
  (b)    10× MEM.   
  (c)    Neutralizing solution.       

2.2  Specifi c 
Reagents Required 
for Isolation 
and Culture of Human 
Limbal Epithelial 
Cells (hLEC)

2.3  Specifi c 
Reagents Required 
for Isolation 
and Culture of Human 
Limbal Fibroblasts 
(hLF)

2.4  Specifi c 
Reagents Required 
for Isolation 
and Culture of Human 
Corneal Stromal Stem 
Cells (hCSSC)

2.5  Specifi c 
Reagents Required 
for Production of RAFT 
Constructs
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   2.    Mixing vessel (TAP Biosystems).   
   3.    24-well plates (Greiner Bio-One).   
   4.    24-well plate absorbers (TAP Biosystems).   
   5.    Guide plate (TAP Biosystems).   
   6.    Plate heater (TAP Biosystems).      

      1.     Blocking buffer : 5 % goat serum in DPBS, with 0.25 % Triton-X 
100.      

      1.    Specimen wrapping paper.   
   2.    Tissue cassettes.   
   3.    Industrial methylated spirit (IMS).   
   4.    Xylene.   
   5.    Paraffi n.   
   6.    Plastic molds.   
   7.    Embedding machine.   
   8.    Microtome.   
   9.    Superfrost ++ slides (VWR).   
   10.    Coplin jars.   
   11.    Sodium citrate buffer (pH 6.0): 10 mM sodium citrate con-

taining 0.05 % v/v Tween 20, pH using 1 M hydrochloric acid 
(this is stable for 3 months at RT).   

   12.    Blocking buffer: 10 % goat serum in DPBS.       

3    Methods 

       1.    Use a scalpel to dissect small limbal biopsies of approximately 
2–3 mm under a dissecting microscope in Karnovsky’s fi xative 
( see   Note 4 ).   

   2.    Place the tissues in fresh Karnovsky’s fi xative and fi x overnight 
at 4 °C.   

   3.    Wash the tissue 3 × 5 min with ice-cold 0.15 M sodium cacodyl-
ate buffer in a fume cupboard.   

   4.    Incubate the tissue in equal volumes of 2 % osmium tetroxide 
solution and 3 % potassium ferricyanide solution for 1 h on ice 
in a fume cupboard ( see   Note 5 ).   

   5.    Wash 3 × 5 min in distilled water in a fume cupboard.   
   6.    Transfer the tissues into 1 % thiocarbohydrazide solution for 

20 min in a fume cupboard.   

2.6  Specifi c 
Reagents Required 
for Wholemount 
Immunohisto-
chemistry

2.7  Specifi c 
Reagents Required 
for Immunohisto-
chemistry on Paraffi n 
Wax Embedded 
Sections

3.1  3View Imaging

3.1.1  Tissue Preparation 
and Resin Embedding
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   7.    Wash 3 × 5 min in distilled water in a fume cupboard.   
   8.    Transfer the tissue into 2 % aqueous osmium tetroxide for 30 min 

in a fume cupboard.   
   9.    Wash 3 × 5 min in distilled water in a fume cupboard.   
   10.    Place the tissues in 1 % aqueous uranyl acetate overnight at 4 °C.   
   11.    The next day, wash the tissues for 3 × 5 min in distilled water.   
   12.    Transfer the tissues into the freshly prepared Walton’s lead 

aspartate solution and place in a 60 °C oven for 30 min.   
   13.    Wash the tissues for 3 × 5 min in distilled water.   
   14.    Dehydrate the tissues through increasing concentration of 

ethanol:
   (a)    5 min in 20 % (×2).   
  (b)    5 min in 50 % (×2).   
  (c)    5 min in 70 % (×3).   
  (d)    5 min in 90 % (×2).   
  (e)    10 min in 100 % (×3).       

   15.    After dehydration, transfer the tissues into acetone (15 min × 2) 
prior to infi ltration.   

   16.    Infi ltrate the tissues with a mixture of Durcupan ACM 
resin:acetone: 2 h in 25 % resin, 2 h in 50 % resin, 2 h in 75 % resin.   

   17.    Place the tissues into 100 % resin overnight and transfer the 
tissues the next day into new molds containing 100 % of freshly 
prepared resin.   

   18.    Place the molds into a 60 °C oven for 48 h.      

      1.    Remove the samples from the embedding molds.   
   2.    Trim away excess resin and attach the sample onto a cryopin 

using the conductive silver epoxy kit.   
   3.    Leave the glue to set overnight.   
   4.    The next day, trim away excess conductive glue and use a glass 

knife to obtain a fl at surface on the resin block.   
   5.    Use a razor blade to trim around the area of interest (this should 

be approximately 1 × 1 mm).   
   6.    Use a clean diamond knife to cut semi-thin sections of approxi-

mately 0.7 μm, collect them onto microscope slides, and dry 
them on a hotplate.   

   7.    Stain the sections by adding 1 drop of 1 % toluidine blue and 
return the slides to the hot plate for a further 30 s.   

   8.    Once the edge of the staining drop is dry, gently rinse the 
slides with distilled water.   

   9.    Mount the slides with DePeX, coverslip and observe using a 
bright-fi eld light microscope.   

3.1.2  Specimen 
Trimming and Mounting
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   10.    Once the area of interest has been identifi ed, use a razor blade 
to trim the resin block to obtain a square surface measuring 
approximately 0.5 × 0.5 mm ( see  Fig.  1a ) ( see   Note 6 ).

  Fig. 1    Serial block face scanning electron microscopy. ( a ) Resin block attached to the cryopin, ready to be 
loaded into the SEM. The  dashed white line  outlines the surface of the resin block measuring approximately 
0.5 × 0.5 mm. ( b ) Low magnifi cation scanning electron micrograph of the resin block in  a . ( c ) Schematic show-
ing the principle of the SBFSEM (3View).  1 : Imaging of the surface of the resin block.  2 : A diamond knife inside 
microscope chamber cuts an ultrathin section away from the specimen.  3 : The freshly exposed edge is imaged. 
( d ) Manual segmentation of the area of interest. The nuclei of a stromal cell and epithelial cell are outlined. 
( e ) 3D reconstruction of the areas manually segmented in  d . Scale bars:  b : 100 μm and  d : 5 μm       
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       11.    Sputter coat the surface of the resin block with a thin layer of 
gold palladium in order to get a conductive surface. This pre-
vents the accumulation of negative charges at the surface of the 
specimen softening the resin block.      

      1.    Carefully load the specimen into the 3View system associated 
to the scanning electron microscope ( see   Note 7 ). Figure  1b  
shows the surface of the resin block once loaded inside the 
microscope chamber.   

   2.    For imaging of the basal limbal epithelial cell layer of the cornea, 
the following setting were used:

 ●    Focus: 5.  
 ●   Magnifi cation: ×6,000.  
 ●   Accelerating voltage: 4 kV.  
 ●   Dwell time: 2 μs.  
 ●   Pressure: 20 Pa.  
 ●   Aperture: 60 μm.  
 ●   Resolution: 4k × 4k.      

   3.    Serially cut ultrathin sections (100 nm) from the resin block to 
expose a fresh surface to the electron beam. This allows the 
generation of a new image of the surface of the specimen 
( see  Fig.  1c ).   

   4.    Repeat this automated process 999 times to generate a large 
data stack of 999 serial images. Serial images are collected as 
.Dm3 fi le format in Digital Micrograph.      

      1.    Convert the .Dm3 data fi le stack into .tiff fi les using Digital 
Micrograph.   

   2.    Copy the data into the workstation and load the .tiff fi le data stack 
as a complete volume into AMIRA for conversion into voxels 
(volumetric picture elements).   

   3.    Use the noise reduction median fi lter and manually segment 
the area of interest on every single slice using the interactive 
pen ( see  Fig.  1d ).   

   4.    Generate the 3D structure of the segmented surface 
( see  Fig.  1e ).       

          1.    Sterilize instruments in 70 % ethanol for 10 min prior to use.   
   2.    Cut the human donor corneal rim into quarters.   
   3.    Incubate the pieces in 5 mL of 1.2 IU/mL dispase II for 2 h 

at 37 °C or overnight at 4 °C.   
   4.    Transfer the pieces to a fresh petri dish containing 1 mL of 

fresh CECM without EGF.   

3.1.3  Sample Loading 
and Acquisition

3.1.4  Data Analysis, 
Manual Segmentation, 
and 3D Reconstruction

3.2  Isolation 
and Culture of Human 
Limbal Epithelial Cells 
(hLEC) Using Dispase 
Dissociation

3.2.1  Dissection 
of Corneal Tissue
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   5.    Release hLEC from the limbus by scraping the anterior limbal 
surface with the tips of fi ne forceps.   

   6.    Triturate to get a single cell suspension and place into a T75 
fl ask containing 1.8 × 10 6  growth-arrested 3T3-J2 feeder cells.   

   7.    Incubate at 37 °C in a humidifi ed incubator with 5 % CO 2  
overnight.      

      1.    After 1 day, replace the medium with CECM and change the 
medium three times per week ( see   Note 8 ).   

   2.    Colonies of hLEC will start to appear between the feeder cells 
( see  Fig.  2 ), easily seen by eye as circles of dense cells. Once 
confl uent (10–14 days), hLEC may be passaged.

       3.    Wash cells twice with DPBS.   
   4.    Incubate for 3 min in 0.05 % in trypsin-EDTA to selectively 

detach 3T3-J2 feeder cells (this can be observed using a light 
microscope).   

   5.    Aspirate and discard the feeder cells.   
   6.    Add 2 mL of 0.5 % trypsin-EDTA, return to the incubator for 

no more than 5 min until hLEC detach when the side of the 
fl ask is hit.   

   7.    Add 10 mL of CECM without EGF and centrifuge at 1,000 ×  g  
for 5 min.   

   8.    Resuspend the hLEC pellet in fresh CECM without EGF and 
continue culture either on RAFT constructs ( see  Subheading  3.5 ) 
or on tissue culture plastic.       

    Air-dry method for hLF isolation and culture . 

3.2.2  hLEC Culture 
and Expansion

3.3  Isolation 
and Culture of Human 
Limbal Fibroblasts 
(hLF)

  Fig. 2    hLEC cultures. ( a ) hLEC form colonies ( left ) between the feeder cells ( right ). ( b ) hLEC display typical 
cobblestone morphology, with scant cytoplasm. Scale bars: 200 μm       
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      1.    Sterilize instruments in 70 % ethanol for 10 min prior to use.   
   2.    Following hLEC isolation using the dispase-dissociation method, 

dissect the corneal rim into 2–3 mm sections using a scalpel.      

      1.    Place 5–6 sections into a T25 fl ask.   
   2.    Allow to air-dry for 15 min in a biological safety cabinet by 

placing the fl ask on its side without the lid.   
   3.    Gently add 6 mL of hLF media.   
   4.    Allow to grow undisturbed in a 37 °C humidifi ed incubator 

with 5 % CO 2  for 3 weeks.      

      1.    Check for growth of hLF at the explant edge and gently change 
media without dislodging the tissue from the fl ask.   

   2.    After a suffi cient number of fi broblasts have grown out from the 
edge of the explant, passage cells into a new T25 fl ask by rinsing 
with 2 mL of DPBS and adding 1 mL of 0.05 % trypsin-EDTA 
for 5 min at 37 °C.   

   3.    Mechanically detach cells by tapping the fl ask and add 4 mL of 
hLF media to inactivate trypsin.   

   4.    Centrifuge at 1,000 ×  g  for 5 min.   
   5.    Resuspend the cells in hLF cell pellet in 1 mL of hLF media 

and reseed into a new T25 fl ask with 5 mL of hLF media.   
   6.    Change media three times per week.   
   7.    Amplify cell stock to use hLF for experimental use at passages 

1–6. Figure  3  shows typical hLF morphology.

             1.    Sterilize instruments in 70 % ethanol for 10 min prior to use.   
   2.    Following hLEC isolation using the method described in 

Subheading  3.2 , dissect the corneal rim into 2–3 mm sections 
using a scalpel.      

3.3.1  Dissection 
of Corneal Tissue

3.3.2  Attachment 
of Tissue to T25 Culture 
Flask

3.3.3  hLF Culture 
and Expansion

3.3.4  Collagenase- 
Dissociation Method 
for hLF Isolation 
and Culture

  Fig. 3    hLF cultures. ( a ) hLF in culture at sub-confl uency. ( b ) A confl uent hLF layer, ready for trypsinization. hLF 
appear dendritic. Scale bars: 200 μm       
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      1.    Add dissected sections to 5 mL of collagenase solution in a 
35 mm dish.   

   2.    Incubate overnight in a humidifi ed incubator at 37 °C with 
5 % CO 2 .   

   3.    The next day, transfer the collagenase solution to a 15 mL 
centrifuge tube and centrifuge at 1,000 ×  g  for 5 min.   

   4.    Aspirate and discard the supernatant.   
   5.    Resuspend the cell pellet in 1 mL of hLF media.      

      1.    Add a further 5 mL of hLF media and transfer to a T25 fl ask.   
   2.    Change hLF media three times per week until 70–80 % 

confl uent.   
   3.    At this confl uency, the hLF may be trypsinized.   
   4.    Wash hLF with DPBS twice.   
   5.    Add 1 mL of 0.05 % trypsin-EDTA and incubate for 5 min at 

37 °C in a humidifi ed incubator with 5 % CO 2 .   
   6.    Mechanically detach cells by tapping the fl ask and add 4 mL of 

hLF media to inactivate trypsin.   
   7.    Centrifuge at 1,000 ×  g  for 5 min and resuspend the pellet in 

1 mL of hLF medium before reseeding into a new T25 fl ask 
with 5 mL of hLF media.   

   8.    Change media three times per week.   
   9.    Amplify cell stock to use hLF for experimental use at passages 

1–6.       

  This method has been previously described by Du et al. [ 6 ]. 

      1.    Sterilize instruments in 70 % ethanol for 10 min prior to use.   
   2.    Place the whole cornea or corneoscleral rim in a single well of 

a 12-well plate containing DMEM/F12 (supplemented with 
Gentamicin and pen/strep only).   

   3.    Wash the tissue three times for 10 min each using this media.   
   4.    If there is any trace of the Tenon’s capsule (fi brous tissue) 

( see   Note 9 ), remove this using a pair of forceps and scissors.   
   5.    Dissect the superfi cial limbus 360° ( see  Fig.  4a, b ): cut part of 

the sclera and cornea with the limbus sandwiched between 
( see   Note 10 ).

       6.    Cut cornea into two halves to ease dissection, ensuring that 
the tissue is moistened with hCSSC media whilst dissecting.   

   7.    Cut approximately 100 μm deep to obtain the superfi cial 
stroma only.      

3.3.5  Enzymatic 
Dissociation of Corneal 
Tissue

3.3.6  hLF Culture 
and Expansion

3.4  Isolation 
and Culture of Human 
Corneal Stromal Stem 
Cells (hCSSC)

3.4.1  Dissection 
of Corneal Tissue
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      1.    Cut the limbal stroma into smaller fragments using scissors and 
place into collagenase solution in a well of a 6-well plate.   

   2.    Incubate overnight at 37 °C in a 5 % CO 2  humidifi ed incubator. 
The next day, pipette the mixture up and down to break up any 
remnants of fi brous tissue that might be remaining in media.   

   3.    Centrifuge mixture in 10 mL of DMEM/F12 (containing 
Gentamicin and pen/strep) at    1,500 rpm* for 5 min at 4 °C.   

   4.    Remove supernatant leaving approximately 0.5 mL at bottom 
of tube ( see   Note 11 ).   

   5.    Add 1 mL of hCSSC media to the tube containing cells and 
mix gently before adding a further 4 mL of hCSSC media.      

3.4.2  Enzymatic 
Digestion of Limbal Stroma

  Fig. 4    hCSSC isolation and culture using enzymatic dissociation. ( a )  Black dotted 
lines  illustrate the limbal region before dissection. ( b ) Upper half of superfi cial 
limbal rim is dissected. ( c ) hCSSC in culture (passage 1). CSSCs appear small 
and square in sparsely arranged colonies. Some epithelial colonies (E) and 
keratocyte- like cells (K) remain visible in early passages. Scale bar: 100 μm       
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      1.    Coat T25 fl ask with FNC. Add approximately 1 mL of FNC to 
cover the surface of the fl ask, leave for 30 s, then aspirate the 
excess.   

   2.    Add the hCSSC suspension to the FNC-coated fl ask.   
   3.    Incubate at 37 °C in a 5 % CO 2  humidifi ed incubator ( see   Note 12 ) 

overnight. hCSSC will adhere to the plastic surface of the fl ask 
by the next day.   

   4.    Wash cells with DPBS and replace with fresh hCSSC medium 
( see   Note 13 ).   

   5.    Small hCSSC colonies should appear by day 2 or 3 ( see  Fig.  4c ). 
Cells should be passaged as soon as small colonies are visible 
using 1 mL of TrypLE Express followed by 2 mL of hCSSC 
media to neutralize.   

   6.    Culture hCSSC at 37 °C in a 5 % CO 2  humidifi ed incubator 
( see   Note 14 ).       

         1.    Trypsinize hLF cells as in Subheading  3.3 .   
   2.    Resuspend hLF in 1 mL of hLF medium and perform a cell 

count.   
   3.    Resuspend hLF at a cell density of 100,000 cells per mL of col-

lagen in an appropriate volume of culture medium, c, depending 
on the fi nal number of constructs ( see   Note 15 ) ( see  Table  1 ).

       4.    Keep cells on ice until required.      

      1.    Determine the number of collagen constructs required and 
refer to Table  1  for reagent volumes ( see   Note 16 ).   

   2.    Add volume × of 10 × MEM to the mixing vessel.   
   3.    Slowly add volume  y  of the collagen solution to the mixing 

vessel.   
   4.    Swirl the solution gently to mix until a homogenous color is 

achieved.   
   5.    Add volume  z  of neutralizing solution evenly distributed across 

the surface of the mixture, swirl the solution again gently to mix.   
   6.    Add volume  c  of hLF cell suspension (from Subheading  3.5.1 ) 

( see   Note 17 ), evenly distributed across the surface of the mixture 
and swirl again gently to mix.   

   7.    Leave the collagen solution on ice for 30 min to allow any 
bubbles that might have formed to disperse ( see   Note 18 ).      

      1.    Allow the plate heater to reach 37 °C.   
   2.    Using a 5 mL pipette, transfer 2.4 mL of collagen/hLF mix to 

each well of a 24-well plate ( see   Note 19 ).   

3.4.3  hCSSC Culture

3.5  Production 
of RAFT Constructs

3.5.1  hLF Cell Solution 
Preparation

3.5.2  Collagen Solution 
Preparation

3.5.3  Hydrogel 
Formation
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   3.    Place the 24-well plate on the plate heater and close the lid 
( see   Note 20 ).   

   4.    Allow 30 min for fi brillogenesis to occur and hydrogels to form.   
   5.    Whilst gelling is occurring, UV sterilize the desired number of 

absorbers.      

    Table 1  
  Reagent volume guide for RAFT production in 24-well Greiner plates (all 
volumes are in mL)   

 Number of 
constructs 

 10× MEM  Collagen 
 Neutralizing 
solution 

 Cells or 
medium 

 Total 
volume  Excess   x    y    z    c  

 1  0.4  3.5  0.261  0.180  4.4  2 

 2  0.7  5.4  0.404  0.279  6.8  2 

 3  0.9  7.4  0.546  0.377  9.2  2 

 4  1.2  9.3  0.689  0.476  11.6  2 

 5  1.4  11.2  0.832  0.574  14.0  2 

 6  1.6  13.1  0.974  0.672  16.4  2 

 7  1.9  15.0  1.117  0.771  18.8  2 

 8  2.1  17.0  1.259  0.869  21.2  2 

 9  2.4  18.9  1.402  0.968  23.6  2 

 10  2.6  20.8  1.544  1.066  26.0  2 

 11  2.8  22.7  1.687  1.164  28.4  2 

 12  3.1  24.6  1.830  1.263  30.8  2 

 13  3.3  26.6  1.972  1.361  33.2  2 

 14  3.6  28.5  2.115  1.460  35.6  2 

 15  3.8  30.4  2.257  1.558  38.0  2 

 16  4.0  32.3  2.400  1.656  40.4  2 

 17  4.3  34.2  2.542  1.755  42.8  2 

 18  4.5  36.2  2.685  1.853  45.2  2 

 19  4.8  38.1  2.827  1.952  47.6  2 

 20  5.0  40.0  2.970  2.050  50.0  2 

 21  5.2  41.9  3.113  2.148  52.4  2 

 22  5.5  43.8  3.255  2.247  54.8  2 

 23  5.7  45.8  3.398  2.345  57.2  2 

 24  6.0  47.7  3.540  2.444  59.6  2 
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      1.    Populate the guide plate with the correct number and confi gu-
ration of sterile absorbers (ridged or plain) to match the hydro-
gels ( see  Fig.  5a ) ( see   Note 21 ).

       2.    Open the lid of the plate heater and remove the lid of the cell 
culture plate.   

   3.    Place the guide plate on top of the cell culture plate aligning the 
absorbers with the hydrogels and leave for 30 min ( see  Fig.  5b ) 
( see   Note 22 ).   

   4.    Remove the guide plate and accompanying absorbers by lifting 
it straight up.   

   5.    Discard the absorbers.   
   6.    Add 500 μL of hLF medium to the surface of the RAFT con-

structs and replace the lid of the well plate.   
   7.    Place the culture plate in a humidifi ed incubator at 37 °C 

with CO 2  in air until addition of hLEC to the surface. An 

3.5.4  Production 
of the RAFT 3D Constructs

  Fig. 5    RAFT production process. ( a ) Base of absorbers showing ridged and plain topographies. ( b ) Guide plate 
populated with absorbers on top of 24-well plate. ( c ) Acellular RAFT construct in the base of a 24-well plate. 
( d ) Schematic summarizing the RAFT production process       
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example of an acellular RAFT construct is shown in Fig.  5c . 
(A schematic to describe the hydrogel formation and RAFT 
production process is shown in Fig.  5d ).      

      1.    Selectively trypsinize and discard 3T3-J2 feeder cells as in 
Subheading  3.2 .   

   2.    Trypsinize hLEC as in Subheading  3.2 .   
   3.    Count hLEC using a hemocytometer and dilute cell suspension 

to the correct density to add 560,000 cells to each RAFT 
construct in a 24-well plate ( see   Note 15 ).   

   4.    Add a total of 1.5 mL of CECM (without EGF) ( see   Note 23 ) 
to each well and return the plate to the incubator at 37 °C and 
5 % CO 2  in air.      

      1.    After 24 h, aspirate the CECM and any unattached cells and 
add 1.5 mL of fresh CECM.   

   2.    Change medium three times per week.   
   3.    Maintain RAFT constructs for 2 weeks in submerged 

culture.      

      1.    Remove the RAFT constructs from wells and place onto an 
insert in a 6-well culture plate using forceps and a fl at 
spatula.   

   2.    Add 800 μL of CECM to the well below the insert adding a 
drop of medium to the surface of the constructs and fi ll any 
empty wells with DPBS ( see   Note 24 ).   

   3.    Change the medium three times per week, each time adding a 
drop of CECM to the surface of the constructs.   

   4.    Maintain the RAFT constructs for 1 week in airlifting culture.       

       1.    Fix RAFT constructs for 30 min using 4 % PFA ( see   Note 25 ).   
   2.    Following fi xation, wash the construct three times with DPBS 

( see   Note 26 ) and, if required, store at 4 °C in DPBS, up to a 
maximum of 2 weeks.      

      1.    Prevent nonspecifi c binding by blocking with blocking buffer 
( see   Note 27 ) for 1 h.   

   2.    Wash once with DPBS ( see   Note 26 ).      

      1.    Apply capture antibody in capture antibody solution at the 
required dilution ( see  Table  2 ) ( see   Note 28 ).

       2.    For the isotype negative control ( see   Note 29 ), apply the isotype 
control in capture antibody solution at the same concentration 
used for the capture antibody ( see  Table  2 ).   

3.5.5  Seeding of hLE 
onto the Surface of RAFT 
Constructs

3.5.6  Submerged Culture 
to Expand hLE 
on the Surface of RAFT

3.5.7  Airlifting 
the Culture to Achieve 
a Stratifi ed Epithelium 
on the Surface of RAFT

3.6  Wholemount 
Immunohisto-
chemistry

3.6.1   Fixing

3.6.2  Blocking

3.6.3  Capture Antibody
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   3.    Incubate samples overnight at 4 °C.   
   4.    Following the overnight incubation, wash samples with DPBS 

for 3 × 5 min ( see   Note 26 ).      

      1.    Apply Alexa Fluor secondary antibody (1:500) ( see   Note 30 ) 
and phalloidin (1:1,000) ( see   Note 31 ) in DPBS.   

   2.    Incubate samples for 1 h at RT in the dark.   
   3.    Wash samples with DPBS for 3 × 5 min ( see   Note 26 ).      

      1.    Transfer the samples to glass slides and remove any excess liquid 
carefully by blotting with a tissue.   

   2.    Apply one or two drops of Vectashield mounting medium to 
each sample and fi x in place with a coverslip ( see   Note 32 ).   

   3.    Seal using nail polish, carefully brushing the polish around the 
perimeter of the coverslip.   

   4.    Leave to dry for 30 min before visualizing using a confocal 
fl uorescence microscope. An example of RAFT wholemount 
staining is given in Fig.  6 .

3.6.4  Detection Antibody

3.6.5  Mounting

        Table 2  
  Antibody and isotype controls supplier information and dilutions for 
immunohistochemistry   

 Antigen 
 Capture Ab 
manufacturer 

 Dilution for 
wholemount 

 Dilution for 
wax sections 

 Isotype control 
manufacturer 

 p63α  Cell Signaling 
Technology 

 1:50  1:100  New England 
Biolabs 

 Pax-6  Covance  1:100  1:100 
 Ki67  Millipore  1:100  1:100 

 CK3  Millipore  1:200  1:500  Cambridge 
Bioscience 

  Fig. 6    Example of a wholemount-stained RAFT construct. ( a ) hLEC on RAFT stained for β1-integrin, putative 
stem cell marker. ( b ) hLEC on RAFT stained for phalloidin-FITC. ( c ) Merge. Scale bars: 50 μm       
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               1.    Fix RAFT constructs for 30 min using 4 % PFA ( see   Note 25 ).   
   2.    Following fi xation, wash the construct three times with DPBS 

and, if required, store at 4 °C in DPBS, up to a maximum of 
2 weeks.      

      1.    Carefully wrap RAFT constructs in specimen wrapping paper 
using forceps and place into a tissue cassette.   

   2.    Leave in formalin until transfer to the tissue processor, which 
processes the tissue using gentle agitation, as follows:

 ●    70 % IMS for 5 min.  
 ●   90 % IMS for 30 min.  
 ●   100 % IMS for 1 h (×2).  
 ●   100 % IMS for 1.5 h (×2).  
 ●   100 % IMS for 2 h, xylene for 2 h (×2).  
 ●   paraffi n for 2 h (×2).      

   3.    The tissue cassette should be left in paraffi n until required.      

      1.    Open the tissue cassette and remove the RAFT construct.   
   2.    Embed in paraffi n wax and leave to cool for at least 1 h before 

sectioning ( see   Note 33 ).      

      1.    Trim excess paraffi n from the sides of the tissue cassette to 
ensure that the block fi ts in the microtome ( see   Note 34 ).   

   2.    Cut 5 μm sections and fl oat onto Superfrost ++ slides.   
   3.    Allow excess water to drain away and transfer the slide to the 

hot plate for 15 min to ensure paraffi n wax has melted and sec-
tion is fi rmly stuck to the glass slide.   

   4.    Store at RT until staining.      

      1.    Place labeled slides into a Coplin jar.   
   2.    Dewax in xylene for 3 × 5 min.      

      1.    In a Coplin jar, perform the following steps:
 ●    100 % IMS for 5 min.  
 ●   90 % IMS for 5 min.  
 ●   70 % IMS for 5 min.  
 ●   Water for 5 min.      

   2.    Wash slides in DPBS for 5 min at 95 °C in a water bath.      

      1.    Perform antigen retrieval with sodium citrate buffer at 95 °C 
in a water bath for 20 min.   

   2.    Wash for 3 × 5 min with DPBS.      

3.7  Immunohisto-
chemistry on Paraffi n 
Wax Embedded 
Sections

3.7.1   Fixing

3.7.2  Processing

3.7.3  Embedding

3.7.4  Sectioning

3.7.5  Dewaxing

3.7.6  Rehydrating

3.7.7  Antigen Retrieval
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      1.    Prevent nonspecifi c binding by blocking in blocking buffer for 1 h.      

      1.    Apply the capture antibody in capture antibody solution at the 
required dilution ( see  Table  2 ) ( see   Note 30 ).   

   2.    To prepare an isotype negative control, add the isotype control 
in capture antibody solution at the same concentration used 
for the capture antibody ( see  Table  2 ) ( see   Note 29 ).   

   3.    Incubate samples overnight at 4 °C.   
   4.    Following the overnight incubation, wash samples with DPBS 

for 3 × 5 min.      

      1.    Apply Alexa Fluor secondary antibody (1:500) ( see   Note 30 ) 
and phalloidin (1:1,000) ( see   Note 31 ) in DPBS.   

   2.    Incubate samples for 1 h at RT in the dark.   
   3.    Wash samples with DPBS for 3 × 5 min.      

      1.    Apply one or two drops of Vectashield to each sample and fi x 
in place with a coverslip ( see   Note 32 ).   

   2.    Seal using nail polish, carefully brushing the polish around the 
perimeter of the coverslip.   

   3.    Leave to dry for 30 min before visualizing using a fl uorescence 
microscope.     
 An example of RAFT section staining is given in Fig.  7 .

4         Notes 

     1.    Cadaveric donor corneal rims with appropriate research consent 
are used to isolate hLE, hLF, and hCSSC. Tissue can be fresh 
postmortem or Optisol-stored tissue. Dispose of human tissue 
as defi ned in local policies.   

3.7.8  Blocking

3.7.9  Capture Antibody

3.7.10  Detection 
Antibody

3.7.11  Mounting

  Fig. 7    Example of a stained RAFT section. ( a ) hLEC on RAFT stained for p63α, putative stem cell marker. ( b ) PI 
counter-staining of hLEC ( left ) nuclei on RAFT and entrapped hLF ( right ) nuclei. ( c ) Merge showing that only 
basal hLEC express p63α. Scale bars: 20 μm       
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   2.    Particular care must be taken with osmium tetroxide. The vapor 
pressure and the acute toxicity of osmium are high. Use under 
a fume cupboard and wear suitable protective clothing and 
gloves. Used osmium and washes should be stored for safe 
disposal.   

   3.    Uranyl acetate is very toxic and radioactive. Use only in a fume 
cupboard and wear suitable protective clothing and gloves. 
Used uranyl acetate including washes should be stored for safe 
disposal.   

   4.    Do not allow the tissue dry out.   
   5.    Use this incubation time to prepare a fresh solution of 

thiocarbohydrazide.   
   6.    It is important to trim at this point, in order to ensure that the 

specimen surface still fi ts in the cutting window of the 3View 
microtome during serial sectioning.   

   7.    Refer to the instruction of the manufacturer for a detailed 
description of the loading process.   

   8.    It may be necessary to top the feeder cells if they begin to 
detach during culture.   

   9.    Tenon’s capsule contains fi broblasts, which may contaminate 
the hCSSC culture if not removed.   

   10.    Remove excess sclera and central cornea using a scalpel.   
   11.    The pellet is very small so care must be taken not to dislodge/

remove it.   
   12.    hCSSC can be left in hCSSC media for up to 2 days if 

necessary.   
   13.    It is diffi cult to distinguish the hLEC from hCSSC at this stage 

of culture.   
   14.    By the second day of culture, hLEC usually begin to grow in 

small colonies with the characteristic cobblestone morphology. 
hCSSC grow more sparsely but in close proximity to the epi-
thelial colonies. hCSSC typically look small and square, with 
four points. Some keratocyte-like cells that are more dendritic 
in morphology also appear in early passages (Fig.  4c ). It is nec-
essary to passage hCSSC as soon as they appear, rather than 
waiting for confl uence since they will become fi broblastic.   

   15.    Cell densities have been optimized for this specifi c application; 
the fi nal cell density in collagen construct must be determined 
by the end user depending on the application.   

   16.    The reagent volumes include an excess to allow for solution 
lost when pipetting and transferring between different vessels.   

   17.    If hLF is not required in the RAFT construct, add hLF culture 
media alone.   
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   18.    Keep all reagents ice-cold and perform all processes on ice as 
far as possible after neutralization. Gelling will commence if 
the solution is left to warm.   

   19.    When dispensing the viscous collagen solution with serological 
pipettes, reverse pipette to increase accuracy.   

   20.    It is possible to carry out the fi brillogenesis process in a 37 °C 
cell culture incubator.   

   21.    If bioengineered limbal crypts in the RAFT construct are 
required, use ridged absorbers. If a fl at surface is required, use 
plain absorbers. The process is identical for both.   

   22.    Take care not to apply too much pressure to the hydrogels. 
Allow the absorbers to gently fall onto the surface of the gels. 
It is possible to carry out this process directly in the cell culture 
hood without the use of the plate heater.   

   23.    Omission of EGF when initially cell seeding hLE cells aids 
attachment to the surface of RAFT constructs.   

   24.    Adding DPBS to the empty wells helps to maintain a humid 
atmosphere and addition of a drop of medium to the surface of 
the constructs prevents drying of the cells on the construct.   

   25.    Fixation reagents and incubation times may vary dependent 
upon the antibody used. Therefore, consult the relevant data 
sheet if antibodies other than those given in Table  2  are used 
before performing this step.   

   26.    For all wash steps, be careful to expel liquid around the con-
struct, and not directly on top. This prevents epithelial 
detachment.   

   27.    For cell surface antigens Triton-X-100 detergent should be 
omitted from the blocking solution as the detergent may 
destroy cell membrane structure.   

   28.    For capture antibodies other than those given in Table  2 , the 
user should optimize the dilution.   

   29.    The isotype control should be sourced from the same species as 
the host antibody, and should match the same antibody subtype. 
The purpose of the isotype control is to enable the end user to 
assess the level of background staining, thereby helping to dif-
ferentiate between nonspecifi c and true antigen- antibody 
binding.   

   30.    Secondary antibody selection is important to allow for 
antibody- antibody binding. The secondary antibody should be 
raised in the same species used for the blocking serum, but 
directed against the immunoglobulins of the primary antibody 
species; i.e., the appropriate secondary antibody to use in a 
protocol using goat serum and a rabbit primary antibody 
would be termed “goat anti-rabbit.”   
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   31.    Phalloidin binds to the cells’ actin fi laments, allowing for 
visualization of the cells’ cytoskeleton. Therefore, this reagent 
is a useful tool to aid localization of the target antigen within 
the cell.   

   32.    Mounting medium prevents rapid photo-bleaching of fl uoro-
phores and provides an optimal refractive index enabling 
sharper images to be obtained. Excess liquid may alter the 
refractive index resulting in poorer quality images. Removal of 
excess liquid is advised.   

   33.    Ensure a margin of at least 2 mm of paraffi n on all sides of the 
gel to give it a good cutting support. If cracks are observed in 
the wax, re-melt the paraffi n and repeat the embedding pro-
cess, as the block will crack further during sectioning making 
obtaining sections impossible.   

   34.    Cool each block facedown on an ice block for at least 10 min 
prior to sectioning to reduce friction between the blade and 
block. This also reduces the chance of cracking the block.         
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    Chapter 16   

 Isolation and Characterization of Stem 
Cells in the Adult Mammalian Ovary 

           Seema     Parte    ,     Hiren     Patel    ,     Kalpana     Sriraman    , 
and     Deepa     Bhartiya    

    Abstract 

   Female mammals are born with a fi xed pool of germ cells, which does not replenish during adult life. 
However, this has been recently challenged and adult ovaries produce oocytes throughout adult life just 
like sperm in the testes. Evidence is accumulating on the presence of ovarian stem cells, but the need for 
robust protocols to isolate, identify, further characterize, and subject them to various functionality tests is 
essential. Knowledge about the function and potential of ovarian stem cells is well demonstrated by various 
groups, but their true identity remains elusive because of the variability in the approaches used to identify 
them by different groups. In order to address this we have made attempts to compile our protocols to 
isolate, identify, characterize, and culture the stem cells using different animal models including human. 
Two distinct populations of stem cells exist in adult mammalian ovary, including very small embryonic-like 
stem cells (VSELs) and the progenitors termed ovarian germ stem cells (OGSCs). VSELs are relatively 
quiescent and undergo asymmetric cell division to give rise to OGSCs, which divide rapidly, occasionally 
form germ cell nests and undergo meiosis and differentiation into oocytes, which are surrounded by 
granulosa cells to assemble as primordial follicles.  

  Key words     Ovary  ,   Stem cells  ,   VSELs  ,   Oct-4  

1      Introduction 

 The widely accepted concept in female ovarian biology is that 
women and other mammals produce a nonrenewable pool of germ 
cells, i.e., primordial follicles during fetal development, which does 
not replenish during adult life. This was challenged in 2004 by 
Tilly’s group [ 1 ] and since then several investigators have also 
reported the existence of ovarian stem cells ( recently reviewed in  
 2 – 4 ). Although unequivocal evidence exists about the presence of 
stem cells in the ovary surface epithelium (OSE), there is a need to 
establish consensus on methods to isolate and identify them at a 
single cell level, characterize further, and subject them to various 
functionality tests. This chapter describes our simplifi ed approach 
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to isolate, identify, characterize, and culture ovarian stem cells from 
the adult mammalian ovary. Our protocols to isolate ovarian stem 
cells differ from the recently compiled protocols for isolation of 
female germline/oogonial stem cells [ 5 ,  6 ], since we have reported 
the presence of two distinct populations of ovarian stem cells 
including the pluripotent stem cells and progenitors as discussed in 
relevant sections below. 

 The ovary is covered by a single layer of epithelial cells referred 
to as the ovarian surface epithelium (OSE). These epithelial cells 
share a common source of origin from the peritoneal mesothelial 
cells by differentiation and conversion of mesenchymal cells into 
epithelial cell type by extracellular matrix remodeling [ 7 ]. Ovarian 
surface epithelium forms a single layer of fl at/cuboidal epithelial 
cells surrounding the ovarian surface and is attached tenuously to 
the underlying stromal layer and can be easily detached by mechan-
ical means. The simple squamous to-cuboidal single-layered epi-
thelial cell structure of the normal human OSE belies its complex 
biology. OSE plays an active role in follicular rupture, oocyte 
release, subsequent ovarian remodeling, and repair of follicle walls. 
It is a relatively less differentiated, uncommitted layer of cells that 
expresses both epithelial and mesenchymal markers, unlike most 
normal epithelia found in other tissues. It covers only a certain area 
in a functional ovary where it gets disrupted by regular ovulatory 
episodes; however, in resting ovaries, e.g., during anovulatory 
cycles, PCOS, during menopause, or sclerotic ovaries, the entire 
surface of the ovary is covered with OSE [ 8 ]. Ovarian stem cells 
have been shown to exist in the OSE by various investigators 
(including our group) in human, sheep, marmoset, rabbit, and 
mouse ovaries [ 1 ,  3 ,  9 – 14 ]. However, it is important to note that 
by using varied approaches, stem cells of variable cell sizes, gene 
signatures, and terminologies have been reported by other groups 
and their true identity remains elusive. 

 Use of Tilly’s group DEAD box polypeptide 4 (DDX- 4- also 
termed as mouse vasa homologue MVH), a germ cell- specifi c 
marker-based fl ow cytometry approach by Tilly’s group to isolate 
and demonstrate the presence of oogonial stem cells resulted in 
controversy. The use of DDX-4 as a marker to isolate the putative 
stem cells remains controversial as it is generally accepted as a cyto-
plasmic protein [ 15 ], but the use of DDX-4 to isolate stem cells in 
their protocols was recently shown [ 5 ]. The stem cells described by 
his group are equivalent to SSCs in the testis [ 2 ] and are (5–8 μm 
in size) and express germ line markers [Prdm1, Dppa3, Ifi tm3, 
Tert, Ddx4, and Dazl] [ 16 ].    Bukovsky et al. [ 9 ] fi rst showed that 
ovarian surface epithelial stem cells were a bipotent source of germ 
as well as somatic granulosa cells. In vitro, OSE scraped from post-
menopausal human ovary could develop oocyte-like structures of 
about 180 μm in the presence of a medium with phenol red (estro-
genic stimuli). Ovarian epithelial stem cells underwent asymmetric 
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division and contributed to new germ cells formation [ 17 ]. 
 Virant- Klun’s group [ 11 ,  12 ,  18 ,  19 ] reported the presence of tiny 
spherical cell types with embryonic-like characteristics and measuring 
2–4 μm in diameter in the adult human ovaries (menopausal and 
premature ovarian failure). These putative ovarian stem cells 
expressed pluripotent stem cell markers (Oct-4, Nanog, Sox-2) 
and differentiated in culture to form oocyte-like structures measur-
ing 90 μm in diameter, expressing germ cell-specifi c markers (c-kit, 
VASA, and ZP2) at the mRNA transcript level and could develop 
into embryoid body-like, and parthenote embryo-like structures, 
and neuronal phenotype cells. 

 Our group has reported the presence of two distinct popula-
tions of stem cells in OSE scrapings, which include very small 
embryonic-like stem cells (VSELs, 1–3 μm), slightly bigger pro-
genitors (OGSCs, 4–7 μm) [ 10 ] and occasional germ cell nests/
cysts (formed by rapid nuclear divisions and incomplete cytokinesis 
of OGSCs) [ 3 ,  14 ,  20 ]. The pluripotent VSELs with nuclear 
OCT-4 and cell surface SSEA-4 (in humans) give rise to OGSCs 
with cytoplasmic OCT-4, which undergo rapid clonal expansion 
and result in formation of cysts and further meiosis and differentia-
tion to give rise to oocytes (Fig.  1 ).

   Very small embryonic-like stem cells are a novel stem cell pop-
ulation present in both adult testis and ovary [ 10 ,  20 ,  21 ], are 
more primitive and give rise to the progenitors (SSCs and OGSCs) 
by asymmetric cell division. The progenitors undergo rapid prolif-
eration and clonal expansion as chains in testes and as cysts in the 
ovaries. They undergo meiosis and further differentiation to pro-
duce haploid gametes [ 21 ,  22 ]. Thus, we report a novel stem cell 
population (VSELs), in addition to that by Tilly’s group [ 2 ] as 
shown in Fig.  2 .

VSEL

Asymmetric 
Division

Progenitor

Clonal Expansion

Differentiation

Gametes

Nest/Cyst in Ovary

Chain in Testis

  Fig. 1    Asymmetric cell division of stem cells in mammalian gonads: Very small embryonic-like stem cells 
(VSELs) are very small in size and undergo asymmetric cell division to self-renew themselves and to give rise 
to slightly bigger progenitors. These undergo rapid proliferation, clonal expansion meiosis, and further differ-
entiation into gametes       
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   We have studied the ovarian stem cells in scraped OSE cells. 
This method results in a heterogeneous population of stem cells as 
pointed out by Woods and Tilly [ 5 ], but provides a better under-
standing of stem cell biology that may account for postnatal oogen-
esis. Lei and Spradling [ 23 ] recently carried out elegant studies and 
concluded absence of stem cells in the adult mouse ovary since 
they did not observe any cysts. However, we have shown the pres-
ence of cysts in human, sheep, and mouse ovaries [ 3 ]. 

 Very small embryonic-like stem cells are pluripotent stem cells 
which exist in various adult body tissues at the top of the hierarchy 
of tissue committed stem cells, including gonads, and serve as a 
backup pool to maintain homeostasis throughout life. Ratajczak’s 
group reported VSELs for the fi rst time [ 24 ] but doubts on their 
very existence were raised in recent literature [ 25 ,  26 ]. However, 
Ratajczak’s group [ 27 ], has reviewed protocols for isolation of 
VSELs and also pointed out technical reasons that might have led 
to the recent controversy. We have established fl ow cytometry 

Very small embryonic-like stem cells 
(VSELs)

Extremely quiescent with nuclear OCT-4

Spermatogonial stem cells 
(SSCs)

Ovarian germ stem cells 
(OGSCs)

Undergo proliferation, clonal expansion,
meiosis and further differentiation

Sperm Oocyte

Actively dividing progenitors with cytoplasmic OCT-4

  Fig. 2    Stem cell biology in mammalian gonads: VSELs exist in both testis and 
ovary; give rise to progenitors, which further differentiate into gametes. Note that 
the presence of relatively small VSELs with nuclear OCT-4 and slightly bigger 
progenitors in both testis and ovary with cytoplasmic OCT-4. Also rapid prolifera-
tion of testicular progenitors occurs as a chain in testis and as a nest in the ovary 
[ 3 ,  10 ,  14 ,  20 – 22 ]       
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protocols to identify mouse ovarian VSELs [ 28 ] and these stem 
cells are relatively quiescent, survive oncotherapy, and can be stim-
ulated to undergo oocyte-specifi c differentiation in vitro in 
response to follicle stimulating hormone. The approach of 
immuno-isolation of DDX4 positive stem cells by FACS described 
by Tilly’s group does not pick up the VSELs as they report the 
presence of uniform sized oogonial stem cells in the range of 
5–8 μm size which are possibly the progenitors. Their protocol 
also fails to detect the ovarian germ cell nests/cysts. Thus, every 
protocol has its own advantages and it is unfair to discard any one in 
favor of another [ 5 ]. Our work suggests that ovarian stem cell func-
tion is modulated by FSH through a novel FSH receptor isoform 
R3 [ 29 ]. We have reported a novel function of FSH on the ovarian 
stem cells lodged in the OSE [ 13 ]. This is in addition to the exist-
ing paradigm that FSH acts on the granulosa cells of growing fol-
licles and that primordial follicle growth is independent of 
gonadotropin action [ 30 ]. We also have demonstrated postnatal 
oogenesis from ovarian stem cells leading to primordial follicle 
assembly in PMSG- treated mouse ovaries [ 31 ]. 

 In order to identify and characterize stem cells from the OSE 
layer it is essential to fi rst isolate the OSE cells followed by meth-
ods to enrich/isolate various populations of stem cells. OSE can be 
isolated mechanically through gentle scraping of ovaries for human, 
sheep, monkey, and rabbit and by controlled enzymatic digestion 
of mouse ovary. In this chapter we have described various methods 
for their isolation, identifi cation, and characterization followed by a 
brief overview of exploring their differentiation potential in culture 
conditions by establishing primary cultures of OSE.  

2    Materials 

  Human ovarian tissue can be obtained from peri- menopausal 
women with an age range of 40–60 years undergoing total abdom-
inal hysterectomy or ovariectomy for various reasons other than 
ovarian pathology, infection or malignancy and young ovarian 
 tissue from autopsy cases. Sheep ovaries are procured and trans-
ported from an abattoir in 0.9 % normal saline containing antibi-
otics (penicillin plus streptomycin) at ambient temperature to the 
laboratory for further processing. Monkey, rabbit, and mouse 
 ovaries can be obtained from animal house facilities. All the proce-
dures need approval from the Institutional Ethics Committee for 
human and animal research. 

      1.    0.9 % normal saline (NS)-containing antibiotics (penicillin 
100 U/mL, streptomycin 100 µg/mL; Invitrogen).   

   2.    1X calcium and magnesium-free Dulbecco’s phosphate- 
buffered saline (PBS) (Invitrogen).   

   3.    Fetal bovine serum (FBS) (Invitrogen).   

2.1  Isolation of Stem 
Cells from Adult 
Mammalian Ovaries

2.1.1  Mechanical 
Isolation of OSE from Adult 
Mammalian Ovary (Human, 
Sheep, Monkey, 
and Rabbit)

Stem Cells in Mammalian Ovary
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   4.    DMEM/F12 (high glucose, Sigma Aldrich).   
   5.    60 mm tissue culture dishes (BD Falcon).   
   6.    90 mm tissue culture dishes (BD Falcon).   
   7.    15 mL centrifuge tubes (Tarsons).   
   8.    Centrifuge machine.   
   9.    Surgical instruments: small forceps, scissors, surgical blade 

number 25 or a blunt scalpel blade.   
   10.    Inverted microscope with Hoffman optics for viewing the 

scraped cell suspension.      

      1.    OSE cells suspended in PBS plus 2 % FBS.   
   2.    SSEA-4 antibody (Stem Cell Technologies Inc).   
   3.    EasySep ®  SSEA-4 Selection Kit (Stem Cell Technologies Inc).   
   4.    Purple magnet concentrator (Stem Cell Technologies Inc).   
   5.    5 mL round-bottom tubes (BD Biosciences).   
   6.    Sorting medium: PBS containing 0.2 % FBS and 100 mM 

EDTA.

             1.    Ovary surface epithelium cell suspension.   
   2.    4 % paraformaldehyde (PFA, pH 7.4; Sigma Aldrich ).   
   3.    PBS with 1 % BSA.   
   4.    DMEM/F12 with antibiotics.   
   5.    Primary antibodies (Table  1 ).
       6.    0.05 % NP40 (Sigma).   
   7.    RBC Lysis buffer (BD Biosciences).   
   8.    5 mL round-bottom tubes (BD Biosciences).   
   9.    15 mL tubes (Tarsons,).   
   10.    Hemocytometer.   
   11.    Microscope.   
   12.    Flow Cytometry Size Calibration Kit microspheres (Invitrogen).   
   13.    BD FACS Aria Flow cytometer.   
   14.    Centrifuge at 4 °C.

             1.    DMEM-High Glucose media (Invitrogen).   
   2.    Collagenase IV (Invitrogen).   
   3.    Fetal Bovine Serum (Invitrogen ).   
   4.    Phosphate Buffered Saline (PBS-Sigma Aldrich).   
   5.    4 % Paraformaldehyde solution (PFA-Sigma Aldrich).   
   6.    1.5 mL Microcentrifuge tubes (Tarsons).      

2.1.2  Enrichment 
of Stem Cells from OSE by 
Immunomagnetic Method

2.1.3  Flow Cytometry 
(Immunophenotyping) 
Analysis of Sheep Ovarian 
Stem Cells Using OCT-4

2.1.4  Enzymatic 
Digestion of Mouse Ovary 
to Obtain Stem Cells
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      1.    DMEM-High Glucose media (Invitrogen).   
   2.    Collagenase IV (Invitrogen).   
   3.    DNAse I (Sigma).   
   4.    Fetal Bovine Serum (Invitrogen).   
   5.    Phosphate Buffered Saline (PBS-Invitrogen) Mouse- specifi c 

FcR Block (Stem Cell Technologies Inc).   
   6.    Flow Cytometry Size Calibration Kit microspheres (Invitrogen).   
   7.    2 and 1.5 mL centrifuge tubes.   
   8.    40 μm strainer/mesh fi lters (BD Biosciences).   
   9.    Antibodies from BD Biosciences: FITC rat Anti-mouse SCA- 1, 

PE rat Anti-mouse CD45, and APC mouse Lineage antibody 
cocktail.   

   10.    Centrifuge.   
   11.    BD FACS Aria Flow cytometer.

               1.    Ovary surface epithelium cell suspension.   
   2.    4 % PFA fi xative.   
   3.    Poly- L -lysine (Sigma Aldrich).   
   4.    Glass slides (HiMedia).   
   5.    Hematoxylin and Eosin stains.   
   6.    Alcohol grades (30, 50, 70, 90, and 100 %).   
   7.    1 % Acid alcohol (add concentrated HCl in 70 % alcohol).   

2.1.5  Flow Cytometry 
of Mouse Ovarian Cells 
to Show Presence of VSELs

2.2  Detection 
and Characterization 
of Ovarian Stem Cells

2.2.1  Preparation of OSE 
Smears and H&E Staining

    Table 1  
  Antibodies used to characterize ovarian stem cells   

 Antibody  Vendor  Dilution 
 Concentration for 
fl ow cytometry 

 OCT-4  Abcam, UK (ab19857) and  1:100  1 μg/1 × 10 6  cells 
 Millipore, USA (AB3209)  1:300 

 SSEA-4  Millipore, USA  1:100  – 

 SSEA-1  Millipore, USA  1:100  – 

 CD 133  Miltenyi Biotec  1:50  – 

 FRAGILIS  Abcam, UK  1:50  – 

 STELLA  Millipore, USA  1:50  – 

 DAZL  Abcam, UK  1:100  – 

 GDF-9  Abcam, UK  1:100  – 

 VASA  R&D Systems, USA  1:100  – 

 SCP-3  Abcam, UK  1:50  – 

Stem Cells in Mammalian Ovary
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   8.    Scott’s buffer.   
   9.    Xylene.   
   10.    Glass slides and coverslips.   
   11.    DPX mountant.

             1.    OSE cell smears on poly- L -lysine coated glass slides.   
   2.    4 % paraformaldehyde (PFA, pH 7.4; Sigma Aldrich).   
   3.    1× D-PBS (Invitrogen ) or PBS (Sigma).   
   4.    Triton X-100 (Sigma).   
   5.    Blocking buffer (0.1 mM EDTA (Qualigens) + DPBS + 3 % 

BSA (Sigma)) or.   
   6.    20 % Serum for blocking.   
   7.    Washing buffer (0.1 mM EDTA + DPBS + 0.5 % bovine serum 

albumin).   
   8.    Primary antibody (Table  1 ).   
   9.    Secondary antibodies: Alexa Fluor 488/568 labeled anti- 

mouse IgG, or anti- rabbit IgG (1:1,000) (Molecular Probes, 
Invitrogen).   

   10.    4′,6-Diamidino-2-phenylindole (DAPI) (Sigma; 300 nM).   
   11.    Propidium iodide (PI, Sigma Aldrich; 1:10,000 dilution of 

5 mg/mL, i.e., 0.5 μg/mL).   
   12.    Vecta Mount medium (Vector Laboratories Inc).   
   13.    Coverslips and nail-paint for sealing.     

 Confocal Laser Scanning Fluorescent microscope for viewing 
immuno-localization equipped with argon laser at  λ  = 488 nm, blue 
diode laser at  λ  = 405 nm and DPSS laser at  λ  = 561 nm for observ-
ing FITC, DAPI, and PI staining channels. Immuno-cytochemical 
localization by DAB method can be documented by viewing under 
an Upright light microscope (90i, Nikon) and representative fi elds 
at magnifi cation X400 can be recorded.

     For transcription analysis, total RNA is isolated by the guanidinium-
isothiocyanate- phenol chloroform method using TRIzol reagent. 
After checking purity of RNA, cDNA is prepared using iScript mix 
provided by BioRad as per standard manufacturer’s instructions.

    1.    Ovary surface epithelium cells prior culture.   
   2.    Cultured ovary surface epithelium cells.   
   3.    TRIzol (Invitrogen).   
   4.    Chloroform (Qualigens).   
   5.    Isopropanol (Qualigens).   
   6.    70 and 100 % Ethanol (SD Fine Chemical, RNA grade).   
   7.    iScript mix (Bio Rad).   

2.2.2  Immuno- 
localization Studies

2.2.3  RNA Isolation 
and c-DNA Synthesis
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   8.    Diethyl pyrocarbonate (DEPC) (0.1 % Sigma Aldrich)-treated 
water.   

   9.    DNAse I.   
   10.    Autoclaved Eppendorf tubes1.5 mL.   
   11.    UV Spectrophotometer.   
   12.    Refrigerated Microcentrifuge.   
   13.    Micropipettors with aerosol-barrier tips (Axygen).   
   14.    Pair of powder-free gloves.

             1.    Forward and Reverse Primers (10 μM) (Table  2  stem cell- 
specifi c markers; Table  3  germ cell-specifi c markers [ 10 ,  13 ,  14 , 
 28 ,  29 ,  31 ]).

        2.    DEPC (0.1 % Sigma Aldrich)-treated water.   
   3.    cDNA sample.   
   4.    PCR tubes (0.2 mL).   
   5.    Thermal cycler machine (G-Storm, Labtech).   
   6.    Pipettes for dispensing volumes from 100 to 0.1 μL.       

      1.    Ovarian tissue sample.   
   2.    DMEM/F12 (Sigma Aldrich).   
   3.    Fetal bovine serum (FBS) (Invitrogen).   
   4.    35 mm culture dishes (BD Falcon).   
   5.    Chambered slides (BD Falcon).   
   6.    Inverted microscope with Hoffman optics for viewing cell 

suspension.   
   7.    5 % CO 2  Incubator at 37 °C (38.5 °C for sheep).   
   8.    Sterile surgical instruments (forceps and scalpel).   
   9.    Laminar fl ow with warm stage at 37 °C (K Systems; Kivex 

Biotech Ltd).

3            Methods 

        1.    Rinse ovarian samples/ovaries gently but thoroughly in PBS to 
avoid any clumping of cells (4–6 times for 5 min each).   

   2.    Hold ovaries in PBS or 20 % FBS + DMEM/F12 with forceps.   
   3.    Dissect out extraneous tissue and hilum portion contributing 

to blood cells with sharp scissors.   
   4.    Gently scrape surface of each ovary with the blunt edge of sur-

gical blade superfi cially without applying pressure into a 35 mm 
Petri dish containing 20 % FBS + DMEM/F12.   

   5.    Collect cells released in a 15 mL centrifuge tubes and sediment 
at 1,000 ×  g  for 10 min at RT.   

2.2.4  RT-PCR

2.3  Culture 
of Ovarian Stem Cells

3.1  Preparation 
and Isolation of Stem 
cells

3.1.1  Mechanical 
Isolation of OSE from Adult 
Mammalian Ovary (Human, 
Sheep, Monkey, 
and Rabbit)
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   Table 2  
  Details of primers for pluripotent stem cell markers   

 Gene  Primer sequence 
 Amplicon size (base 
pair) 

  Human pluripotent stem cell markers  
 Oct-4   F : GAAGGTATTCAGCCAAACGAC  315 

  R : GTTACAGAACCACACTCGGA 
 Oct-4A   F : AGCCCTCATTTCACCAGGCC  448 

  R : TGGGACTCCTCCGGGTTTTG 
 Nanog   F : TGCAAATGTCTTCTGCTGAGAT  285 

  R : GTTCAGGATGTTGGAGAGTTC 
 Sox-2   F : ATGCACCGCTACGACGTGA  437 

  R : CTTTTGCACCCCTCCCATTT 
 TERT   F : AGCTATGCCCGGACCTCCAT  185 

  R : GCCTGCAGCAGGAGGATCTT 

  Sheep pluripotent stem cell markers  
 Oct-4A   F : CAATTTGCCAAGCTCCTAAA  290 

  R : TTGCCTCTCACTTGGTTCTC 
 Nanog   F : TTCCCTCCTCCATGGATCTG  501 

  R : AGGAGTGGTTGCTCCAAGAC 
 Sox-2   F : TGATACGGTAGGAGCTTTGC  362 

  R : CTTTTGCCCCTTTAGAGACC 
 Stat-3   F : TGGACAACATCATTGACCTG  239 

  R : CTGCTGCTTGGTGTAAGGTT 

  Mouse pluripotent stem cell markers  
 Oct-4A   F : CCATGTCCGCCCGCATACGA  235 

  R : GGGCTTTCATGTCCTGGGACTCCT 
 Oct-4   F : CCTGGGCGTTCTCTTTGGAAAGGTG  177 

  R : GCCTGCACCAGGGTCTCCGA 
 Nanog   F : CAGGAGTTTGAGGGTAGCTC  223 

  R : CGGTTCATCATGGTACAGTC 
 Sca-1   F : AGAGGAAGTTTTATCTGTGCAGCCC      223  

  R : TCCACAATAACTGCTGCCTCCTGA 

  Sheep differentiation markers  
 Oct-4 (all isoforms)   F : GAGCCGAACCCTGAGGAGTCCC  225 

  R : CAGCAGGGGCCGCAGCTTAC 

  FSH receptor transcripts  
 FSH-R1   F : CATTCACTGCCCACAACTTTCATC  84 

  R :TGAGTGTGTAATTGGAACCATTGGT 
 FSH-R3   F : TCTCCACTGCTGCACTGTTGGGCT  382 

  R : ATTCAAATACAGGAAATAGAGAAA 

  Germ cell marker  ( human ) 
 c-Kit   F : AAGGACTTGAGGTTTATTCCT  345 

  R : CTGACGTTCATAATTGAAGTC 

     Housekeeping genes  
 Human Gapdh   F : GTCAGTGCTGGACCTGACCT′  255 
    R : CACCACCATGTTGCTGTAGC 
 Sheep Gapdh   F : GCC CAG AAC ATC ATC CCT G  232 
    R : GGT CCT CAG TGT AGC CTA G 
 Mouse Gapdh   F : GTCCCGTAGACAAAATGGTGA  458 
    R : TGCATTGCTGACAATCTTGAG 
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   Table 3  

  Details of primers for human germ cell markers   

 Gene  Primer sequence 

 Amplicon 
size (base 
pair) 

  Early germ cell markers  
 Oct-4   F : CCCCTGGTGCTGTGAAGCTGG  124 

  R : CCCCAGGGTGAGCCCCACAT 
 C-kit   F : CCTGGGATTTTCTCTGCGTT  376 

  R : ATTGGTCACTTCTGGGTCTG 
 Vasa   F : GAC TGC GGC TTT TCT CCT ACC  418 

  R : TTT GGC GCT GTT CCT TTG AT 

  Primordial follicle transition markers     
 AMH   F : CACCTGGAGGAAGTGACCTG  202 

  R : CCACCGCTAACACCAGGTAG 

  Primary follicle oocyte markers  
 Gdf-9   F : CTCCTGGAGACCAGGTAACAGGAAT  291 

  R : TGCACACACATTTGACAGCAGAGG 
 Lhx8   F : CAAGCACAATTTGCTCAGGA  230 

  R : GGCACGTAGGCAGAATAAGC 

  Housekeeping gene  
 18S   F : GGAGAGGGAGCCTGAGAAAC  171 

  R : CCTCCAATGGATCCTCGTTA 

   6.    Resuspend cells in minimal volume of media and use cells for:
 ●    Observing under an inverted microscope to identify differ-

ent cell types.  
 ●   Enrichment of stem cells by immuno-magnetic method.  
 ●   Stem cells analysis by fl ow cytometry.  
 ●   Preparation of cell smears for immuno-localization.  
 ●   For RNA extraction followed by RT-PCR and/or 

q-RTPCR.         

      1.    After overnight culture, collect OSE cells in a tube, gently 
pipette to obtain a single cell suspension and adjust cell count 
to 1 × 10 8  cells/mL or for rare cells, start with a cell concentra-
tion of 2 × 10 8  cells/mL ( see   Note 1 ). ( Subsequent steps are as 
per the manufacturer’s instructions .)   

   2.    Incubate cells with species-specifi c FcR blocking antibody 
(100 μL/mL for human) followed by EasySep ®  SSEA-4 
Selection Cocktail on ice for 15–20 min and subsequently with 
EasySep ®  Magnet Nanoparticles for 10–15 min.   

3.1.2  Enrichment 
of Stem Cells from OSE by 
Immuno-magnetic Method

Stem Cells in Mammalian Ovary
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   3.    Cell suspension is brought to a total volume of 2.5 mL by adding 
sorting medium. Cells are mixed in the tube by gently pipet-
ting up and down 2–3 times. Place the tube (without cap) into 
the magnet. Set aside for 5–10 min.   

   4.    With the tube in the magnetic fi eld, the tube is inverted in one 
continuous motion and the supernatant fraction is poured off. 
Magnetically labeled cells remain inside the tube, held by the 
magnetic fi eld ( see   Note 2 ).   

   5.    SSEA-4 positive cells bound to EasySep ®  magnet are collected 
after two washes by repeating  steps 3  and  4 . Remove tube from 
magnet and resuspend cells in desired medium. The positively 
selected cells are now ready for use for immuno-localization 
and RT-PCR (Fig.  3 ).      

      1.    Sheep ovaries are washed thoroughly and OSE cells are iso-
lated (as described in Subheading  3.1 ) and a single cell suspen-
sion is prepared and resuspended in PBS with 1 % BSA ( see  
 Note 3 ).   

   2.    Red blood cells (RBC) are lysed by incubating the cell 
 suspension with lysis buffer in the dark at room temperature 
for 3 min. The cell suspension containing RBC lysis buffer is 
diluted to 10 mL and briefl y vortexed twice for 2 s each fol-
lowed by centifugation at 1,000 ×  g  for 10 min at 4 °C and 
washed twice with PBS. OSE cells are fi xed with 2 % PFA for 
10–15 min, rinsed with PBS and fi ltered through a 40 μm sieve 
and resuspended in PBS/1 % BSA ( see   Note 4 ).   

   3.    Adjust cell concentration to 1 × 10 6  cells/mL in ice cold plain 
PBS and distribute cells equally in each vial.   

3.1.3  Flow Cytometry 
(Immunophenotyping) 
Analysis of Sheep Ovarian 
Stem Cells Using OCT-4

  Fig. 3    Characterization of Sheep OSE cells post SSEA-4 based immunomagnetic cell separation: 
Immunomagnetically separated cells expressed both ( a ,  b ) nuclear and cytoplasmic OCT-4, ( c ) cell surface 
SSEA-4 and ( d ) CD133, ( e ,  f ) STELLA in both stem cells, ( g ) NANOG, by confocal microscopy. ( h ) Negative 
control was employed by omission of primary antibody.  a – h  is a composite of four panels representing fl uo-
rescent channels, bright fi eld, and merged images of both by confocal microscopy. ( i ) RT-PCR for Oct-4A and 
Oct-4 and Gapdh in immunomagnetically SSEA-4 sorted cell fractions showed bands of expected size (290, 
225, and 232 base pairs with no template control showing absence of band) [ 14 ]       
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   4.    Treat cells with 0.05 % NP40 followed by incubation with 
appropriate concentration of primary antibody for 1 h at 4 °C 
as optimized by the user, followed by washing and centrifuga-
tion at 1,000 ×  g  for 10 min at 4 °C ( see   Notes 5  and  6 ).   

   5.    Resuspend cells in the dilution of fl uorochrome labeled sec-
ondary antibody in an appropriate volume of cold PBS and 
incubate in dark at 4 °C for 30–45 min followed by PBS wash 
two to three times.   

   6.    Reconstitute the cells in 200 μL of PBS in 5 mL round- bottom 
tubes and leave in the dark at 4 °C until used. The cells are 
ready to be acquired on a fl ow cytometer and should be main-
tained on ice.   

   7.    The unstained and OCT-4 stained cells are run on FACS Aria 
and the results are analyzed using FACS Diva software (BD 
Biosciences). Acquire unstained OSE cell suspension on an 
FSC-SSC plot and gate using standard fl ow cytometry to 
obtain cells in range of 2–9 µm (P1 and P2 in Fig.  4 ). From 
original P1 (2–4 µm) and P2 (4–9 µm) cell populations, select 
OCT-4+ cells (P4 and P8 respectively), of which further obtain 
DAPI+ nucleated cells (P6 and P10 respectively) on a DAPI-
SSC plot. Calculate percentage of (OCT-4+/DAPI+) each 
individual population of stem cells or an average of both stem 
cell populations. Employ biological and technical replicates 
with appropriate negative controls. Experiments are repeated 
at least three times to get average stem cell populations with 
standard error (Fig.  4 ).      

  Being very small in size, mouse OSE cannot be isolated by mechan-
ical scraping. An enzymatic method is used to isolate the stem cells 
based on a method published by Symonds et al. [ 32 ]. It involves 
incubation of ovaries in a low concentration of collagenase for 
30 min, which helps to partially digest the collagen fi bers con-
tained in the ovarian cortex/stroma and loosening of the 
OSE. These loosened OSE cells can be released into the medium 
through physical shear. The OSE cells are collected and studied for 
the presence of stem cells.

    1.    Excise the mouse ovaries from the surrounding tissue under a 
stereo microscope and rinse in DMEM-HG media.   

   2.    Place the ovaries individually in a 1.5 mL tube with 0.1 mL 
(0.5 mL if the purpose is for RNA isolation) of DMEM-HG 
media containing 0.5 mg/mL of Collagenase Type IV.   

   3.    Incubate at 37 °C for 30 min in a water bath ( see   Notes 7  and  8 ).   
   4.    Vortex the tubes for exactly 2 min at high speed to release the 

OSE from the ovary.   
   5.    Add half the volume of DMEM-HG media containing 15 % 

fetal bovine serum to stop the collagenase action ( see   Notes 9  
and  10 ).   

3.1.4  Enzymatic 
Digestion of Mouse Ovary 
to Obtain Stem Cells

Stem Cells in Mammalian Ovary
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  Fig. 4    Immunophenotyping of sheep ovarian stem cells: Immunophenotyping studies show the presence of two 
distinct populations of stem cells including 1.26 ± 0.19 % of (2–4 μm) cells and 6.86 ± 0.5 % of (4–9 μm) cells 
expressing OCT-4 within the OSE cell layer of sheep ovary. On average, 4.06 % cells of 2–9 μm size express 
OCT-4 obtained from scraped sheep OSE       

   6.    Remove the ovaries and fi x in 4 % PFA for further analysis.   
   7.    Vortex the supernatant with isolated OSE cells again for 2 min 

to disaggregate epithelial sheaths.    

        1.    Excise the ovaries from the surrounding tissue and rinse in 
DMEM-HG media. 
 Note: Two ovaries, usually from one animal are used per single 
tube.   

   2.    Mince the ovaries in the enzyme mixture (DMEM-HG media 
containing 750 IU/mL of Collagenase IV and 1 μg/mL of 
DNAse I).   

   3.    Incubate the minced ovaries in 1 mL of enzyme solution in a 
water bath at 37 °C for 20 min with intermittent mixing.   

   4.    Resuspend well with a pipette to make a single cell suspension 
and stop the reaction with an equal volume of DMEM-HG 
media containing 20 % FBS. Filter through 40 μm cell strainer.   

   5.    Centrifuge the fi ltrate at 1,000 ×  g  for 10 min ( see   Notes 11  
and  12 ).   

3.1.5  Flow Cytometry 
of Mouse Ovarian Cells 
to Show Presence of VSELs
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   6.    Wash the pellet once with PBS.   
   7.    Resuspend the pellet in an appropriate volume of PBS and 

count the cells using a hemocytometer.   
   8.    Adjust the cell suspension to 1 × 10 6  cells/mL with PBS. (From 

this step onwards the cells are maintained on ice until fl ow 
cytomeric analysis.)   

   9.    The cells are blocked with mouse-specifi c FcR blocking anti-
body (10 μL/mL) for 20 min and stained with FITC rat 
Anti- mouse SCA-1 (1 μg/10 6  cells), PE rat Anti-mouse CD45 
(2 μg/10 6  cells) and APC mouse Lineage antibody cocktail 
(25 μL/mL of cells) on ice for 1 h. The cells without any anti-
body addition serve as unstained control used for setting gates.   

   10.    Wash all samples with twice the volume of PBS and centrifuge 
for 10 min at 1,000 ×  g , 4 °C.   

   11.    Resuspend cells in PBS and transfer them to 5 mL round- 
bottom tubes after passing through a 40 μm strainer/mesh 
fi lter to remove cell clumps. Keep on ice until analysis.   

   12.    Beads of sizes 1–15 μm are prepared according to manufac-
turer’s instructions.   

   13.    Run the beads and samples in the fl ow cytometer.   
   14.    Initially set the forward scatter (FSC) and side scatter (SSC) 

parameters to logarithmic scale and the threshold on the FSC 
parameter as mentioned in next step.   

   15.    Run the mixture of predefi ned-sized microspheres (size cali-
bration beads with standard diameters of 1, 2, 4, 6, 10, and 
15 μm) and adjust the threshold for the machine to include 
2 μm beads (a value of 2,000 in BD FACS Aria). This allows 
detection of VSELs, otherwise they will be discarded as debris 
since a default threshold picks up only cells greater than 5 μm.   

   16.    Run the unstained and stained samples.     

 Analyze for SCA-1 + Lin - CD45 -  cells using a sequential gating 
strategy. Briefl y, select cells ranging from 2 to 10 μm size using beads 
as reference on an FSC-SSC plot (P1 in Fig.  5 ). From these cells, 
Lin -  cells are selected from the SSC-APC plot (P2 in Fig.  5 ) fol-
lowed by selection of CD45 -  in Lin -  cells from a SSC-PE plot (P3 in 
Fig.  4 ). Finally, FITC positive cells in SSC- FITC plot represent 
VSELs (P5 in Fig.  5 ). All the gates are set using unstained samples.   

       1.    Prepare the OSE smears on poly- L -lysine-coated glass slides.   
   2.    Air-dry the smears and fi x using freshly prepared 4 % PFA for 

15 min at RT.   
   3.    Wash the cell smears thrice with 1× PBS for 5 min. each.   
   4.    Air-dry the slides and store at 4 °C until use.   

3.2  Detection 
and Characterization 
of Ovarian Stem Cells

3.2.1  Preparation of OSE 
Smears and H&E Staining

Stem Cells in Mammalian Ovary
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   5.    The cells smears are used for H&E staining and morphological 
analysis and immuno-fl uorescence staining using specifi c  markers 
for detailed characterization of the pluripotent stem cells.   

   6.    During the preparation of the mouse OSE smears, the cells are 
fi xed immediately after collagenase digestion. A certain degree 
of morphological change to the cells cannot be avoided and 
hence the cell shape may not appear normal.   

   7.    OSE cell smears are rinsed with PBS two times for 5 min each 
( see   Note 13 ) and then washed with tap water.   

   8.    Stain the smears by dipping slides in Hematoxylin stain for 
5 min followed by destaining of excess stain in 1 % acid alcohol 
and then place slides in water for 5 min.   

   9.    Slides are immersed in Scott’s buffer for 3–5 min to intensify 
the nuclear stain followed by water for 5 min.   

   10.    Stain the slides with Eosin briefl y by dipping for 15 s followed 
by increasing alcohol grades of 70, 90, and 100 %.   

   11.    Excess alcohol is blotted and slides are air-dried and cleared in 
xylene for 2–5 min.   

   12.    Mount slides permanently in DPX mountant with coverslips. 
The slides are ready to be viewed under the microscope (Fig.  6 ).      

      1.    Wash and hydrate the smears with 1X  PBS/PBS twice for 
5 min each.   

   2.    Treat the cells with 0.3 % Triton X-100 for 10 min at room 
temperature for nuclear and cytoplasmic markers (step is 
avoided for cell surface markers) followed by wash with washing 
buffer twice for 5 min each.   

   3.    Block nonspecifi c sites with blocking buffer/serum at room 
temperature for 1–1.5 h ( see   Notes 14  and  15 ).   

3.2.2  Immuno- 
localization Studies
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  Fig. 5    Flow cytometry analysis of SCA-1+/Lin-/CD45- VSELs in mouse ovaries: Cells between 2 and 10 μm 
were gated using size calibration beads (i) followed by sequential selection for LIN negative population (ii), 
CD45 negative population (iii), and then SCA-1 positive population (iv) as mentioned in the protocol. The aver-
age percentage of SCA-1 + /Lin − /CD45 −  VSELs with standard deviation from minimum of four animals is reported       
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   4.    Incubate the cells with primary antibody diluted in blocking buf-
fer/serum at 4 °C overnight (dilution of antibody is titrated as 
per sample to identify optimum dilution; ( see   Notes 16  and  17 )). 
For directly tagged antibody, e.g., SCA-1-FITC, staining can be 
done in 1 day. The primary antibody is incubated at 4 °C for 2 h 
( steps 2  and  6  of the protocol are omitted for SCA-1- FITC 
staining).   

   5.    On the following day, remove the primary antibody and wash 
the cell smears with buffer three times for 5 min each.   

   6.    Respective Alexa Fluor labeled secondary antibody diluted 
1,000 times with washing buffer is added and incubated for 
2 h at room temperature. Gently wash 5–7 times with washing 
buffer (5 min per wash).   

   7.    Counterstain the cells with DAPI (1.47 μM) for 25 s (20 min to 
stain VSELs specifi cally) or with PI (0.5 μg/mL) for 20–30 s.   

   8.    Mount smears in Vecta Mount medium and seal with nail varnish. 
Stained slides can be stored at −20 °C until observation. Slides 
are observed under a confocal microscope (Fig.  7 ).      

  Fig. 6    Ovarian stem cells as smears prepared by scraping ovary surface epithelium: Presence of spherical 
putative stem cells of two distinct sizes and few germ cell nest-like structures (GCN) were observed under 
Hoffman optics in scraped OSE from ( a ) human ( white  and  black arrowhead ), ( b ) sheep ( circled ) ovary besides 
spindle-shaped epithelial cell sheets ( arrow ) and red blood cells ( black  and  red asterisks ). Hematoxylin and 
Eosin staining of ( c ) human ( d ) sheep and ( e ) mice OSE cell smears enabled identifi cation of two spherical 
stem cell populations—VSELs and OGSCs ( arrow ) stained prominently with Hematoxylin stain having high 
nucleo- cytoplasmic ratio and rare germ cell nest/cyst-like structures ( asterisk ) with pale stained epithelial 
cells/cell sheets [ 3 ]. Scale bar = 20 μm       
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      1.    For RNA isolation, centrifuge the OSE cells at 1,000 ×  g  for 
10 min.   

   2.    Wash the cell pellet once with PBS and collect in TRIzol 
or extraction buffer of Arcturus Picopure RNA Isolation Kit. 
The latter is meant for isolating RNA from very low number of 
cells ( see   Note 18 ).   

   3.    Frozen cells are brought to room temperature and pipetted 
multiple times to disrupt the cells and held in Trizol reagent 
for 5–10 min at RT ( see   Note 19 ).   

   4.    Add chloroform to the sample tube and shake the contents 
vigorously and invert the tubes. Stand tubes at RT for 5 min. 
and centrifuge at 12,000 rcf for 15 min at 4 °C ( see   Note 20 ).   

   5.    Collect upper phase carefully in a fresh autoclaved (nuclease free) 
tube and add chilled isopropanol in the tube ( see   Note 21 ).   

   6.    Shake and stand tube at RT for 10 min. Place the tubes on ice 
followed by −20 °C. Tubes can be stored at −80 °C overnight 
for enhancing precipitation.   

   7.    Continue to thaw the tubes and centrifuge at 12,000 rcf for 
10 min. at 4 °C to pellet the RNA and supernatant is 
discarded.   

3.2.3  RNA Isolation 
and c-DNA Synthesis

  Fig. 7    Characterization of stem cells in OSE by confocal microscopy: Fluorescent confocal micrographs show-
ing localization of pluripotent cell surface markers SSEA-4 in human ( a ) VSELs and ( b ) OGSCs, OCT-4 in ( c ) 
nucleus of VSELs and in ( d ) cytoplasm of OGSCs. Similarly SSEA-4 was also localized in ( e ,  f ) sheep VSELs and 
OGSCs. OCT-4 revealed similar localization pattern in sheep ( g ,  h ) ovarian stem cells and was also localized in 
cytoplasm of germ cell nest/cyst-like structures. Figures  a ,  b ,  e,  and  f  is at 882× magnifi cation with 5× optical 
zoom and 520× magnifi cation with 5× optical zoom in fi gures  c  and  d  [ 10 ,  29 ]. Scale bar =20 μm. Merged 
image of DAPI, FITC, and DIC in  a – f  and FITC, PI and both merged in  g ,  h        
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   8.    Wash the pellet with 75 % ethanol and spin down the RNA 
pellet at 7,500 rcf for 10 min at 4 °C. Repeat  step 8  once more 
while discarding the supernatant.   

   9.    Add 100 % ethanol to the sample tubes and spin down again at 
7,500 rcf for 10 min at 4 °C. Collect and discard supernatant 
and air dry the RNA pellets ( see   Note 22 ).   

   10.    Reconstitute RNA pellet in DEPC-treated water and solubilize 
RNA by incubation at 65 °C for 5–7 min. Snap chilled on ice 
and stored at −80 °C ( see   Note 23 ).   

   11.    Add DNAse I-RNAse free to the RNA sample and incubate at 
37 °C for 30 min. DNAse is heat inactivated at 70 °C for 5 min 
and snap chilled.   

   12.    RNA is quantifi ed with a UV spectrophotometer acquiring 
readings at 260 nm and using following formula:    

  RNA concentration O D at nm dilution factor conversion fact= ´ ´. . 260 oor*.    

  (*conversion factor for 1O.D. = 40 μg/μl).  

      1.    Thaw all components upon ice. Mix vigorously and centrifuge 
before use.   

   2.    Reaction set up: Label the 0.2 mL PCR tubes on the sides as 
per convenience. All reactions are to be performed in duplicate 
and incorporate suitable positive and negative controls.
   (a)    Add 1 μL of cDNA to each PCR tube and place tube on ice. 

Add 1 μL sterile water instead of cDNA in the negative tube 
(No template control-NTC) and RT negative or RNA.   

  (b)    Prepare the master mix as given below (For a 50 μL 
reaction).   

  (c)    Add 49 μL master mix into respective tube and mix-vortex 
each tube.   

  (d)    From each tube transfer 24 μL of the master mix-cDNA 
mixture into two low profi le tubes ( see   Notes 24 – 27 ). 

 Components  Volume (μL) 

 SYBRGreen 2× Super mix  25 

 Forward primer (10 μM)   1 

 Reverse primer (10 μM)   1 

 Sterile water  22 

 Total  49 

3.2.4  RT-PCR
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           3.    Start the instrument and create a program based on annealing 
temperatures of the primers required. The program should be 
as follows:
   (a)    Initial Denaturation: 95 °C for 5 min.   
  (b)    Denaturation: 95 °C for 10–30 s.   
  (c)    Annealing: optimum temperature for 20–30 s.   
  (d)    Elongation: 72 °C for 30 s.   
  (e)    Repeat  step b , 39 times.   
  (f)    95 °C for 30 s.   
  (g)    RT-PCR products are run on a 2 % agarose gel and imaged 

(Fig.  8 ).           

      1.    Scrape the ovaries gently with sterile surgical blade in DMEM/
F12 medium under laminar fl ow hood with warm stage at 
37 °C ( see   Note 28 ).   

   2.    After sedimentation at 1,000 ×  g  for 10 min at room tempera-
ture the scraped OSE cell suspension is washed twice with 
DPBS and fi nally suspended in 250 μL of DMEM/F12 

3.3  Culture 
of Ovarian Stem Cells

  Fig. 8    Reverse transcriptase–polymerase chain reaction analysis of human and sheep ovarian cortical tissue 
with intact OSE, scraped OSE cells and OSE cell post culture: Expression of pluripotent transcripts for Oct-4 
(315 bp), Oct-4A (448 bp), Nanog (285 bp), TERT (185 bp), and Sox-2 (437 bp) in human and Oct-4 (290 bp), 
Nanog (501 bp), Sox-2 ( 362 bp), and Stat-3 (239 bp) in sheep showed PCR products of expected band size. 
In-house derived human ES cells served as positive control. Transcripts for germ cell markers c-Kit (345 bp) 
and Oct-4 (315 bp) were observed post-culture and human testicular tissue was used as a positive control. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a house-keeping control gene, was detected in all 
samples       
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  Fig. 9    Different cell types developed in OSE cultures by differentiation of stem cells: Stem cells in OSE differ-
entiated into ( a ) ES cell-like colonies with distinct boundaries growing on a bed of fi broblasts, ( b ) alkaline 
phosphatase positive ES cell-like colonies, ( c ) embryoid body-like structure, ( d ) epithelial cell transition into 
mesenchymal type, ( e ) neural phenotype cells, ( f ) Oocyte-like structures [O] showing germinal vesicle [GV], ( g ) 
large oocyte-like structure, ( h ) Polar body formation ( arrowhead ), ( i ) Parthenote embryo-like structure showing 
typical [BC] blastocoel cavity and [TE] Trophoectoderm, ( j ) Cytoplasmic streaming with cross-talk (marked in 
 dashed circle ) between oocyte [O] and adjoining somatic fi broblasts [SC], Germ cell nest/cyst-like structures 
expressing pluripotent markers ( k ) cytoplasmic OCT-4, ( k ′) cell surface SSEA-4, germ cell-specifi c ( l ) VASA, 
( m ) Live cell imaging of oocyte-like structures stained with MitoTracker FM dye to localize mitochondrial cloud/
Balbiani body-like structure (Cultured cells were incubated with 350 nM Mitotracker green FM dye at 37°for 
~1 h before live cell imaging) (N) negative control by omission of primary antibody. Scale bar = 50 μm in ( a ,  c , 
 e ), 20 μm in ( b ,  d ,  f – j ), 5 μm in ( k – n ) [ 10 ,  14 ].  ( k ′,  l ) are sheep stem cells rest all are human ovarian stem cells       

medium supplemented with 20 % FBS and antibiotic solution 
depending upon cell density.   

   3.    The cell suspension is gently pipetted to loosen the epithelial 
cell sheets if present and to equally distribute the cells within 
each well of the culture plates.   

   4.    10 μL (representative volume) of the cell-suspension is 
observed under inverted microscope to confi rm the cells 
obtained after scraping ovary surface.   

   5.    Culture plates are returned to the incubator and cultures are 
incubated for 3 weeks with regular media changes every alter-
nate day and monitored under inverted microscope with 
Hoffman optics on a warm microscope stage maintained at 
37 °C (38.5 °C in case of sheep cultures) to observe the 
 putative cells (Fig.  9 ) ( see   Notes 29 – 31 ).       
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4    Expected Results 

     1.       The protocols described above result in the detection of ovarian 
stem cells, which comprise of two distinct populations includ-
ing VSELs and OGSCs. The OGSCs are similar to the 
 spermatogonial stem cells (SSCs) in the testis whereas the 
VSELs are a novel stem cell population present in both the 
ovary and testis (Fig.  2 ) [ 20 ]. Besides these two stem cell popu-
lations we also observe the presence of germ cell clusters (which 
arise due to rapid proliferation and incomplete cytokinesis), an 
essential feature of stem cell biology as argued recently by Lei 
and Spradling [ 22 ]. These are observed in various animal spe-
cies, especially mouse ovaries after PMSG treatment [ 31 ], as 
well as in sheep OSE cultures treated with FSH [ 29 ].   

   2.    Immuno-localization studies and RT-PCR analysis suggest 
that the VSELs express pluripotent (Oct-4A, Nanog, Sox-2, 
SSEA- 4/1, Tert, Stat-3), primordial germ cells (Fragilis, Stella, 
Oct-4, Vasa, Dazl) and VSELs specifi c markers (CD133 in 
human and SCA-1 in mouse). Interestingly, the VSELs are 
pluripotent with nuclear OCT-4 whereas the OGSCs express 
cytoplasmic OCT- 4. We have proposed that when a pluripo-
tent stem cell is committed and undergoes differentiation, 
nuclear OCT-4 is no longer required and shifts to the cyto-
plasm and eventually gets degraded as cell becomes further dif-
ferentiated. Similar staining patterns have been reported 
previously in the human testis [ 21 ]. The stem cells can be 
enriched by magnet-based separation employing SSEA-4 anti-
body or immunophenotyping by using anti-OCT-4 antibody 
in higher mammals. In mice, it can be identifi ed by fl ow cytom-
etry using the SCA-1+/Lin-/CD45- phenotype. The OSE 
cells in culture grow rapidly and spontaneously differentiate 
into oocyte-like structures as reported earlier [ 10 ]. Epithelial 
cells undergo EMT to form mesenchymal cells, which make up 
the granulosa-like somatic cells which surround the growing 
oocyte resulting in primordial follicle assembly [ 22 ]. The stem 
cells also give rise to other cell types such as embryonic stem cell-
like colonies, embryoid body- like structures, parthenote 
embryo-like structures, and neuronal phenotype cells [ 10 ]. 
During spontaneous differentiation of ovarian stem cells in vitro, 
we have recently reported hallmark features like germ cell nests/
cysts formation, Balbiani body formation (mitochondrial clouds) 
and cytoplasmic streaming reminiscent of fetal stage developing 
ovary [ 14 ].   

   3.    VSELs are the primordial germ cells that persist into adult-
hood and also in the menopausal ovary. Menopause occurs as 
a result of a compromised somatic micro-environment where 
the stem cells are lodged and not due to a lack of stem cells. 
Moreover, the uncontrolled proliferation of VSELs (due to yet 
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not understood changes in the somatic niche) results in can-
cers. The presence of VSELs in OSE explains why 90 % of 
ovarian cancers are epithelial in nature and also exhibit the 
presence of OCT-4A [ 33 ]. The VSELs may be transformed 
into cancer stem cells. Both VSELs and CSCs share a common 
property of quiescence. The VSELs have been described as the 
lost pearls [ 34 ] and could bring about a paradigm shift in the 
basic understanding of ovarian biology and also pathology.      

5    Notes 

     1.    Ensure that cells are in a uniform suspension by vigorous pipet-
ting more than fi ve times. 15 mL conical tubes should be used 
instead of round bottomed tubes.   

   2.    Do not shake or blot off any drops that may remain hanging 
from the mouth of the tube while pouring in the inverted posi-
tion during immuno-magnetic cell separation.   

   3.    Cells must be maintained at 4 °C throughout until acquisition 
in a fl ow cytometer.   

   4.    The cell fi xation protocol is unnecessary if viable cells are 
required. Alternatively, cells may be fi xed after the immuno- 
staining protocol is complete, if fi nal acquisition on a fl ow 
cytometer is to be delayed. Fixation will help preserve the cell 
morphology and stabilize light scatter and inactivate most bio- 
hazardous agents. The concentration, type of fi xative, and 
duration of fi xation requires optimization depending on the 
markers being assessed and their localization. Fixatives such as 
acetone or methanol can also be used. Use of polystyrene/
plastic tubes should be avoided with acetone.   

   5.    The optimum concentration of primary antibody (i.e., least 
concentration with best signals above background levels) 
should be assessed prior to use. Cells may be fi xed after incuba-
tion with primary antibody.   

   6.    Cells should be incubated in the dark if a directly labeled anti-
body is used. Cells can be immediately analyzed on a fl ow 
cytometer or stored for few hours at 4 °C. The washing step 
can be repeated id suffi cient cells are available. Multiple wash 
steps should be avoided if cells of interest are rare.   

   7.    Enzymatic digestion step should be carried out with inter-
mittent shaking at regular intervals to dissociate the tissue 
effi ciently.   

   8.    Multiple freeze-thaw cycles of enzymes should be avoided. 
Temperature fl uctuations affect enzyme activity. Therefore, 
fresh aliquots of enzymes should be used for accuracy and 
reproducibility of results. Temperature variations should be 
avoided during incubation steps.   
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   9.    Care should be taken not to overexpose ovaries to enzyme 
action as OSE cells will be affected (morphology, viability, and 
epitopes) and the chances of the underlying cell layer  dissociating, 
increases. Precise temperature should be maintained for optimal 
enzyme activity.   

   10.    Since the cells are fi xed immediately after collagenase digestion, 
a certain degree of morphological change to cells must be 
expected.   

   11.    During multiple centrifugation steps followed by washes, 
supernatant should be gently decanted and not aspirated to 
avoid cell loss.   

   12.    Each step of cell processing should be followed by a cell viabil-
ity determination.   

   13.    OSE cell smears can be rehydrated in alcohol grades (100, 90, 
70, 50, and 30 %) for 3 min each similar to procedure followed 
for paraffi n sections.   

   14.    Normal goat, rabbit, or donkey blocking serum must be used 
depending upon the host species in which secondary antibody is 
raised. This step is very crucial as it counters nonspecifi c binding 
of secondary antibody and hence background staining.   

   15.    Nonspecifi c signals can be reduced by increasing concentration 
of blocking solution and duration of blocking step.   

   16.    The concentration of primary and secondary antibodies should 
be titrated to achieve optimum working concentration of the 
antibodies. Only one parameter should be changed at a time.   

   17.    Batch or lot variations of antibody may yield variable results.   
   18.    Cell/tissue samples can be snap frozen in Trizol/ extraction 

buffer at −80 °C until use. Sample volumes should not exceed 
10 % of the volume of Trizol reagent used. Use 1 mL of Trizol 
reagent for 50 mg of tissue or 10 6  cells.   

   19.    After harvesting cells from tissue/culture plates, cell samples 
should be maintained at 4 °C. The RNA yield will be lower if 
incubation in Trizol reagent occurs at RT prior to cell 
disruption.   

   20.    Insoluble particulate material before chloroform addition 
should be removed by fi ltration (especially when extracting 
RNA from tissue) and ensure complete homogenization of 
cells/tissue. If this is not performed, the DNA may get trapped 
affect the results.   

   21.    If poor phase separation is observed, add an additional half- volume 
of Trizol Reagent. Centrifugation steps should be followed strictly 
at 4 °C otherwise phase separation may not be complete and the 
RNA yield will be low.   

   22.    Do not over dry RNA pellet and do not lyophilize or vacuum 
dry samples.   
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   23.    Do not store isolated RNA at −20 °C. Storage should be at 
−80 °C only to ensure optimal quality of RNA.   

   24.    Housekeeping genes should always be incorporated in each 
PCR run.   

   25.    Annealing temperature for each primer needs to be 
standardized.   

   26.    Effi ciency of all primers must be determined by serial dilution 
method (effi ciencies should be between 90 and 110 %).   

   27.    The Ct values generated can be analyzed using absolute quan-
tifi cation or a comparative delta Ct method depending on the 
nature of the study.   

   28.    Tissue processing and cell harvest should be performed as soon 
as possible after tissue is acquired in order to avoid cell death. 
Scraping of ovary surface must be gentle otherwise cell death 
may occur and adversely affect cultures.   

   29.    Volume of spent media removed should be replaced with an 
equal volume of fresh media pre-equilibrated at 37 °C. If the 
cell density is too high in a particular well, excess cells can be 
aspirated and reseeded into a fresh well until day 2 of culture. 
Plates should remain undisturbed for the fi rst 2 days of 
culture.   

   30.    Cell density should be monitored. If too few cells are present, 
proliferation will be slow. Overcrowding may also affect cell 
viability due to nutrient depletion and competition for adher-
ence to plate surface.   

   31.    If too many red blood cells are present simply shake culture 
plates gently during media change and the RBCs can be elimi-
nated with subsequent media change.          

     While this chapter was being published we have found that sheep ovaries, fi xed overnight in neutral buffered 
formalin, can also be used to scrape surface epithelium and the H & E stained smears clearly show the pres-
ence of stem cells of two distinct sizes (VSELs are marked with arrow; OGSCs are marked with asterix)       
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    Chapter 17   

 Clonal Culture of Adult Mouse Lung Epithelial 
Stem/Progenitor Cells 

           Jonathan     L.     McQualter      and     Ivan     Bertoncello   

    Abstract 

   Clonal culture of stem cells is crucial for their identifi cation, and the characterization of the cellular and 
molecular mechanisms that regulate their proliferation and differentiation. In the adult mouse lung, epi-
thelial stem/progenitor cells are defi ned by the phenotype CD45 neg  CD31 neg  EpCAM pos  CD104 pos  
CD24 low . Here we describe a tissue dissociation and fl ow cytometry strategy for the detection and isolation 
of adult mouse lung epithelial stem/progenitor cells, and a three-dimensional colony-forming assay for 
their clonal culture in vitro.  

  Key words     Epithelial colony-forming unit assay  ,   Lung stem cells  ,   Flow cytometry  ,   Tissue 
dissociation  

1      Introduction 

 The adult lung is a regenerative organ that contains numerous 
populations of epithelial stem and progenitor cells (EpiSPC) that 
contribute to the maintenance of the epithelium lining the con-
ducting airways and the gas-exchanging alveolar bed throughout 
adult life. In the upper airways, in vitro colony-forming assays and 
in vivo lineage tracing studies have shown that basal cells (NGFR pos , 
CD104 pos , Krt14 pos , and/or Krt5 pos ) act as lineage-restricted air-
way progenitor cells, giving rise to club, ciliated and goblet cells in 
the trachea and proximal airways [ 1 – 4 ]. Basal cells can be isolated 
from the mouse trachea and human airways based on the expres-
sion of NGFR and CD49f (integrin α6), and can be grown and 
propagated in vitro in Matrigel as spheroids [ 3 ,  5 ]. 

 In the bronchiolar airways of the adult mouse lung, a subset of 
EpiSPC (CCSP pos  CyP450 neg ) cells that colocalize with neuroepi-
thelial bodies in the distal airways have been shown to give rise to 
mature club cells and ciliated cells in vivo [ 2 ,  6 – 8 ]. Similarly, at the 
bronchoalveolar duct junction, a subset of EpiSPC termed bron-
choalveolar stem cells (CCSP pos  SP-C pos ) have been shown to 
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 proliferate in response to both bronchiolar and alveolar injury [ 9 ]. 
In the alveoli, it is accepted that type I alveolar cells are descended 
from type II alveolar cells. A subset of Type II alveolar cells has also 
been shown to have the capacity for renewal [ 10 ,  11 ]. 

 Importantly, we and others have demonstrated that EpiSPC 
can be isolated from the adult mouse distal lung by fl ow cytometry 
on the basis of their EpCAM hi , Sca-1 low , CD104 pos , CD49f pos , and 
CD24 low  expression [ 9 ,  12 – 15 ]. By culturing these cells in a three- 
dimensional colony-forming assay, we have shown that the adult 
mouse lung contains a renewing multipotent epithelial stem cell 
population with the capacity to differentiate into epithelial cells of 
the airway (club, ciliated and goblet cells), and alveolar (type I and 
type II) cell lineages. 

 In comparison, the development of robust assays for the identi-
fi cation and characterization of analogous stem/progenitor cell 
populations in the adult human distal lung lags far behind. Human 
studies are typically constrained by the limited availability of normal 
human lung tissue in suffi cient quantities to permit isolation of rare 
cell subpopulations ( see   Note 1 ). The lack of concordance in cell 
separative strategies and cell culture assays in studies of regenerative 
cells in the human lung makes it impossible to establish the identity 
and relationship of human lung epithelial stem/progenitor cells 
described by various laboratories ( see   Note 2 ). Consequently, there 
is no consensus as yet about the immunophenotypic signature pro-
fi le of human bronchiolar and bronchioalveolar stem/progenitor 
cells, or the relative merits of in vitro clonal assays used to measure 
their proliferative and differentiative potential. 

 The protocol described in this chapter has been developed for 
the isolation and characterization of adult mouse lung bronchiolar 
and bronchoalveolar stem/progenitor cells. Adaptations of this 
protocol may be useful for characterizing these cells in the future.  

2    Materials 

 Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a sensitivity of 18 MΩ cm at 25 °C). 
Dispose of all waste materials as per environment, health, and 
safety regulations. 

      1.    Hank’s balanced salt solution (HBSS): 140 mg/L CaCl 2 , 
100 mg/L MgCl 2 ·6H 2 O, 100 mg/L MgSO 4 ·7H 2 O, 
400 mg/L KCl, 60 mg/L KH 2 PO 4 , 350 mg/L NaHCO 3 , 
8,000 mg/L NaCl, 48 mg/L Na 2 HPO 4 , 1,000 mg/L  d -Glu-
cose, pH 7.4. Store at 4 °C ( see   Note 3 ).   

   2.    Centrifuge: 400 ×  g , 4 °C   

2.1  General 
Components

Jonathan L. McQualter and Ivan Bertoncello



233

   3.    15 and 50 mL sterile polypropylene tubes.   
   4.    FACS buffer: HBSS, 0.2 % bovine serum albumin (BSA).      

      1.    Dissecting equipment: forceps, scissors, and single-sided razor 
blade.   

   2.    30 mm petri dish.   
   3.    18 gauge and 21 gauge needles.   
   4.    20 mL syringes.   
   5.    Liberase solution: For stock solution, reconstitute 50 mg 

Liberase TM Research Grade (Roche) in 10.4 mL sterile HBSS 
to make a stock solution at 25 Wunsch U/ml. Aliquot and 
store at −20 °C ( see   Note 4 ).   

   6.    Red cell lysis buffer: 1,000 mg/L KHCO 3 , 8,024 mg/L 
NH 4 Cl, 37 mg/L EDTA, pH 7.4. Store at 4 °C.   

   7.    Liberase wash buffer: HBSS, 5 % fetal bovine serum (FBS). 
Store at 4 °C.   

   8.    40 μm cell strainer ( see   Note 5 ).   
   9.    Thermomixer (Eppendorf): 50 mL tube block ( see   Note 6 ).      

      1.    Dynabeads Biotin Binder (Life Technologies): 4 × 10 8  beads/
mL.   

   2.    DynaMag-15 Magnet (Life Technologies): Compatible with 
15 mL tubes.   

   3.    Tube rotator.   
   4.    Centrifuge: 400 rcf, 4 °C.   
   5.    Depletion antibody cocktail: Biotinylated anti-mouse antibod-

ies directed against CD31 (clone 390 or MEC13.3), CD45 
(clone 30-F11), and TER119 (clone TER-119) antigens.      

      1.    Positive selection antibody cocktail: FITC-conjugated anti- 
mouse CD104 (clone 346-11A), Alexa Fluor 647-conjugated 
anti-mouse EpCAM (clone G8.8), Brilliant Violet 
421- conjugated anti-mouse CD24 (clone M1/69), PECy7 
Streptavidin ( see   Note 7 ).   

   2.    Viability dye: Propidium Iodide (PI).   
   3.    5 mL (12 × 75 mm) FACS tubes.   
   4.    5 mL (12 × 75 mm) FACS tubes with 35 μm cell strainer cap.   
   5.    Cell Sorter: 100 μm nozzle, 20 psi.   
   6.    Collection Buffer: DMEM/F12 media, 10 % FBS. Store at 

4 °C.      

2.2  Tissue 
Dissociation 
Components

2.3  Cell Depletion 
Components

2.4  Flow Cytometry 
Components
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      1.    Mlg 2908 mouse lung fi broblast cell line (ATCC CCL-206): 
Harvested during log-phase growth ( see   Note 8 ). Alternatively, 
freshly isolated primary EpCAM neg , Sca-1 pos  primary lung 
 stromal cells can be used to support the growth of EpiSPC 
colonies ( see   Note 9 ).   

   2.    Growth factor reduced Matrigel (Corning).   
   3.    Millicell cell culture inserts (Merck Millipore): 0.4 μm pore 

size, hydrophilic PTFE, 30 mm diameter.   
   4.    6 well fl at bottom tissue culture plate.   
   5.    CFU-Epi medium: DMEM/F12, penicillin, streptomycin, 

glutamax (Gibco), insulin, transferrin, selenium, 10 % FBS, 
2 μg/mL Heparin sodium salt (STEMCELL Technologies).   

   6.    Tri-gas incubator: 5 % v/v O 2 , 10 % v/v CO 2 , 85 % v/v N 2  
( see   Note 10 ).       

3    Methods 

 Carry out all procedures on ice (or at 4 °C) and in a sterile biological 
safety cabinet or a laminar-fl ow hood unless otherwise specifi ed. 

      1.    Dilute 40 μL of the Liberase stock solution in 4 mL of sterile 
HBSS for each mouse lung ( see   Note 11 ) in a 50 mL tube and 
preheat to 37 °C.   

   2.    Exsanguinate deceased mouse ( see   Note 12 ) by severing the 
major arteries behind the intestines. Open the thoracic cavity 
and excise the lungs. Remove the extralobular airways and 
place the lung lobes in a 50 mL tube containing 30 mL of 
HBSS. Shake to wash out excess blood and transfer the lungs 
into a fresh 50 mL tube containing 30 mL of HBSS.   

   3.    Transfer the lungs into a sterile petri dish, and fi nely mince the 
lungs using a single-sided razor blade. Transfer the minced tis-
sue into a 50 mL tube and add 4 mL of the preheated Liberase 
solution per lung. Place the tube in the Thermomixer and agi-
tate (750 rpm) at 37 °C for 30 min.   

   4.    Triturate the sample with an 18-gauge needle attached to a 
20 mL syringe until the tissue passes freely through the needle. 
Place in the Thermomixer and agitate (750 rpm) at 37 °C for 
a further 15 min ( see   Note 13 ).   

   5.    Triturate the sample with a 21-gauge needle attached to a 
20 mL syringe until the tissue passes freely through the needle. 
Strain the tissue digest through a 40 μm cell strainer into a 
50 mL tube to remove tissue debris and cell clumps. Top up 
the tube to 50 mL with wash buffer and centrifuge at 400 ×  g , 
4 °C for 5 min. Remove supernatant, resuspend the cell pellet 

2.5  Epithelial 
Colony-Forming Unit 
Assay Components

3.1  Dissociation 
of Mouse Lung Tissue
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in 50 mL Liberase wash buffer and centrifuge at 400 ×  g , 4 °C 
for 5 min. Remove supernatant and resuspend the cell pellet in 
FACS buffer for cell counting.   

   6.    Count the cells and calculate cell concentration ( see   Note 14 ).   
   7.    Aliquot approximately 100,000 cells for each fl uorescence 

compensation tube and unstained control tube for FACS setup 
( see   Note 15 ).      

      1.    Resuspend the cell pellet in 50 mL FACS buffer and centrifuge 
at 400 ×  g , 4 °C for 5 min and discard the supernatant. 
Resuspend the cell pellet at 2.5 × 10 7  cells/mL in FACS buffer 
containing the depletion antibody cocktail: biotinylated anti-
CD31 (1/250), biotinylated anti-CD45 (1/250) and bioti-
nylated anti-TER119 (1/250). Incubate on ice for 20 min.   

   2.    Prepare Dynabeads by mixing 5 μL of Dynabeads per 1 × 10 6  
cells ( see   Note 17 ) with 10 mL FACS buffer in a 15 mL tube. 
Mix on the tube rotator at 4 °C for 5 min then load the tube 
on the magnet for 1 min. Discard the supernatant and resus-
pend the Dynabeads in 10 mL of FACS buffer, mix on the 
tube rotator at 4 °C for 5 min then load onto the magnet for 
1 min. Discard the supernatant and store washed Dynabeads 
on ice.   

   3.    Wash labeled cells to remove unbound antibody by resuspend-
ing in FACS buffer and centrifuge at 400 ×  g , 4 °C for 5 min. 
Discard the supernatant.   

   4.    Resuspend the cell pellet in FACS buffer at 1 × 10 7  cells/mL 
and mix with washed Dynabeads. Incubate 4 °C for 20 min 
with gentle rotation on the tube rotator.   

   5.    Load the tube on the magnet for 3 min. Transfer the superna-
tant containing the unbound cells to a 50 mL tube. Wash the 
bound Dynabeads with 10 mL FACS buffer and leave the tube 
on the magnet for 3 min. Collect the supernatant and combine 
with the other unbound cells. Top up tube to 50 mL with 
FACS buffer and centrifuge at 400 ×  g , 4 °C for 5 min. 
Resuspend cell pellet in FACS buffer for cell counting.   

   6.    Count the cells and calculate cell concentration.   
   7.    Aliquot 200,000 cells into 5 ml tubes for fl uorescence minus 

one (FMO) controls. Store on ice.      

      1.    Resuspend cells in a 50 mL tube at 2.5 × 10 7  cells/mL in FACS 
buffer containing the positive selection antibody cocktail: 
FITC anti-CD104 (1/100), Alexa Fluor 647 anti-EpCAM 
(1/250), Brilliant Violet 421 anti-CD24 (1/100) and PECy7 
Streptavidin (1/500). Incubate on ice in the dark for 20 min.   

   2.    Top up the tube to 50 mL with FACS buffer and centrifuge at 
400 ×  g , 4 °C for 5 min. Repeat this wash step two more times.   

3.2  Depletion 
of Hematopoietic 
and Endothelial Cells 
( See   Note 16 )

3.3  Flow Cytometry

Clonal Culture of Lung Stem/Progenitor Cells
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   3.    Resuspend cells at 1 × 10 7  cells/mL in FACS buffer containing 
1 μg/mL PI. A monodispersed cell suspension is prepared by 
pipetting the cells through the fi tted cell strainer cap of a 5 mL 
FACS tube to ensure the elimination of cell aggregates.   

   4.    Setup individual FMO control tubes for each antibody by 
staining cells with all antibodies except replace one of the anti-
bodies in each tube with the relevant fl uorochrome-matched 
isotype control antibody ( see   Note 18 ).   

   5.    Set up fl ow cytometer with 100 μm nozzle at 20–30 psi. Set 
voltages and fl uorescence compensation using unstained and 
single color controls.   

   6.    Isolate epithelial stem/progenitor cells by setting up sequen-
tial gates for selection of single (SSC-W vs. SSC-H, FSC-W vs. 
FSC-H), viable (PI vs. FSC-H), nonhematopoietic, non- 
endothelial (PECy7 vs. SSC-H), EpCAM pos  CD104 pos  (Alexa 
Fluor 647 vs. FITC), CD24 low  (Alexa Fluor 647 vs. Brilliant 
Violet 421) cells as shown in Fig.  1 .

       7.    Collect cells in 5 mL collection tubes containing 1 mL collec-
tion buffer.      

  Fig. 1    Flow cytometry gating strategy for adult mouse lung EpiSPC. Setup sequential gates for ( a ) SSC-W 
doublet exclusion, ( b ) FSC-W doublet exclusion, ( c ) viability, ( d ) CD45 neg  CD31 neg  TER119 neg , ( e ) EpCAM pos  
CD104 pos , and ( f ) CD24 low  cells       
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      1.    Centrifuge the sorted cells at 400 ×  g , 4 °C for 5 min. Discard 
the supernatant and resuspend the cell pellet in 1 mL chilled 
CFU-Epi medium. Store on ice.   

   2.    Take a small aliquot for cell counting and calculate the cell 
concentration.   

   3.    Mix sorted epithelial stem/progenitor cells with Mlg 2908 
cells so that the fi nal cell concentrations are at 2 × 10 4  cells/mL 
and 2 × 10 6  cells/mL, respectively. Centrifuge at 400 ×  g , 4 °C 
for 5 min.   

   4.    Resuspend cell pellet in chilled Matrigel diluted at 1:1 ratio 
with CFU-Epi medium so that the fi nal concentration of epi-
thelial stem/progenitor cells is 2 × 10 4  cells/mL, and Mlg 
2908 cells is 2 × 10 6  cells/mL. Mix the Matrigel cell suspension 
( see   Note 19 ).   

   5.    Place 30 mm Millicell inserts in a 6 well culture plate.   
   6.    Add 3 × 25 μL drops of Matrigel cell suspension atop of the 

fi lter membrane of a Millicell insert. Allow maximum distance 
between drops to avoid amalgamation of drops. Incubate cul-
tures at 37 °C for 5 min to allow Matrigel to set.   

   7.    Add 1200 μl of CFU-Epi medium around the insert in each 
well.   

   8.    Incubate cultures at 37 °C, 5 % O 2 , 10 % CO 2 , 85 % N 2  and 
change media three times weekly.   

   9.    Score colonies using a stereo-microscope under phase contrast 
as shown in Fig.  2  ( see   Note 20 ).

3.4  Cell Culture

  Fig. 2    Representative phase contrast image of CFU-Epi. Day 14 image (×5 mag-
nifi cation) of EpiSPC grown in 3-D matrigel coculture with supporting Mlg 2098 
cells       
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4            Notes 

     1.    Resected normal human lung tissue is usually obtained from 
patients undergoing diagnostic or surgical procedures for a 
variety of disease indications as well as lungs deemed unsuit-
able for transplantation. Factors which confound the develop-
ment of robust assays for the identifi cation, characterization, 
and quantitation of human airway and alveolar stem/progeni-
tor cells include the age of the donor, the stage of lung disease 
progression, the patients’ medical condition and previous 
treatment, and their smoking status. Reproducible sampling of 
lung tissue at precise regions of the airways along the proxi-
mal-distal lung axis is often also beyond the investigator’s 
 control further confounding assay reproducibility and the 
interpretation of assay readouts.   

   2.    To date human studies have focused on the characterization 
of basal cells of the trachea and proximal airways, with only a 
few studies looking at EpiSPC in the human distal lung. 
Kajstura et al. propagated unfractionated human lung cells in 
liquid culture prior to sorting c-kit pos  cells from this expanded 
cell population which appeared to regenerate bronchiolar and 
alveolar epithelium as well as vasculature when injected into 
an injured mouse lung [ 16 ]. However, the validity of this 
study has been questioned by experts in the fi eld and must 
therefore be considered with great caution. On the other 
hand, Oeztuerk-Winder et al., have described an E-cadherin 
 pos Lrg6 pos  lung stem cell cohort able to regenerate damaged 
bronchioalveolar epithelium following bleomycin-induced 
lung injury in mice, as well as regenerate bronchioalveolar tis-
sue when transplanted under the kidney capsule whereas c-kit-
 pos  cells isolated in this study were not able to do so [ 17 ]. 
These studies have all used different cell culture media, differ-
ent medium supplements, different cytokine cocktails, and 
different cell culture conditions to characterize the prolifera-
tive and differentiative potential of candidate stem/progeni-
tor cell populations.   

   3.    Dulbecco’s Phosphate-Buffered Saline (DPBS) (Life 
Technologies) can be used as a substitute for HBSS: 100 mg/L 
CaCl 2 , 100 mg/L MgCl 2 ·6H 2 O, 200 mg/L KCl, 200 mg/L 
KH 2 PO 4 , 8,000 mg/L NaCl, 2,160 mg/L Na 2 HPO 4 ·7H 2 O, 
pH 7.4.   

   4.    Liberase TM Research Grade (Roche) contains highly purifi ed 
Collagenase I and II blended in a precise ratio with a medium 
concentration of Thermolysin. We use this enzyme mix because 
the high purity provides higher lot-to-lot consistency. However, 
other sources of Collagenase are equally effective for tissue dis-
sociation using this protocol.   

Jonathan L. McQualter and Ivan Bertoncello
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   5.    As a cheaper alternative to cell strainers, sterilized 40–80 μm 
Nylon mesh can be used to strain cells.   

   6.    Any apparatus that maintains a constant 37 °C with agitation 
can be used. Agitation is important for the penetration of 
Liberase into the tissue fragments.   

   7.    Different fl uorochrome-conjugates can be used. The optimal 
combination of fl uorochromes will depend on the laser and 
fi lter confi guration of the fl ow cytometer.   

   8.    The Mlg 2908 cell line is maintained as a monolayer culture in 
DMEM/F12, penicillin, streptomycin, glutamax (Gibco), 
10 % FBS. To obtain cells in log-phase growth we typically 
seed 5 × 10 4  cells in a T75 tissue culture fl ask and harvest with 
0.25 % Trypsin 3 days later. However, the growth kinetics of 
Mlg 2908 cells will vary with cell batch, passage number, and 
incubation conditions. Investigators should therefore carefully 
monitor the growth properties of the Mlg 2908 cell line to 
ensure that cells are routinely harvested in log-phase growth to 
provide optimal support for EpiSC colony growth.   

   9.    Primary lung stromal cells can be isolated by fl ow cytometry 
from the mouse lung based on their CD45 neg  CD31 neg  
EpCAM neg  Sca-1 pos  immunophenotypic signature profi le, and 
are seeded directly in the CFU-Epi assay as an alternative to the 
Mlg 2908 cell line as previously described [ 13 ,  18 ]. These cells 
must be used fresh and seeded at 2 × 10 6  cells/mL in this assay. 
They can also be expanded in monolayer culture in DMEM/
F12, penicillin, streptomycin, glutamax (Gibco), 10 % FBS but 
require the addition of the TGF-β inhibitor SB431542 (10 μM) 
to maintain their epithelial supportive activity [ 19 ].   

   10.    We use a tri-gas incubator set at low oxygen tension (5 % v/v 
O 2 , 10 % v/v CO 2 , 85 % v/v N 2 ) which has been shown to be 
optimal for the growth of stem/progenitor cells at clonal den-
sity in vitro [ 20 ]. However, CFU-Epi can be grown under 
standard oxygen tension (10 % v/v CO 2  in air) but the cloning 
effi ciency may be lower.   

   11.    Up to fi ve lungs can be pooled per 50 mL tube for tissue dis-
sociation. We have found that tissue dissociation effi ciency is 
compromised if more than fi ve lungs per tube are processed.   

   12.    Mice should be killed in accordance with ethical codes of prac-
tice governing animal experimentation at individual institutes, 
and only as approved by institutional animal ethics committees.   

   13.    When tissue digestion is complete no chunks of pink lung tis-
sue should be seen. However, clumps of extracellular matrix 
will be visible as white strands in the suspension.   

   14.    A Sysmex KX-21N, or similar automated cell counter can be 
used to count cells. Alternatively a hemocytometer can be used 
with Trypan Blue to exclude nonviable cells.   

Clonal Culture of Lung Stem/Progenitor Cells
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    1.    Rawlins EL, Okubo T, Xue Y et al (2009) The role 
of Scgb1a1+ Clara cells in the long-term mainte-
nance and repair of lung airway, but not alveolar, 
epithelium. Cell Stem Cell 4:525–534  

    2.    Hong KU, Reynolds SD, Watkins S et al 
(2004) In vivo differentiation potential of tra-
cheal basal cells: evidence for multipotent and 
unipotent subpopulations. Am J Physiol Lung 
Cell Mol Physiol 286:L643–L649  

    3.    Rock JR, Onaitis MW, Rawlins EL et al (2009) 
Basal cells as stem cells of the mouse trachea 
and human airway epithelium. Proc Natl Acad 
Sci U S A 106:12771–12775  

    4.    Hegab AE, Ha VL, Gilbert JL et al (2011) 
Novel stem/progenitor cell population from 
murine tracheal submucosal gland ducts with 
multipotent regenerative potential. Stem Cells 
29:1283–1293  

   15.    To avoid unnecessary use of valuable samples, this step can be 
excluded and CompBeads (BD) can be used for fl uorescence 
compensation.   

   16.    We routinely use Dynabeads to deplete contaminating hema-
topoietic and endothelial cells by negative immunomagnetic 
selection prior to cell sorting. Alternatively, cells can be labeled 
with fl uorochromes-conjugated anti-CD45 and anti-CD31 
antibodies for excluding hematopoietic and endothelial cells 
fl ow cytometrically in the sort gating strategy. However, 
because CD45 pos  and CD31 pos  cells are major contaminants, 
this will signifi cantly extend the cell sorter time required to 
isolate EpiSPC.   

   17.    The Dynabead to cell ratio used in this protocol is two beads 
per cell. To improve depletion, this step may be repeated with 
half the volume of Dynabeads (one bead per cell).   

   18.    FMO controls should be used to set gates for positive events. 
The level of background fl uorescence (nonspecifi c staining) is 
determined by FACS analysis of cells labeled with relevant iso-
type control antibodies.   

   19.    Matrigel must be kept on ice as it will begin to gel at slightly 
elevated temperatures. It is best to use pre-cooled pipettes, 
tips, and tubes when preparing Matrigel for use. It is also 
important to avoid creating bubbles when mixing Matrigel. 
This can be achieved by holding the tube in the centre of a 
vortex to create a swirling motion.   

   20.    Cultures can be scored in real-time or at the end of the culture 
period. Colonies typically emerge after 5 days and can be main-
tained for up to 3 weeks.         
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    Chapter 18   

 Culture and Characterization of Mammary Cancer Stem 
Cells in Mammospheres 

           Eleonora     Piscitelli    ,     Cinzia     Cocola    ,     Frank     Rüdiger     Thaden    , 
    Paride     Pelucchi    ,     Brian     Gray    ,     Giovanni     Bertalot    ,     Alberto     Albertini    , 
    Rolland     Reinbold    , and     Ileana     Zucchi    

    Abstract 

   Mammospheres (MMs) are a model for culturing and maintaining mammary gland stem cells (SCs) or 
cancer stem cells (CSCs) ex situ. As MMs recapitulate the micro-niche of the mammary gland or a tumor, 
MMs are a model for studying the properties of SCs or CSCs, and for mapping, isolating, and character-
izing the SC/CSC generated lineages. Cancer stem cells share with normal SCs the properties of self- 
renewal and the capacity to generate all cell types and organ structures of the mammary gland. Analysis of 
human tumor samples suggests that CSCs are heterogeneous in terms of proliferation and differentiation 
potential. Mammospheres from CSCs likewise display heterogeneity. This heterogeneity makes analysis of 
CSC generated MMs challenging. To identify the unique and diverse properties of MM derived CSCs, 
comparative analysis with MMs obtained from normal SCs is required. Here we present protocols for 
identifying and enriching cells with SC features from a cancer cell line using the LA7CSCs as a model. 
A comprehensive and comparative approach for identifying, isolating, and characterizing MMs from SCs 
and CSCs from human breast is also introduced. In addition, we describe detailed procedures for identify-
ing, isolating, and characterizing mammary gland specifi c cell types, generated during MM formation.  

  Key words     Stem cells  ,   Cancer stem cells  ,   Mammospheres  ,   CellVue Maroon dye  ,   ALDEFLUOR  , 
  LA7CSCs  ,   Tubules and cysts  

1      Introduction 

 Considerable and convincing research supports that a rare popula-
tion of cells from tumors has overlapping features with stem cells 
(SCs)    [ 1 ]. These cancer stem cells (CSCs) have the capacity to 
initiate heterogeneous tumors and invasion and metastatic poten-
tial [ 1 ]. Cancer stem cells, like normal SCs generate a daughter SC 
and diverse cell types that are in different stages of differentiation 
and with different proliferation rates in a tumor mass or in a mam-
mosphere (MM) [ 2 ]. Evidence that MMs are generated by self-
renewing SCs or CSCs and can regenerate Evidence that MMs are 
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generated by self-renewing SCs or CSCs and can regenerate seri-
ally suggests that SCs or CSCs could be maintained in vitro sug-
gested that SCs or CSCs could be maintained in vitro [ 3 ]. Recent 
protocols for identifying and isolating SCs from normal breast tis-
sue have provided new opportunities to identify features unique to 
CSCs by comparative analysis [ 4 – 6 ]. 

 Evidence supports that cancer lines, such as the LA7CSCs, may 
also contain a rare population of cells with features of stem cells and 
can be maintained in adherent or in non-adherent culture condi-
tions.   Evidence that CSCs can also be maintained in non-adherent 
cultures was shown with cancer cell lines, such as LA7CSCs. Single 
LA7CSCs recapitulate all the cell types and 3D structural architec-
ture of the mammary gland in vitro and form heterogeneous tumors 
when injected into NOD/scid mice [ 7 ,  8 ]. An advantage of using a 
CSC line is that factors that infl uence CSC self-renewal, differentia-
tion, and the dynamics of tumor formation can be studied at the 
single stem cell level [ 8 ]. Our experience suggests that passaging 
established CSC lines, often results in the loss of the CSCs due, in 
part, by not maintaining and routinely enriching the population of 
cells with SC features. 

 The fi rst part of the chapter is a protocol for enrichment and 
routine maintenance of CSC lines based on serial regeneration fol-
lowed by MM isolation and validating that the lines exhibit SC 
properties. Protocols are then described for the comparative analy-
sis of human MMs from SCs or CSCs based on differences in dye 
dilution and ALDH activity [ 5 ,  6 ]. 

 Using fl uorescent dye retention and the ALDEFLUOR assay 
allows for the identifi cation of distinct cell types from MMs: cells 
that have SC features and MM regeneration capacity, luminal cells 
that have highest ALDH activity and cyst formation potential, and 
cells with myoepithelial properties. The cysts generated by luminal 
cells recapitulate the alveolar structures of the mammary gland and 
often are indistinguishable from MMs, especially when cysts are in 
their early phase of formation. The acinar structure forming cells 
have a more homogeneous rate of dye dilution and highest ALDH 
activity compared to other cells from SC or CSC generated MMs. 
Dye dilution and ALDH enzymatic activity in MMs from CSCs is 
variable between tumor samples, supporting the notion that CSCs 
are heterogeneous in proliferation and differentiation potential.  

2    Materials 

      1.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM, Life 
Technologies).   

   2.    Ham’s F12 (Life Technologies).   
   3.    DMEM-GlutaMAX (Life Technologies).   

2.1  Cell Culture 
Reagents
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   4.    Serum Replacement (SR) (Life Technologies).   
   5.    Human recombinant Insulin (Sigma).   
   6.    Hydrocortisone (Sigma).   
   7.    Nonessential amino acids, minimal essential medium (NEA- 

MEM) (Life Technologies).   
   8.    B27 supplement without Vitamin A (Life Technologies).   
   9.    Human recombinant Epidermal Growth Factor (EGF, Sigma).   
   10.    Human recombinant Fibroblast Growth Factor-basic (bFGF) 

(ImmunoTools).   
   11.    Heparin (Sigma).   
   12.    0.05 % Trypsin-EDTA (1×) (Life Technologies).   
   13.    Fetal Bovine Serum (FBS) (Sigma).   
   14.    HEPES (Sigma).   
   15.    Collagenase from  Clostridium histolyticum  (Sigma).   
   16.    Hyaluronidase (Sigma).   
   17.    2-Mercaptoethanol (Life Technologies).   
   18.    Mitomycin-C (Sigma).   
   19.    Dimethyl sulfoxide (DMSO) (Sigma).      

      1.    Rat-tail collagen.   
   2.    Growth Factor Reduced Matrigel (Becton Dickinson).   
   3.    Triiodothyronine (Sigma),   
   4.    Apo-transferrin (Sigma),   
   5.    Cyclic adenosine monophosphate (c-AMP) (Sigma).      

      1.    CellVue ®  Maroon Cell Labeling Kit (MTTI).      

      1.    ALDEFLUOR kit (Stem Cell Technologies).      

      1.    E-cadherin (Santa Cruz).   
   2.    CD24 (Santa Cruz).   
   3.    Cytokeratin 18 (Sigma).   
   4.    Secondary antibodies (Invitrogen Molecular Probes): Alexa 

Fluor 594-conjugated rabbit anti-goat IgG (H + L); 
Alexa Fluor 488-conjugated goat anti-mouse IgG (H + L); 
Alexa Fluor 555-conjugated goat anti-mouse IgG (H + L).      

      1.    Low-attachment plates (Thermo Fisher).   
   2.    Adherent multi-well plates (VWR-PBI).   

2.2  Differentiation 
Matrix

2.3  Cell Membrane 
Labeling

2.4  ALDH Activity

2.5  Antibodies

2.6  Equipment 
and Tissue Culture 
Plates

Mammary Cancer Stem Cells
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   3.    40 and 100 μm cell strainers (Thermo Fisher).   
   4.    MoFlO XDP cell sorter (Beckman Coulter).   
   5.    Tissue culture incubator.      

   Medium 1 for culturing of MMs from LA7CSCs: DMEM-GlutaMAX 
supplemented with 0.5 × B27 without vitamin-A, 50 ng/mL 
recombinant insulin, 10 ng/mL EGF, 10 ng/mL bFGF, and 
4 µg/mL heparin . 

  Medium 2 for MM or adherent cell culture dissociation : 0.05 % 
Trypsin-EDTA (1×). The reaction is stopped with sera containing 
medium. 

  Medium 3 for adherent culturing of LA7CSCs : DMEM containing 
5 % FBS supplemented with 150 U/mL collagenase and 50 U/
mL hyaluronidase. 

  Medium 4 for human tissue enzymatic digestion : DMEM containing 
5 % FBS supplemented with 150 U/mL collagenase and 50 U/mL 
hyaluronidase. 

  Medium 5 for freezing dissociated cells : 90 % FBS and 10 % DMSO. 

  Medium 6 for culturing MMs from human SCs or CSCs : Ham’s F12/
DMEM-GlutaMAX (1:1) containing 10 % SR, 1× NEA-MEM, 
1 μg/mL insulin, 0.5 μg/mL hydrocortisone, 10 ng/mL EGF, and 
4 ng/mL bFGF. 

  Medium 7 for Matrigel cultures : Ham’s F12/DMEM- GlutaMAX 
(1:1), 10 % SR, 1 % NEA-MEM, 1 μg/mL insulin, 0.5 μg/mL 
hydrocortisone, 100 ng/mL EGF, 10 nM triiodothyronine , 25 ng/
mL apotransferin, 10 nM cAMP, 0.1 nM estradiol, 4 ng/mL bFGF, 
with half of the medium replaced with fresh media every 2–3 days. 

 Unless otherwise specifi ed, all the media are pre-warmed to 
37 °C.   

3    Methods 

  Certain cancer cell lines contain cells with CSC properties, espe-
cially when recently derived from a tumor or when a deliberate 
effort is made to maintain in these lines cells with stem cell fea-
tures. Maintenance and enrichment of a population of cells with 
stem features are based on selecting SCs by their functional prop-
erties rather then expression of candidate SC markers. For instance, 
LA7 or cancer cell lines from a commercial distributor may require 
that cells with CSC features are enriched and then subcloned to 
generate a CSC line. While CSC lines can be passaged indefi nitely, 
the number of CSCs decreases with passaging and may even disap-
pear. Once the cells with SC features are lost in the cell line, 
they cannot be reestablished by propagation. The protocol for 
enrichment and routine maintenance of a CSC line is based on 
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serially regenerating and collecting MMs by fi ltration and is 
 schematically represented in Fig.  1a .

    While rat LA7CSCs are used as an example for generating MMs 
from a cancer cell line, the protocols presented are also suitable for 
other cancer cell lines containing CSCs.

    1.    LA7CSCs are plated in low-attachment plates in  Medium 1  at 
a density of 500 cells per 2.5 mL of media or as a single cell/
well in a 96-well plate.   

   2.    MMs are regenerated every 7 days by collecting them with a 
cell strainer with a pore size of 40 μm to remove single cells or 
small cell aggregates.   

   3.    MMs are enzymatically dissociated into single cells with 
 Medium 2  for approximately 10 min. Effi ciency of MM disso-
ciation is monitored with a microscope.     

3.1.1  Generation 
of MMs from LA7CSC 
or Other CSC Lines

  Fig. 1    Generation of MMs from the LA7CSC line. (a) Scheme for enrichment of CSCs and routine maintenance 
of a CSC line, (b) A single LA7CSC generates holoclones in adherent conditions (a “in italic”), MMs in suspen-
sion (b), tubules (c, upper panel phase contrast and lower panel confocal of Hoechst nuclear dye 33342 
stained cells showing lumen of a tubule), and acini (d), and a heterogeneous tumor with tubules (f, upper panel 
H&E) with secretion capacity (f, bottom panel alcian blue staining), and differentiated cells expressing cyto-
keratin 14 (e, upper panel) and cytokeratin 18 (e, lower panel) (Magnifi cations 10× (a), 4× (b), 20× (c), 20× (d), 
40× upper and 20× lower (e), 20× upper and 40 lower (Images a, c, d, e and f are Copyright (2007 and 2008) 
National Academy of Sciences, U.S.A. [4, 6])       
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 It is essential that MMs are generated from single cells as cell 
aggregates result in the eventual loss of the CSC pool. LA7CSC 
MMs can be regenerated for at least 60 passages, with each passage 
being 7 days [ 7 – 9 ]. The stem cell properties of LA7CSCs can also 
be maintained indefi nitely under adherent culture conditions [ 7 ,  9 ].  

      1.    Self-renewing LA7CSCs are propagated as adherent cultures 
in  Medium 3  at a density of 1,000 cells per cm 2 .   

   2.    Cells are enzymatically dissociated in  Medium 2  for approxi-
mately 5 min to obtain single cells and re-plated at the same 
density every 2–3 days. Re-passaging time should be strictly 
maintained as cell confl uence or formation of large colonies 
results in the gradual loss of the CSC line.      

  Single cells from established CSC lines are evaluated for their 
capacity to form holoclones in adherent cultures (Fig.  1b  panel a), 
MMs in suspension (panel b), and for their ability to produce a 3D 
branching morphogenesis in vitro (tubules, panel c; cysts, panel d). 
In addition, they exhibit the capacity to differentiate into all mam-
mary gland cell types in vitro and in tumors in NOD/scid mice 
(Fig.  1b , panels e and f).

    1.    Tubules and cysts, representative of ductal and alveolar struc-
tures, respectively, are generated in 10–14 days when LA7CSCs 
or dissociated MM cells are seeded at a concentration of 300 
cells in 500 μL of collagen (isolated from rat-tail collagen) in a 
single well of a 24-well plate.   

   2.    After collagen solidifi cation, the cells are fed with  Medium 3  
and maintained by replacing half of the media every 2–3 days.    

     As it is desirable to compare the functional properties and gene 
expression profi les of normal SCs and CSCs, and  since normal tis-
sue is often available from cancer patients, methods for the isola-
tion of both mammary gland normal SCs and CSCs are presented. 
The following protocols describe the isolation of both mammary 
gland normal SCs and CSCs. Large surgical material from normal 
breast can also be obtained by mammoplastic reduction proce-
dures (Fig.  2a ).

        1.    Surgical material is placed into a container with 100 % 
FBS. Containers with FBS can be prepared ahead of time and 
left at room temperature (RT) at the surgical theater as active 
proteins such as growth factors in the sera are not essential at 
this step. The tissue fi lled containers should have as little 
“empty air space” as possible. Sterility is not essential at this 
point since the tissue needs to be sterilized before being cut.   

   2.    Large tissue is cut into smaller pieces to allow for sterilization 
in small batches.   
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   3.    The tissue is dipped into 80 % ethanol (EtOH) for a few sec-
onds, washed in sterile PBS and then placed into the cutting 
solution. It is important that the tissue is not cut too small or 
punctured before sterilization ( see   Note 1 ).   

   4.    Cutting solution consists of 100 % FBS if the material is to be 
stored frozen. If the cut tissue is to be used immediately for 
preparing single cells for MM formation then cutting should 
be performed with  Medium 4  ( see  Subheading  3.3 ).   

  Fig. 2    Generation of MMs from human breast SCs and CSCs. ( a ) Tissue preparation and enzymatic dissociation. 
( b ) 1st generation MMs from SCs ( left ) and CSCs ( right ). ( c ) CellVue Maroon (Cy5 fi lter) stained single cells from 
1st generation dissociated MMs ( left ) and 2nd generation MMs formed from stained single cells (right). 
( d ) Maroon dye dilution in 2nd MMs. ( e ) ALDEFLUOR staining (FITC fi lter) of 2nd generation dissociated MMs 
generated from Maroon labeled SCs. ( f ) Tubular ( left ) and alveolar ( right ) 3D structures generated from 
MMs formed from single SCs. ( g ) Scheme for labeling and collecting SCs and non-sphere forming cells from 
MMs (Magnifi cations: 4× (b), 20× ( left ) and 4× ( right ) (c), 20× (d), 40× (e), 20× (f)       
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   5.    For freezing sterilized tissue, cut the tissue with a scissor into 
sizes of 1–2 mm 3 . Cutting should be performed quickly in a 
small diameter (2.5 cm) but long tube (12 cm) with a small 
medium volume. Do not cut the tissue in an open plate with a 
scalpel, since this will cause excess aeration of the cells. Expect 
variability in tissue density and fi rmness from sample to sample 
( see   Note 2 ).   

   6.    Just before freezing, adjust FBS to at least 5 tissue volumes and 
add DMSO to a fi nal concentration of 10 % and mix quickly 
and well.   

   7.    Freezing times (at −80 °C) should be controlled by use of thick 
wall styrofoam or isopropanol freezing containers.   

   8.    Long-term storage should be in liquid nitrogen.      

       1.    The protocol for single cell preparation is performed in two 
steps over 2 days, but can be performed in one working day 
(see below). Steps for day 1 are performed with all solutions 
pre- warmed to 37 °C and take approximately 1 h depending 
on the size of the fresh or frozen tissue.   

   2.    If starting with frozen material, the sample should be thawed 
as quickly as possible in a water bath at 37 °C. If fresh material 
is used, skip to  step 5 .   

   3.    The thawed tissue is transferred into a new sterile tube con-
taining fresh DMEM not less then 5× the tube volume in 
which the cells were frozen in. The freezing solution and tissue 
mass should be diluted as fast as possible when the cells are 
thawed. It is easier and faster to estimate the freezing tube 
volume then the actual volume of freezing solution and tissue 
mass. DMEM is used instead of PBS to monitor pH conditions 
throughout all processing steps.   

   4.    After transfer, seal and place the tube into a water bath and 
induce a gentle rocking motion for 15 min, allowing for the 
DMSO of the freezing solution to diffuse out of the cells. 
(DMSO is a potent differentiating agent for SCs/CSCs.)   

   5.    The tissue is then poured onto a strainer with a sieve pore size 
small enough not to allow the tissue to fl ow through and washed 
three times on the sieve with 5 tissue volumes of DMEM.   

   6.    The tissue is cut into smaller pieces to allow the enzymes for 
digestion to penetrate. Appropriate cut size will determine 
whether single SCs or CSCs will be obtained for generating 
MMs. The cut size should be small enough so that cells after 
enzymatic digestion can exit the fi brous tissue mesh with as 
little mechanical disruption of the tissue as possible.   

   7.    The tissue is enzymatically dissociated in  Medium 4  overnight 
in non-adherent plates.     

3.2.2  Collagenase 
Digestion of Normal 
or Tumor Tissue
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 To obtain single cells in one working day, dissociation is per-
formed in 4–6 h with increase in the amount/concentration of 
enzymes.  

  The step for preparing single cells requires about 2 h. Generating 
good MMs depends on forming spheres from single SCs or CSCs, 
obtained after complete tissue digestion and good cell fi ltration.

    1.    The digested tissue from Subheading  3.2.2  is pipetted into a 
long tube with a narrow diameter tube (to limit excess aeration 
of the cells) and the cells are gently extracted from the tissue 
with a slow up and down pipetting motion with a serological 
pipette. The pipetting is repeated at least 40 times.   

   2.    First Filtration step to remove fi bers: tissue debris and fi bers 
are strained away from single cells using a large sieve with a 
large (100 μm) pore size to prevent clogging. The fl ow through 
which contains single cells, SCs or CSCs is centrifuged at 
200 ×  g  in 15 or 50 mL tubes at 16 °C for 20–40 min depend-
ing on the amount of digested tissue. Long centrifugation time 
is required for normal tissue due the presence of fi bers and 
lipids. For centrifugation, use long tubes to obtain a greater 
separation of cells from the tissue fi bers. The tubes should be 
fi lled completely with media with little air space inside as pos-
sible to minimize aeration of the cells. The supernatant is dis-
carded and the pellet is gently resuspended with 10 mL of 
DMEM at RT.   

   3.    Second Filtration step to collect single cells from cell aggre-
gates: if the collagenase digestion was performed adequately, 
the supernatant is relatively easy to fi lter to obtain single cells. 
Filtration should be performed gently using large volumes of 
DMEM and large mesh surface areas. It is often necessary to 
perform serial steps of fi ltration with decreasing mesh pore size 
strainers, from 100 to 40 μm.   

   4.    After fi ltration the cells are centrifuged at 200 ×  g  for 10 min 
and resuspended with  Medium 5  for freezing or  Medium 6  for 
generating MMs ( see  Subheading  3.3  and  Notes 3 – 6 ). A large 
collection of frozen single cells can be prepared at this step for 
future use.       

     A schematic representation of the complete procedure is illustrated 
in Fig.  2g .

    1.    Single SCs or CSCs freshly derived or from frozen stocks are 
resuspended in  Medium 6.  Cells from frozen stocks must fi rst 
be washed to remove the DMSO by resuspending the frozen 
stocks in 5 volumes of fresh DMEM.   

   2.    Cells are gently mixed and centrifuged at 200 ×  g  for 8 min, 
and resuspended in  Medium 6 .   

3.2.3  Extraction of Single 
Cells from Enzymatically 
Digested Normal or Tumor 
Human Breast Tissue

3.3  Generation 
of MM from Normal 
or Cancer Tissue 
from Human Breast
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   3.    Cells are seeded in low-attachment plates at a clonogenic 
 density of 500 cells/mL in 15 cm diameter plate ( see   Note 7 ).   

   4.    MMs are formed after 5–7 days and take approximately the 
same time to form if generated from normal SCs or CSCs.   

   5.    MM dissociation to obtain single cells is performed with  Medium 
2 . The dissociation time is 20 min or less. While dissociation of 
MMs into single cells is the ideal wanted outcome, in reality this 
may result in cell damage and lower yield of the number of SCs 
or CSCs. The dissociation time should be therefore optimized. 
MMs are dissociated by intermittent pipetting and returning 
them back to the incubator.    

    First generation MMs obtained from a pool of single cells derived 
from human normal or tumor breast tissue are usually interspersed 
with a heterogeneous population of 3D structures of various sizes 
and morphologies (Fig.  2b ). This heterogeneity may represent 3D 
structures derived from cell aggregates, or cells at various stages of 
differentiation and with different proliferation capacities. Regeneration 
of MMs from cells derived from 1st generation MMs display signifi -
cantly greater structural and proliferative homogeneity (Fig.  2c , right 
panel and Fig.  6a , left panel). Therefore, SCs or CSCs are enriched 
not directly from single cells of dissociated tissue, but from 1st gen-
eration dissociated MMs. A comprehensive approach for comparative 
analysis of MMs from SCs and CSCs from human breast is described 
below. The analysis is based on Maroon labeling of SCs and CSCs 
and performing the ALDEFLUOR assay on dissociated MMs. 

  The CellVue Maroon fl uorescent dye has ideal properties for iso-
lating, tracking, and lineage determination of SCs. Additionally, 
Maroon is used for characterization of MMs generated from SCs 
or CSCs. Maroon is a very stable and robust membrane labeling 
dye and does not interfere with the commonly used FITC (fl uores-
cein isothiocyanate) fl uorochrome or with green fl uorescent pro-
tein (GFP) detection. As a membrane labeling dye, dilution or 
retention of Maroon is a measure of the rate of proliferation of a 
cell and its descendant cells. Maroon analysis and fl uorescence-
activated cell cytometry profi ling during SC self-renewal and dif-
ferentiation provides insight into cell division cycles of specifi c cell 
types generated by a SCs or CSCs. As SCs have a low proliferation 
rate [ 6 ], SCs display the highest Maroon cell dye retention during 
MM formation (Fig.  2d ; Fig.  3a , region R5 from Fluorescence 
Activated Cell Sorting (FACS) image.

     1.    First generation MMs are dissociated into single cells in 
 Medium 2  ( see  Subheading  3.3 ,  step 5 ).   

   2.    Single cell suspensions are labeled with 2 μM of the CellVue 
Maroon for 5 min at RT (Fig. 2c , left panel).   

   3.    Cells are blocked with 100 % FBS for 1 min.   

3.4  Comparative 
Analysis of MMs 
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and CSCs
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   4.    Cells are washed for 10 min with DMEM supplemented with 
10% FCS  twice and plated in suspension at clonogenic densities 
in Medium 6.   

   5.    Labeled single cells are then used to form 2nd generation 
spheres (Fig.  2c, d ). Dye dilution is due to cell proliferation 
and is monitored during sphere formation using fl uorescence 
microscopy and a Cyanine5 (Cy5) specifi c detection fi lter.    

  Since LA7CSCs, or SCs or CSCs isolated from human mam-
mary tissue express ALDH proteins [ 10 ], the ALDEFLUOR assay 
is combined with Maroon staining to isolate SCs (Figs.  2e  and  3 , 
and  see     Subheading  3.4.2 ).  

       1.    MMs generated after 7 days from Maroon stained single cells 
are fi ltered with a 40 μm pore size cell strainer and dissociated 
in Medium 2.   

   2.    Single cells are then labeled with the ALDEFLUOR kit and 
placed at 37 °C in the tissue incubator for 40 min.   

3.4.2  ALDEFLUOR 
Labeling of Dissociated 
MM Cells

  Fig. 3    Characterization of MMs generated from human normal breast SCs. ( a ) Representative FACS profi le of 
dissociated 2nd generation MMs. Single cells derived from 2nd generation dissociated MMs obtained from 
Maroon stained SCs were labeled for the ALDEFLUOR assay. Region R5 contains the SC population displaying 
highest Maroon dye retention and highest ALDH activity. Table shows the percentage of cells in each region 
from the total number of dissociated cells used for the FACS input. ( b ) Number of MMs regenerated when 
sorted cells were placed back into MM forming conditions. ( c ) 3rd generation “MM from region R5 cells. MMs 
when placed onto human foreskin derived fi broblasts cells show that SCs retain the original Maroon dye stain-
ing and quiescent state” (Magnifi cation (c) 10x upper and 40x lower       
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   3.    Using the buffer contained in the kit, the cells are washed to 
stop the reaction.   

   4.    Cell sorting by FACS analysis is performed. SCs are sorted for 
highest dye retention (Maroon) and highest ALDH activity. 
Selecting the size of the gate that contains candidate SCs is based 
on the observation that the number of MMs formed at the 2nd 
and 3rd generations is approximately the same. Therefore, the 
number of cells sorted for the SC region (R5) is approximately 
equal to the number MMs used for FACS. If the number of 
spheres to be used for FACS is not known  see   Note 8 .       

  The protocols for generating and characterizing MMs from nor-
mal CSCs are identical for SCs. 

      1.    Single ALDEFLUOR labeled cells (detected by FITC) from 
dissociated MMs generated from Maroon stained cells 
(detected with a fi lter for allophycocyanin (APC)) are sorted 
with FACS with a nozzle diameter of 100 μm and back pres-
sure of 20 psi.   

   2.    Cells are sorted into four regions, with the region containing 
the SCs or CSCs (Figs.  3a  6b left panel) determining the 
boundaries of the other regions. SCs are defi ned with highest 
Maroon dye retention and highest ALDH activity (Fig.  3a–c  
and  see   Note 8 ).      

  CSCs may represent a heterogeneous population of cells. 
Alternative approaches therefore are utilized for their isolation ( See  
Somatic Stem Cells: Methods and Protocols, Methods in Molecular 
Biology, vol. 879). CSCs, depending on the tumor sample, may 
not display highest dye retention or ALDH activity. Therefore, 
each region of sorted cells from dissociated MMs is plated under 
non-adherent conditions to evaluate their capacity for MM forma-
tion. The cell population from the region that generates MMs con-
tains the CSCs. 

 The profi les of CSC MMs obtained after FACS, display signifi -
cantly contrasting Maroon dye retention and ALDEFLUOR stain-
ing for different tumor grades (Ileana Zucchi unpublished data). 
For instance, MMs generated from CSCs obtained from aggressive 
tumors contain CSCs and cells derived from CSCs that display a 
predominantly homogeneous and fast rate of cell proliferation 
compared to SC MMs (Fig. 7a  right panel). In contrast,  MMs gen-
erated from CSCs obtained from low aggressive tumors contain 
CSCs and cells derived from CSCs that display a heterogeneous 
(fast and low) rate of proliferation and few cells that are maintained 
in a quiescent state of proliferation as in MMs from normal SCs 
(regions R4 and R5 in Fig.  3a  and Fig.  6b , left panel ). While nor-
mal SCs are maintained in a quiescent state of cell proliferation 
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during MM formation (Fig.  3  region R5),  MMs generated from 
aggressive and low aggressive tumors may not contain quiescent 
CSCs. Extensive tumor sample analyses suggest that MMs that dis-
play homogeneous Maroon dye dilution and therefore similar cell 
cycle division rates are correlated with CSCs that have impaired 
differentiation potential (Ileana Zucchi unpublished observation).   

      1.    Single ALDEFLUOR labeled cells from dissociated MMs gen-
erated from Maroon stained SCs or CSCs from the same 
patients or from different tumor grades are used for FACS 
( see   Note 9 ).   

   2.    Dye dilution of cells from dissociated SC MMs and CSC MMs 
is compared. SC MMs display a larger number of cells with dye 
retention compared to CSC MMs (Fig.  3a , and Fig.  6a , right 
panel and  6b , left panel). Protocols from Subheading  3.7  and 
Fig.  6b  (right panel), suggest that cells from CSC MMs due 
to their aberrant high proliferation may delay or inhibit their 
differentiation (see Section  3.7 ).   

   3.    Dye dilution of cells from dissociated CSC MMs from aggres-
sive and non-aggressive tumors is compared. CSC MMs from 
aggressive tumors display a larger number of cells with uni-
formly faster dye dilution compared to CSC MMs from aggres-
sive display a larger number of cells with uniformly faster dye 
dilution compared to CSCs MMs from low or non-aggressive 
tumors (Fig.  6a  right panel, and Fig.  6b  left panel).      

    The following protocols were developed to enrich and characterize 
cells from MMs that have no capacity to regenerate MMs. As MMs 
can generate all cell types and the 3D architecture of the mammary 
gland, non-sphere forming cells (NSFCs in Fig.  2g ) represent the 
SC-descendent cells that are at various stages of differentiation and 
are generated by asymmetric self- renewal of SCs during MM for-
mation. Two cell types can be identifi ed; cells with luminal or myo-
epithelial characteristics. Cells with highest ALDH activity and 
high Maroon dye retention express cytokeratin 18 (K18), CD24, 
and CDH1 and have colony formation potential in adherent con-
ditions on infant foreskin fi broblast cells or on FBS coated (Fig.  4  
panel b). The K18 expressing cells also have the capacity to gener-
ate 3D acinar structures, suggesting that the cells have a luminal or 
alveorlar lineage-restricted phenotype. Our experience shows that, 
in contrast to SC MMs, CSC MMs derived from tumors (and in 
particular aggressive tumors) often do not generate (or generate 
few) acinar forming cells (Fig.  6b , right panel,  see  that region R6 
contains few or no acinar forming cells) suggesting that depending 
on the tumor grade, CSCs may display inhibition or delay in their 
differentiation potential. 

3.6  Characterization 
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3.7  Characterization 
of Non-sphere 
Forming Cells (NSFCs) 
Derived from MMs

Mammary Cancer Stem Cells



256

      1.    Single cells from 1st generation MMs are labeled with Maroon 
and allowed to reform into 2nd generation MMs.   

   2.    NSFCs are separated by fi ltration from the 2nd generation 
MMs (Fig.  2g ).   

   3.    NSFCs are labeled for the ALDEFLUOR assay and FACS is 
performed (Figs.  4a  and 6b right panel).

       4.    Most of the cells are collected from regions R3 and R4 as for 
SC dissociated MMs. R5 and R6 cells were chosen to have 
highest ALDH activity (Figs.  4a  and  6b , right up panel). Only 
cells from region R6 generate 3D acinar structures (Fig.  4b ). 

3.7.1  Identifi cation of 
Identifi cation of Acinar 
Structure Forming Cells 
Generated from SCs or 
CSCs

  Fig. 4    Characterization of non-sphere forming cells from MMs. ( a ) Representative FACS profi le of  N  on-  S   phere 
 F orming  C ells (NSFCs in Fig.  2g ) generated from SCs. Table shows percentage of cells in each region from the 
total number of NSF cells used for the FACS input. ( b ) While NSFCs do not form MMs, a subpopulation of cells 
(R6) have colony formation capacity ( top ) (on human foreskin derived fi broblast cells), express high levels of 
cytokeratin 18, CD24 and CDH1, and have the capacity to form 3D acinar structures in suspension conditions 
or in Matrigel ( bottom ). Cells from regions R3 (c) and R4 (d) have a fi broblast like morphology and no colony 
formation potential. (Magnifi cations: (b) top 10x left and 40x right,  immuno-staining images 40x,  bottom 10x, 
(c) and (d)  10x)       
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Acinar forming cells are always generated from SC MMs. 
Depending on the properties of the tumors, CSC MMs can 
generate no, few or a signifi cant number of acinar structure 
forming cells (Fig.  6b , right panel,  see  that region R6).     

 Since acinar structures can form in the same cultures with 
MMs, they are often mistaken as MMs, especially when acinar 
structures are in the early phase of formation. Protocols were 
developed to distinguish acinar structures from MMs based on dif-
ferences in dye dilution and ALDH activity (Figs.  4a  and  5b ). In 
acinar structure  formation, cells display a more homogeneous rate 
of Maroon dye dilution compared to MM cells. Dye dilution in 
MMs is more heterogeneous due to MMs containing cells with 
different states of differentiation and proliferation that are gener-
ated from multipotent SCs or CSCs. Since acinar structures are 
generated from a homogeneous population of cells with the same 
differentiation potential, dye dilution is more homogeneous. 
Highest activity of ALDH is found in acinar structure forming cells 
compared to MM cells. Therefore, when high ALDH activity simi-
lar to that found in  acinar structure forming cells is detected in 
MM cultures by FACS this suggests that the suspension cultures 
are “contaminated” with 3D acinar structures resembling MMs.  

  Fig. 5    Analysis of cells from dissociated acinar structures. ( a ) Acinar-like structures generated from region R6 
of NSFCs from Fig.  4 . ( b ) Representative FACS profi le of single cells from acini dissociated at day 14. R6 cells 
were allowed to form acinar structures in Medium 6 in suspension conditions. At day 14 acini were dissociated 
and single cells were labeled for the ALDEFLUOR assay. Ovals indicate that Maroon dye is homogeneously 
diluted with cell division with acinar structure size Magnifi cation: (a) 4x upper and 10x lower       
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      1.    NSFCs collected as fl ow through from MM fi ltration (Fig.  2g ) 
contain Maroon stained and unstained cells. NSFCs are labeled 
with the Aldefl uor kit and used for FACS. Cells that display 
highest ALDH activity and high Maroon retention are 
 contained in region R6 (Fig.  4a ) and the only NSFCs that 

3.8  Comparative 
analysis of Acinar 
Structures with MMs 
by FACS

  Fig. 6    Characterization of MMs and NFSCs generated from human breast CSCs. ( a ) 2nd generation MMs from 
CSCs derived from a non-aggressive tumor ( left ) and representative FACS profi le of dissociated MMs gener-
ated from CSCs derived from an aggressive tumor ( right ). ( b ) Representative FACS profi le of dissociated MMs 
( left ) and NSFCs ( right ) both generated from CSCs derived from a non-aggressive tumor. Cells from CSC MMs 
display greater dye dilution compared to cells from normal SC generated MMs (Fig.  3a ). Few or no cyst forming 
cells (R6) are often detected from the NSF cells of CSC MMs       
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 generate acinar structures. Acini are generated in suspension 
in  Medium 6 .   

   2.    Acinar structures are apparent at 12–16 days of culture (Fig.  4b  
bottom panels and Fig.  5a ).

       3.    Acinar structures are collected with a 40 μm fi lter, dissociated 
with Medium 2, and used for FACS (Fig.  5b ).     

   Gene expression analysis shows that the levels of CDH1 and K18 
are signifi cantly lower in MM cells than in NSFCs (Fig.  7 ). Highest 
ALDH activity is found not in SCs (Region R5) or any MM cells 
(Regions R3, R4 and R6) but in K18 expressing cells (Region R6) 
derived from NSFCs. The K18 expressing cells have acinar forma-
tion potential. NSFCs from region R4 (Fig.  4a ), with no or low 
ALDH activity but highest dye retention, have no colony (Fig.  4d ) 
and no acinar structure formation potential    (Figs.  7  and  8 )   .

        1.    Cells from all regions from FACS of MMs and NSFCs are used 
for RNA isolation.   

   2.    Quantitative-PCR analysis is performed for Quantitative-PCR 
analysis is performed for e-cadherin (CDH1), cytokeratin 18 
(K18), cytokeratin 14 (K14), and integrin alpha 6 (CD49f).      

   Medium 6  for generating MMs was established for generating 
“good” MMs that display highest regenerating potential, and min-
imize 3D structural artifacts and loss of SC/CSC self-renewal. The 
reader should be aware that various tissue culture medium compo-
sitions available commercially or from the literature generate a het-
erogeneous population of sphere-like structures from normal SCs 
and CSCs. It is important to note that an increase in MM-like 

3.9  Expression 
Analysis of FACS MM 
Cells and NSFCs

3.10  Evaluation 
of Media 
for Generating MMs

  Fig. 7    Comparative mRNA expression analysis of cells from regions obtained from dissociated MMs and NSFCs 
sorted by FACS. Quantitative PCR expression values for cells from MMs and NSFCs are relative to the expres-
sion level of each gene, detected in R4 (the SCs containing region) from MMs cells. Endogenous control is 
HPRT1. Bars represent a confi dence of 95%. When no expression is shown, no expression was detected       
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structures may not represent a real increase in MM numbers. An 
example is observed with MM media containing higher levels of 
both EGF and basic FGF (Fig.  8 ). Increase in these factors results 
in addition to more sphere-like structures, structures with hetero-
geneous (Fig.  8a, b ), variability in dye dilution and ALDH1 
(Fig.  8c ). Whether increases in sphere like structures by addition or 
increase in the levels of specifi c factors represent an actual increase 
in SC or CSC self-renewal and true MM numbers needs to be 
determined by the researcher.

  Fig. 8    Growth factor concentration effects on MM formation and number. Increase in tissue culture levels of 
EGF (20 ng/mL) and basic FGF (20 ng/mL) results in: ( a ) increase 3D structure heterogeneity. ( b ) Increase 
number of 3D structures. ( c ) Cells from dissociated 3D structures display variability in dye retention and ALDH1 
enzymatic activity with increase in EGF and bFGF       
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4        Notes 

     1.    Sterilization results in outer cells and infectious agents being 
killed while leaving the inner cells of the tissue mass intact. The 
amount of time for leaving the tissue in EtOH depends on the 
size, thickness, and contours of the tissue. Tissue pieces cut too 
small can result in the entire cell mass being killed with 
sterilization.   

   2.    For cutting, use long and narrow tubes with a small cutting 
medium volume to prevent excess movement and shredding of 
the tissue. Use long-blade, high carbon or titanium-coated 
scissors for fast cutting.   

   3.    Use of FBS is not recommended (unless tested) as it consists of 
components of unknown concentrations that may induce loss 
of self-renewal, accelerated differentiation, or epithelial to 
mesenchyme transition of SCs or CSCs. For this reason serum 
replacement (and defi ned factors at specifi c concentrations) is 
recommended when SCs, CSCs, or MMs are to be cultured.   

   4.    Allow the pellet to resuspend itself slowly for 5 min at RT in a 
seal tube to prevent excessive aeration of the cells. Pelleted 
cells should not be immediately forced into a suspension by 
pipetting them.   

   5.    The post centrifugation step is critical. If centrifugation results 
in a supernatant that is not relatively clear, this indicates that 
fi bers were not suffi ciently digested and have variable buoyancy. 
Heterogeneous fi ber sizes interfere with density separation of 
the media and prevent single cells from pelleting to the bottom 
of the tube.   

   6.    Failure to strain the cells properly to obtain single cells can 
result in the generation of 3D sphere-like artifacts or cell aggre-
gates. It can also result in clogging of the strainer with SCs or 
CSCs being trapped in the sieve mesh and the tissue fi bers. 
Generally larger surface area strainers result in less cell loss.   

   7.    Cell plating number may not be the same for all diameter plates 
as small diameter plates promote the cells to collect to the cen-
ter of plates, resulting in aggregate formation.   

   8.    Selecting the size of the FACS region that contains candidate 
SCs is based on the calculation that a sphere of 7 days consists 
of approximately 50 cells and a population of 50,000 cells from 
dissociated MMs contains 1,000 SCs. The region containing 
SCs is therefore selected to have 2 % of all of the sorted cells. 
This 2 % is chosen from the region in which cells have both the 
highest dye retention (Maroon) and highest ALDH activity. 
Spheres generated from cells of regions R3, R4, and R6 sug-
gest that more SCs could be included into region 5 if the gate 
(e.g., Region 4) was shifted slightly.   

Mammary Cancer Stem Cells
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   9.    MMs regenerate from normal SCs or CSCs for about 5–6 pas-
sages with each passage being 7 days. MMs from CSCs in con-
trast to MMs from normal SCs, often contain more than one 
stem cell with MM regeneration potential suggesting that 
CSCs may under both asymmetric and symmetric self-renewal 
during MM formation. This number appears to be dependent 
on the properties of the tumor. We have not observed that 
either normal SCs or CSCs display immortality, indefi nite self-
renewal, and  indefi nite MM regeneration capacity.         
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    Chapter 19   

 Isolation and Culture of Primary Glioblastoma 
Cells from Human Tumor Specimens 

           Sascha     Seidel    ,     Boyan     K.     Garvalov    , and     Till     Acker    

    Abstract 

   Cultured tumor cells are a central tool in cancer research and have provided fundamental insights in tumor 
biology. Recent evidence, however, indicates that classically established cell lines from different tumors, 
including glioblastoma, do not fully refl ect the genotypes and phenotypes of the respective primary tumors. 
By contrast, primary cells, isolated from human tumor samples and maintained in serum-free spheroid 
cultures at low passage under defi ned growth factor conditions, reproduce key aspects of tumor cell physi-
ology much more faithfully. Among the tumor cell characteristics that are better represented in primary 
glioblastoma cell cultures is the self-renewal and differentiation potential of the tumor cells. Indeed, a large 
body of evidence from the past decade indicates that glioblastomas and other tumors are composed of a 
hierarchy of heterogeneous types of cells, which are generated and maintained by cells that share charac-
teristics of stem cells. This cancer stem cell/tumor initiating cell population is optimally preserved and 
maintained in primary glioblastoma cultures. Here, we describe a method for the isolation and culture of 
primary tumor cells from human glioblastomas in serum-free conditions, which allows the routine genera-
tion and proper maintenance of tumor cells as spheroid cultures. Such primary tumor cultures can serve as 
a model of choice for the study of the mechanisms behind key aspects of glioblastoma biology, including 
tumorigenicity, stem cell hierarchy, invasion, and therapeutic resistance.  

  Key words     Glioblastoma  ,   Brain tumor  ,   Primary glioblastoma cells  ,   Brain tumor initiating cells  ,   Brain 
tumor stem cells  ,   Glioblastoma stem cells  ,   Cancer stem cells  ,   Tumor spheres  ,   Primary culture  

1      Introduction 

 Glioblastomas are the most common and most malignant brain 
tumors in adults, with a median patient survival time of less than 15 
months [ 1 ]. Therefore, an improved understanding of the cellular 
and molecular mechanisms controlling glioblastoma growth and 
invasion has been the focus of intense research. Among the most 
important conceptual advances in the study of glioblastomas over 
the last decade has been the realization that these tumors are orga-
nized in a hierarchy of heterogeneous types of tumor cells that 
derive from neoplastic cells with stem cell characteristics [ 2 ,  3 ]. 
Glioblastoma is among the fi rst solid tumor types for which the 
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hierarchy (cancer stem cell) model was demonstrated and has 
remained a prototype system for the study of this model [ 4 ], which 
is now thought to be applicable to various other solid tumors [ 5 ,  6 ]. 

 Traditionally, the cell biology of glioblastoma has been studied 
on the basis of cultured tumor cells that were extensively passaged 
and grown in adherent monolayers in the presence of serum, an 
approach commonly used also for other tumors. While such tumor 
cells can be tumorigenic and are convenient to handle and manipu-
late, they usually do not fully reproduce the characteristic invasive 
growth phenotype of glioblastomas in xenograft models. Moreover, 
they show drastically altered gene expression patterns in vitro com-
pared to the original tumor [ 7 ,  8 ]. Importantly, they are not well 
suited for the study of the self-renewal (stem cell) capacity of glio-
blastoma cells, as serum induces profound differentiation, which 
may lead to a loss of the cancer stem cell fraction. Therefore, much 
recent research in glioma biology has focused on a cell culture sys-
tem of primary tumor cells derived from patient tumors and cul-
tured for a limited number of passages as spheroids in suspension, 
in the presence of defi ned growth factors but in the absence of 
serum [ 2 ,  9 ,  10 ], conditions that were originally established for the 
cultivation of neural stem cells [ 11 ]. Such cultures retain much 
greater similarity to the primary tumor from which they are derived 
[ 7 ] and their use has enabled the discovery and characterization of 
the key features of glioblastoma stem cells. For example, the pri-
mary glioblastoma cell culture system was applied to examine the 
role of microenvironmental stimuli on glioblastoma cells. It was 
shown that the cancer stem cell phenotype of glioblastoma cells is 
induced and maintained in specifi c niches, including a hypoxic 
niche [ 12 – 15 ] and a perivascular niche [ 10 ,  14 ,  16 ]. It was further 
shown that glioblastoma stem cells possess enhanced resistance to 
chemotherapy and radiotherapy [ 17 ,  18 ], a property that likely 
underlies their ability to drive tumor relapse after treatment. 
Interestingly, glioblastoma stem cells derived from primary cul-
tures revealed an unexpectedly broad differentiation potential 
in vitro and in vivo, being able to contribute not only to the gen-
eration of the various types of tumor cells but also to the formation 
of the tumor vasculature, through transdifferentiation into endo-
thelial cells and pericytes [ 19 – 21 ]. Furthermore, primary glioblas-
toma cells were employed to elucidate the role of infl ammatory 
responses on tumor growth and the interaction between glioblas-
toma stem cells and immune cells [ 22 – 24 ]. 

 In this chapter, we describe a method that has been routinely 
used in our laboratory for isolating primary tumor cells from 
human glioblastomas and their cultivation in vitro. The cells gen-
erated in this manner are maintained as spheroids in serum-free 
suspension cultures with defi ned growth factors. These conditions, 
which are analogous to the ones used for the culture of physiological 
stem cells, have also proven to be particularly suitable for the study 
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of the cancer stem cell and brain tumor initiating phenotype of 
glioblastoma cells, as well as for many other features of glioblas-
toma biology.  

2    Materials 

       1.    Phosphate buffered saline (PBS) without calcium and 
 magnesium, sterile (PAA).   

   2.    10× Hanks Balanced Salt Solution (HBSS) without calcium 
and magnesium, sterile (Gibco).   

   3.    Eagle’s Balanced Salt Solution (EBSS) without calcium and 
magnesium, sterile (Gibco).   

   4.     D -Glucose solution (300 mg/mL), sterile fi ltered.   
   5.    Sodium chloride solution (0.15 M), sterile fi ltered.   
   6.    Bovine serum albumin (BSA), cell culture tested (Sigma).   
   7.    Amphotericin B (250 μg/mL) (Sigma).   
   8.    Gentamicin (50 mg/mL) (PAA).   
   9.    HEPES buffer, 1 M, sterile (PAA).   
   10.    Ultrapure water (18.2 MΩ).   
   11.    Papain (Worthington).   
   12.    DNase I (Sigma).   
   13.    Trypsin (Sigma).   
   14.    Collagenase I (Worthington).   
   15.    Hyaluronidase (Sigma).   
   16.    Red Blood Cell Lysis Buffer (Roche Diagnostics).   
   17.    0.22 μm sterile syringe fi lters.   
   18.    Sterile syringes.   
   19.    0.22 μm Stericup-GV fi lters, 150 and 500 mL (Millipore).   
   20.    Autoclaved glass bottles 500 mL.   
   21.    Sterile conical tubes.      

      1.    Sterile 10 cm petri dishes (Greiner Bio-One;  see   Note 1 ).   
   2.    Sterile scalpel with a #21 blade.   
   3.    Autoclaved single edged razor blades.   
   4.    Autoclaved forceps.   
   5.    Sterile cell strainers, 70 and 100 μm.   
   6.    Sterile 15 and 50 mL conical tubes.   
   7.    Sterile plastic pipettes.   
   8.    Water bath at 37 °C.       

2.1  Tumor Dissection

2.1.1  Preparation 
of Buffers and Solutions

2.1.2  Tissue Dissociation

Primary Glioblastoma Cell Culture
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      1.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM)/F-12 + 
GlutaMAX (Gibco).   

   2.    B27 Supplement minus vitamin A (Gibco;  see   Note 2 ).   
   3.    Recombinant human EGF (PeproTech).   
   4.    Recombinant human bFGF (PeproTech).   
   5.    Accutase solution (PAA).   
   6.    Cryo-SFM cryopreservation medium (Promo Cell).   
   7.    Sterile 94 mm petri dishes (Greiner Bio-One).   
   8.    Cell strainer 40 μm.   
   9.    Freezing container (e.g., Mr. Frosty).       

3    Methods 

  In the following section, we describe a method for the isolation 
and the establishment of primary glioblastoma cell lines from 
human tumor specimens. All steps of tissue dissociation should be 
carried out under sterile conditions in a laminar fl ow cell culture 
hood to reduce the risk of contamination of the primary culture. 

   Wash Buffer: 

    1.    Add 450 mL PBS without calcium and magnesium to an auto-
claved Erlenmeyer fl ask.   

   2.    Dissolve 25 g of cell culture tested BSA in the PBS.   
   3.    Add 5 mL amphotericin B (250 μg/mL).   
   4.    Add 500 μL gentamicin (50 mg/mL) ( see   Note 3 ).   
   5.    Fill up to 500 mL with PBS without calcium and magnesium.   
   6.    Mix well and fi lter-sterilize with a 0.22 μm Stericup Filter into 

an autoclaved glass bottle, store the Wash Buffer at 4 °C.    

   Papain stock solution: 

    1.    Dissolve the Papain Suspension (100 mg Papain, Worthington) 
in 5 mL EBSS without calcium and magnesium (fi nal concen-
tration 20 mg/mL = 500 U/mL).   

   2.    Filter-sterilize with a 0.22 μm Syringe Filter.   
   3.    Store the Suspension at 4 °C.    

   DNase I Stock Solution: 

    1.    Dissolve 100 mg (500 U/mg) DNase I in 5 mL sterile 0.15 M 
NaCl.   

   2.    Prepare 50 μl Aliquots and store them at −20 °C.    

2.2  Cell Culture

3.1  Tissue 
Preparation

3.1.1  Preparation 
of Buffers and Solutions
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   Dissociation solution: 

    1.    Add 400 mL ultrapure water to an autoclaved Erlenmeyer 
fl ask.   

   2.    Add 50 mL 10× HBSS without calcium and magnesium.   
   3.    Add 9 mL  D -glucose solution (300 mg/mL).   
   4.    Add 7.5 mL 1 M HEPES buffer.   
   5.    Mix carefully and adjust the pH to 7.4.   
   6.    Add ultrapure water to a fi nal volume of 500 mL.   
   7.    Filter-sterilize with a 500 mL 0.22 μm Stericup fi lter into an 

autoclaved glass bottle.   
   8.    Prepare 5 mL aliquots in sterile 15 mL conical tubes and 50 mL 

aliquots in sterile 50 mL tubes and store them at −20 °C.    

  Attention: 100 mL of dissociation solution is required for the 
Dissociation Medium 2. If the dissociation solution is prepared 
freshly do not freeze the whole amount. 

  Dissociation Medium 1:  

 Prepare freshly for every tumor dissection!

    1.    Thaw one 5 mL aliquot of Dissociation solution.   
   2.    Transfer 4.75 mL of Dissociation solution to a new sterile 

 conical 15 mL tube.   
   3.    Add 200 μL of the papain stock solution.   
   4.    Activate the above mixture at 37 °C for 30 min prior to use.   
   5.    Thaw one 50 μL aliquot of the DNase I stock solution on ice.   
   6.    Add the DNase I aliquot and mix carefully.     

  Dissociation Medium 2: 

    1.    Pour 100 mL of pre-cooled Dissociation solution into an auto-
claved Erlenmeyer fl ask on ice.   

   2.    Add 70 mg of collagenase I to a fi nal concentration of 0.7 mg/mL.   
   3.    Add 70 mg of hyaluronidase to a fi nal concentration of 

0.7 mg/mL.   
   4.    Add 100 mg of trypsin to a fi nal concentration of 1 mg/mL.   
   5.    Mix carefully until all the enzymes are completely dissolved.   
   6.    Filter-sterilize with a 150 mL 0.22 μm Stericup fi lter into an 

autoclaved glass bottle.   
   7.    Prepare 5 mL aliquots in sterile 15 mL conical tubes and store 

them at −20 °C.    

  Prior to Tumor dissociation:

    1.    Thaw one 5 mL aliquot of the above mixture.   
   2.    Thaw one 50 μL aliquot of the DNase I stock solution on ice.   

Primary Glioblastoma Cell Culture
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   3.    Add the DNase I aliquot and mix carefully to obtain 
Dissociation Medium 2.     

  Growth Factor Stock Solutions: 

    1.    Reconstitute lyophilized recombinant human EGF and recom-
binant human bFGF following the supplier’s recommenda-
tions in 5 mM Tris, 0.1 % BSA, pH 7.6 to a fi nal concentration 
of 20 μg/mL.   

   2.    Prepare 500 μL aliquots in sterile 1.5 mL tubes.   
   3.    For long term storage keep the aliquots at −20 °C, the aliquot 

in use can be stored at 4 °C for up to 1 week.    

   Tumor Sphere Culture Medium 

    1.    Take 480 mL DMEM/F-12 + GlutaMAX.   
   2.    Add 5 mL amphotericin B (250 μg/mL).   
   3.    Add 500 μL gentamicin (50 mg/mL) ( see   Note 3 ),   
   4.    Add 2.5 mL HEPES Buffer (1 M).   
   5.    Add 10 mL B27 Supplement minus vitamin A ( see   Notes 2  

and  4 ).   
   6.    Mix well, protect the bottle from light by wrapping it in alumi-

num foil.   
   7.    Store the medium at 4 °C.    

         1.    Transfer the tumor specimen into a sterile petri dish using 
autoclaved forceps ( see   Notes 5  and  6 ).   

   2.    Wash the tumor specimen two times with wash buffer and 
 discard the buffer by sucking it off.   

   3.    Cut the tissue into small fragments using a sterile scalpel with 
a #21 blade ( see   Note 7 ).   

   4.    Chop/cut the tumor fragments with a sterile single edged 
razor blade until it is well minced ( see   Note 7 ).   

   5.    Transfer the tumor tissue to a sterile 15 mL conical tube by 
fl ushing the dish with the 5 mL activated Dissociation Medium 
1 and pipetting it with a sterile pipette ( see   Note 8 ).   

   6.    Incubate the tube in a 37 °C water bath for 30 min. During 
the incubation, take the tube out of the water bath every 5 min 
and mix gently with a 5 mL pipette (around 20 times). Avoid 
bubbling ( see   Note 8 ).   

   7.    Centrifuge the tube for 5 min at 300 ×  g .   
   8.    Suck off the supernatant carefully (the pellet is not solid!) 

( see   Note 9 ).   
   9.    Resuspend the pellet in 5 mL Dissociation Medium 2. 

( see   Note 8 ).   

3.1.2  Tissue Dissociation
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   10.    Incubate the tube in a 37 °C water bath for 30 min. During 
the incubation take the tube out of the water bath every 5 min 
and mix gently with a 5 mL pipette (around 20 times). Avoid 
bubbling ( see   Note 8 ).   

   11.    Centrifuge the tube for 5 min at 300 ×  g .   
   12.    Suck off the supernatant carefully (the pellet is not solid!) 

( see   Note 9 ).   
   13.    Resuspend the pellet in 2 mL of Red Blood Cell Lysis Buffer 

and incubate the tube for 10 min at room temperature 
( see   Note 10 ).   

   14.    Add 8 mL of wash buffer.   
   15.    Centrifuge the tube for 5 min at 300 ×  g , and prepare a conical 

50 mL tube with a 100 μm cell strainer.   
   16.    Carefully remove the supernatant and resuspend in 10 mL 

wash buffer.   
   17.    Filter the suspension through the cell strainer ( see   Note 11 ).   
   18.    Wash the fi lter with 10 mL wash buffer.   
   19.    Centrifuge the tube for 5 min at 300 ×  g , in the meantime 

 prepare a conical 50 mL tube with a 70 μm cell strainer.   
   20.    Filter the suspension through the cell strainer ( see   Note 11 ).   
   21.    Centrifuge the tube for 5 min at 300 ×  g .   
   22.    Resuspend the cell pellet in Tumor Sphere Culture Medium.       

  This section describes how to establish and maintain the primary 
tumor cells, obtained and plated during the previous procedure.

    1.    Count the cells from  step 22  in the previous section 
(Subheading  3.1.2 ).   

   2.    Plate them at a density of 2 × 10 6  cells in 10 mL of Tumor 
Sphere Culture Medium in a 10 cm petri dish.   

   3.    Add 10 μL (1:1,000) of the EGF and bFGF stock solutions to 
a fi nal concentration of 20 ng/mL.   

   4.    After 24 h, collect the cells with a plastic pipette, transfer them 
to a 15 mL conical tube, and centrifuge at 190 ×  g  for 3 min 
( see   Note 12  and Fig.  1a ).

       5.    Resuspend the pellet in 10 mL Tumor Sphere Culture Medium 
and transfer them to the same petri dish from which they were 
collected.   

   6.    Add 10 μL (1:1,000) of the EGF and bFGF stock solutions to 
a fi nal concentration of 20 ng/mL.   

   7.    The culture medium should be refreshed twice a week by 
transferring the cells with a plastic pipette to a 15 mL conical 
tube and centrifuging at 190 ×  g  for 3 min.     

3.2  Cultivation 
of Primary 
Glioblastoma Cells
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 When refreshing the medium for the fi rst time aspirate half of 
the old medium and replace it with an equal volume of fresh 
medium (i.e., refresh half of the medium). Afterwards re-plate the 
cells in the original dish. 

 When refreshing the medium for the second time, aspirate all 
the medium and replace it with fresh medium. Thereafter, re-plate 
the cells in a new dish. Always add 10 μL (1:1,000) of the EGF and 
bFGF stock solutions to a fi nal concentration of 20 ng/mL after 
changing the medium. 

 The obtained culture of primary glioblastoma cells should form 
three-dimensional spheroids suspended in the medium (tumor 
spheres) around 24–48 h after the dissociation (Fig.  1 ). The frequency 
of sphere formation depends on the characteristics of the primary cell 
line, e.g., the number of brain tumor initiating cells in the original 
tumor specimen and their self-renewal capacity ( see   Notes 13–15 ). 

   Depending on their size, tumor spheres of primary glioblastoma 
cells should be split every 7–10 days.

    1.    Centrifuge the tumor spheres for 3 min at 190 ×  g .   
   2.    Aspirate the medium and resuspend the pellet in 1 mL of 

Accutase solution.   
   3.    Incubate the spheres for 15 min at 37 °C.   
   4.    In the meantime prepare a sterile 50 mL conical tube with a 

40 μm cell strainer.   
   5.    Mix the cell suspension with a 1,000 μL pipette tip until there 

are no visible spheres left.   
   6.    Add 9 mL of Tumor Sphere Culture Medium and fi lter 

through the cell strainer.   

3.2.1  Splitting of Tumor 
Spheres

  Fig. 1    Primary glioblastoma cells in culture. ( a ) Isolated glioblastoma cells 12 h after tumor dissection. The 
culture consists of tumor cells, which partly already start to form tumor spheres ( arrows ), some cell debris 
( asterisks ), and non-tumor cells that adhere to the petri dish ( arrowheads ). ( b ) Tumor Spheres of primary glio-
blastoma cells 5 days after splitting. Scale bars 100 μm       
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   7.    Centrifuge the cells for 3 min at 190 ×  g .   
   8.    Remove the supernatant and resuspend the pellet in 10 mL of 

Tumor Sphere Culture Medium.   
   9.    Plate the cells at a density of 2 × 10 6  cells in 10 mL of Tumor 

Sphere Culture Medium in 10 cm petri dishes.   
   10.    Add 10 μL (1:1,000) of the EGF and bFGF stock solutions to 

a fi nal concentration of 20 ng/mL.      

  The primary glioblastoma cells should be used at low passage num-
ber, as there is a risk of genetic alterations and phenotypic shifts 
over the course of prolonged culture with multiple passaging. 
Therefore, a substantial number of aliquots should be cryopre-
served at the earliest passage when they can be suffi ciently expanded. 
Subsequently, fresh frozen aliquots should be periodically thawed 
and cultured for a limited number of passages and new fresh ali-
quots at low passages should be frozen.

    1.    Split and seed the cells as described in Subheading  3.2.1 .   
   2.    Spin down the spheres 24 h after the re-seeding for 3 min at 

190 ×  g .   
   3.    Resuspend the pellet of one petri dish in 2 mL of Cryo-SFM 

cryopreservation medium.   
   4.    Transfer the cells suspension to cryo vials at 1 mL per vial.   
   5.    Transfer the vials to a freezing container at room 

temperature.   
   6.    Freeze the cells slowly in the freezing container for 24 h 

at −80 °C.   
   7.    Transfer the cells to liquid nitrogen for long-term storage.        

4    Notes 

        1.    Petri dishes used must  not  have a specially treated surface for 
cell culture. As the primary glioblastoma cells are maintained 
as spheroids in suspension, the surface of the dish should pre-
vent, rather than promote the attachment of the cells.   

   2.    The B27 Supplement is light sensitive. Bottles containing 
medium with B27 should be wrapped in aluminum foil to pre-
vent exposure to light.   

   3.    The addition of antibiotics and antimycotics to the buffers and 
cell culture media is optional, but can reduce the risk of con-
tamination, especially if it is not clear whether the tissue sam-
ples were collected under fully sterile conditions.   

   4.    The stability of the B27 Supplement can be affected by long- 
term storage at 4 °C. Therefore, if the throughput of Tumor 

3.2.2  Cryopreservation 
of Primary 
Glioblastoma Cells
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Sphere Culture Medium is low, add B27 Supplement minus 
vitamin A from frozen aliquots stored at -20 ºC directly to the 
medium in the culture dish. In this case, the B27 Supplement 
should be diluted 1:50.   

   5.    The yield and the quality of the isolated primary cells strongly 
depend on the quality of the provided tumor material. We rec-
ommend to contact your department of neurosurgery and dis-
cuss with them an optimal way for the collection and transfer 
of the tumor material. At the same time we recommend to 
obtain the clinical information about the patient regarding 
potential viral infections (e.g., HIV, Hepatitis A/B/C), which 
would preclude using the tumor specimen for research pur-
poses in a routine lab environment. The tumor material should 
be processed as fast as possible after the resection. We suggest 
that the material should be collected either in a sterile 50 mL 
conical tube fi lled with 20 mL cold PBS, or in a sterile screw 
lid sample container on sterile gauze soaked with PBS to pre-
vent the tissue from drying. Until the cell isolation procedure 
is performed, the tumor material should be kept on ice.   If you 
process more than one tumor sample at a time, we recommend 
using a separate set of instruments for tissue dissection to pre-
vent cross-contamination.   

   6.    It is important to obtain ethical approval from the responsible 
Institutional Review Board (IRB) before working with human 
tissue samples. We strongly recommend the wearing of suitable 
personal protective equipment (laboratory coat, protective 
goggles, gloves) during the tissue dissociation, as all human 
tissue is potentially infectious and sometimes insuffi ciently 
tested for infectious agents such as hepatitis virus or HIV. For 
the same reasons it is recommended that the laboratory per-
sonnel performing the primary cell isolation undergo immuni-
zation against hepatitis A/B.   

   7.    Mincing the tissue well can take time. Take particular care dur-
ing this step when handling scalpels and razor blades to pre-
vent injuries, as the tumor material has to be seen as potentially 
infectious.   

   8.    The dissociation procedure described here is suitable for most 
tumor samples with a size of up to 0.5 cm 3 . Nevertheless, dif-
ferent tumors samples may have different textures, cell density, 
amounts of necrosis and may originate from different brain 
regions. Therefore, for large tumor samples, it might be neces-
sary to increase the amount of Dissociation Media 1 and 2, or 
the incubation time for the cell dissociation.   

   9.    During the dissociation procedure care should be taken while 
removing the supernatant during the centrifugation steps, 
especially when aspirating the supernatant with a pump. The 
pellet usually is not solid and homogenous. The cells are 
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located at the very bottom of the conical tube and are overlaid 
with debris. The latter appears as the upper layer of the pellet 
and, especially during the fi rst dissociation step, can be quite 
viscous and sticky due to released DNA and extracellular matrix 
proteins. Hence, there is the danger of aspirating the cell pellet 
together with the supernatant and the debris. Therefore, the 
supernatant must be aspirated slowly and carefully.   

   10.    Depending on the tumor sample it could be necessary to repeat 
the Red Blood Cell Lysis step. If the cell pellet appears to be 
still reddish after the washing step, repeat the incubation with 
Red Blood Cell Lysis Buffer for 5 min.   

   11.    Depending on the amount and density of the tumor, the cell 
suspension may be quite thick. In such cases, pipette directly 
onto the cell strainer with increased pressure or press the sus-
pension through the cell strainer with the pipette tip.   

   12.    At this stage the culture could still contain a small amount of 
debris and non-tumor cells, which usually adhere to the sur-
face of the petri dish, whereas the tumor cells fl oat in suspen-
sion, some of them already forming small spheres (Fig.  1a ). 
The non-tumor cells will not proliferate under the culture con-
ditions used for the primary tumor cells and are going to die 
out. The debris will usually be washed out during the medium 
change the day after tumor dissection.   

   13.    The primary glioblastoma cells isolated using the described 
protocol show self-renewal capacity and stem cell characteris-
tics. This is refl ected, for example, by their ability to form 
spheres in culture (Fig.  1 ), which express neural stem cell 
markers such as nestin (Fig.  2a ). In addition, they express 
established brain tumor initiating cell markers such as CD133, 
Oct4, and others (Fig.  2b ; [ 14 ]). The expression of such stem 
cell markers is enhanced under tumor sphere conditions, 
whereas addition of serum downregulates the stem cell genes 
and upregulates differentiation markers such as the astrocytic 
protein GFAP (Fig.  2b ).

       14.    In addition to the isolation of primary glioblastoma cells from 
human tumor specimens, our method could be used to re-
isolate glioblastoma cells from orthotopic or subcutaneous 
tumor xenografts. In this case, the cultures will initially be a 
mix of murine and human cells, but usually after two passages 
the culture becomes homogeneous and only consists of human 
tumor cells, which outgrow the mouse cells.   

   15.    The described protocol has been tested on numerous brain 
tumor samples and in the majority of cases has led to the suc-
cessful isolation of primary glioblastoma cells. However, not all 
cultures will start growing, or the cells could stop proliferating 
after one or two passages. This usually depends on the quality 
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of the tumor sample, as well as the fraction of brain tumor 
initiating cells in the tumor specimen and their self- renewal 
capacity. We therefore encourage the researcher to process 
several new tumor samples if the method does not work at 
fi rst try.         
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  Fig. 2    Primary glioblastoma cells express cancer stem cell markers and retain their differentiation capacity. 
( a ) Tumor spheres of primary glioblastoma cells were spun on a microscope slide using a Cytospin centrifuge 
and stained for the neural stem cell marker nestin ( green ) and DAPI to visualize the nucleus ( blue ). Scale bar 
20 μm. ( b ) Quantitative real time RT-PCR of primary glioblastoma cells grown under sphere conditions (in 
tumor sphere culture medium, TSM) or as adherent cultures supplemented with 10 % fetal calf serum (FCS). 
Under sphere conditions the cancer stem cell marker CD133 and the embryonic stem cell marker Oct4 are 
highly expressed, whereas their expression decreases when cells undergo differentiation in the presence of 
FCS. By contrast, expression of the glial lineage differentiation marker GFAP is highly upregulated by FCS 
addition       
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